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I. Introduction 

The energy-requiring, active, transport of sodium out and potassium 
into the cell seems to be due to the membrane bound (Na + K)-  
activated enzyme system. 1-6 This system seems also to be involved in 
the N a : N a  and K : K  exchange which under certain conditions takes 
place across the cell membrane. 4'7 It has been named an enzyme 
system i since it not only catalyzes the hydrolysis of ATP but  takes part  
in the reaction in the sense that the hydrolysis of ATP via this system 
seems to be translated into the vectorial movement of the cations 
against the electrochemical gradients, i.e. it seems to be identical with 
the transport system. 

A detailed knowledge of the system and the way it functions may lead 
to an understanding as to how sodium and potassium are transported 
across the cell membrane.  This would include answers to at least three 
questions : 

(1) What  is the molecular structure of the system. 
(2) How is the relationship between the effect of sodium, potassium, 

magnesium, and ATP on the system and what  is the sequence of 
steps in the reaction which leads to the hydrolysis of ATP. 

(3) What  happens on the molecular level when the system reacts 
with sodium, potassium, magnesium, and ATP. 

The questions cannot be answered at present. There is, however, a 
number  of observations on the system which makes it possible to discuss 
the sequence of Some of the steps in the reaction and to discuss some of 
the problems to solve to get more insight in the transport mechanism. 

II. Main Characteristics o f  the System 

The substrate for the system is ATP, which is hydrolyzed to ADP and 
Pi. 1 The system requires a combined effect of sodium and potassium for 
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activation, 8 and in the intact  cell the effect of sodium is from the inside 
and  of potassium from the outside.9-12 The  number  of  cations necessary 
for act ivation is unknown,  but  if  the activator sites are identical with 
the carrier sites for the transport  of the cations, there must  be at least 
three sodium ions and two potassium ions necessary. 4 The  system has 
thus two sets of  sites, one set located on the inside of  the membrane  
(the i-sites), on which sodium is necessary for activation, and another  
set located on the outside (the o-sites), on which potassium is necessary 
for activation. There  is a competi t ion between sodium and potassium 
both for the i- and for the o-sites. 1 

Wi th  the isolated system in a test tube it is not  possible to establish 
an asymmetric  situation with a sodium med ium in contact  with the 
i-sites, and a potassium med ium with the o-sites; both sets of  sites are in 
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Figure I. The effect of sodium plus potassium on the activity of the (Na + H- K+)-activated 
enzyme system, Mg 2+ 6, ATP 3 mM, pI-I 7.4, 37~ The enzyme was prepared from ox 
brain: 4 

contact  with the same sodium-potassium medium.  The  ratio between 
the concentrations of sodium and potassium necessary to give ha l f  
m a x i m u m  saturat ion of the i-sites differs, however, so much  from the 
ratio necessary to give ha l f  m a x i m u m  saturat ion of the o-sites tha t  it is 
possible with certain concentrations of  sodium and potassium in the 
test tube to have a situation where a major  part  of  the system is on the 
active ~ Km/Na, form, Fig. 1. The  ratios between sodium and potassium 
for ha l f  m a x i m u m  activation read from the curve in Fig. 1 is about  
1 :3-4  for the ascending par t  of  the curve (the sodium-activating sites, 
the i-sites), and  about  100:1 for the descending part  (the potassium- 
activating sites, the o-sites). F rom these values it can be calculated tha t  
the activity of the system with concentrations of  sodium and potassium 
which give m a x i m u m  activity, 130 and  20 m M ,  respectively, is about  
80-85 % of  the activity which could be obtained if  the i-sites were in 
contact  with a sodium solution and  the o-sites with a potassium 
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solution. The asymmetry of the curve reflects how much the apparent 
sodium/potassium affinity ratio for the i-units differs from the apparent  
potassium/sodium affinity ratio for the o-units. 

It is furthermore a characteristic property of the system that it is 
inhibited by cardiac glycosides. 1-6 

III .  Preparation and Purity of the Enzyme System 

The enzyme system is located in a cell membrane and preparations of 
the enzyme system consist of membrane pieces isolated by a differential 
centrifugation of a tissue homogenate. Membrane pieces which contain 
the system are found in all the sediments after a differential centrifuga- 
tion. In the heavier sediments the (Na + K)-activated activity is 
manifest, while in the lighter sediments--heavy and light microsomes--  
part  of the activity is latent. The explanation seems to be that the small 
membrane pieces form vesicles with no access for either MgNaATP,  
or potassium to the one side of the membrane. ~3-1 s 

The latent activity can become manifest by treatment of the mem- 
brane vesicles with detergents like DOC,  ~6 high concentrations of salt 
like sodium iodide, ~7 and by freezing. ~4 Up to a certain concentration 
both salt and detergents will increase the activity while they again 
decrease the activity when used in higher concentrations. The effect 
of the detergents are highly dependent on temperature, time, concen- 
tration of protein in the solution and for the ionized detergents of 
pH 13. This means that for opt imum activation the treatment has to 
be done under control of all these parameters. 

There are two effects of the activation. One is that the latent activity 
becomes manifest, apparently due to an opening of the vesicles;Z3-15 
this gives an increase in specific activity. The other is a release of 
inactive protein which goes into solution. 13,z4 It may be protein 
which has been trapped inside the vesicles and is released when the 
vesicles are opened and/or protein released from the membrane per se. 
It  amounts to 40-50% of the protein in the preparation prior to a 
treatment with the detergents. The membrane particles which contain 
the enzyme activity can be separated from the released dissolved 
protein by centrifugation, and this gives a further increase in the 
specific activity. 

The membranes always contain a magnesium activated ATPase 
besides the (Na + K)-activated. The ratio between the two activities 
varies from tissue to tissue and also depends on the preparative pro- 
cedure. The magnesium-activated ATPase is more labile than the 
(Na § K)-activated towards SH-blocking agents ~s and treatment 
with high concentrations of salt. ~7 Most of this activity disappears in 
the procedures where high concentrations of salt are used to activate 
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the system. 18 High concentrations of sodium iodide can also be used to 
decrease the magnesium activity in the preparations activated by 
detergents. 19 

Part of the magnesium-activated ATPase may stem from mito- 
chondrial contamination of the membranes. It is unknown whether 
the other part  of the magnesium-activated ATPase has any relation 
to the (Na § + K§ ATPase. 

A further purification of the (Na + + K +)-activated enzyme system 
can be obtained by density gradient centrifugation of the detergent 
activated membrane preparations, 2~ by ammonium sulphate fraction- 
ation, 21 or gel filtration z2, 23 of detergent solubilized preparations. The 
specific activity which can be obtained by the density gradient centrifu- 
gation depends on the tissue used as starting material. This may mean 
that membranes from different tissues has a different density of enzyme 
sites. The outer medulla from rabbit kidney is the tissue which has so 
far given preparations with the highest specific activity, namely about 
t500 IxM Pi/mg protein/hour. 2~ In this preparation the enzyme 
system is still bound to membrane pieces, and is estimated to be maxi- 
mally 49 % pure. 

The number  of enzyme units/mg protein of enzyme preparations 
has been determined either by measuring the sodium-dependent 
incorporation ofP ~z from ATp32, 2'' z z ,  24, 25 the binding ofATp32, 26-zs 
or the binding of labelled g-strophanthin, zS, 2s-31 In experiments with 
enzyme preparations from different tissues where the number of 
binding sites on the same enzyme preparation has been determined by 
p32 labelling and cardiac glycoside binding, 2~ by p3z labelling and 
ATP binding, 27 and by ATP and cardiac glycoside binding, zs the 
correlation, with one exception, 25 has been close to 1.0. Assuming one 
binding site per enzyme unit, the molecular activity varies from about 
3000 to about 15,000 molecules Pi/enzyme unit/minute for preparations 
from different tissues. This may mean that the molecular activity of pre- 
parations from different tissues varies, or it may reflect that it is difficult 
to obtain reliable values for the site numbers; there are problems with 
background labelling both with labelling by p32, binding of ATP ~z, 
and oflabelled cardiac glycosides. It  must also be emphasized that the 
molecular activity is calculated from the maximum activity of the 
system which can be obtained in the test tube, and this is as discussed 
in the previous section not the maximum activity of the system. 

Molecular weight determinations by radiation inactivation have 
given values of the order of 500,0003z and 250,0003~. 

On a polyacrylamide gel the partly purified preparations dissolved 
in sodium dodecyl sulfate-mercaptoethanol give two major bands, one 
with a molecular weight of 94,00021-90,00022 and another with a 
molecular weight of  about 53,000. zz The sodium-dependent p32 
labelling from ATP 32 is found in the 90,000-94,000 molecular weight 
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band,2 l, 34 which suggests that a polypeptide of this molecular weight 
is part  of the system. 

IV. Lipids for Activation 

Extraction of loosely bound lipids, cholesterol and part  of the 
phospholipids, has no effect on the activity of the ( N a + +  K+) - 
activated enzyme system,35 while extraction of the more firmly bound 
phospholipids by polar solvents inactivates the system. 35-36 The 
inactivation may be due to the removal of the lipids or to a denaturing 
effect of the solvents. 

Treatment  with crude preparations of phospholipase A and C 36-40 
leads to an inactivation; so does treatment with a highly purified 
preparation of phospholipase A. 3s In the phospholipase-treated 
preparations which have been partly inactivated, the addition of 
lecithin ~6 or asolectin, 4~ a commercial soybean extract, gives a certain, 
but  low reactivation, while no reactivation was seen by addition of 
lipids to completely inactivated preparations. 

In enzyme preparations in which the latent enzyme activity has not 
been uncovered by treatment with detergents or high concentrations 
of salt, the addition of phosphotidylserine gives a certain but  low 
increase in activity. 41'42 It seems most likely that this is due to a 
detergent-like effect of the phospholipids.35 

DOC-solubilized inactivated enzyme preparations can to some 
extent be reactivated by addition of lipids. ~3'42-47 Tanaka and 
Sakamuto 47 found that reactivation could be obtained by acidic 
phospholipids such as phosphatidic acid, phosphatidylinositol and 
phosphatidylserine, whereas neutral lipids as lecithin and phosphatidyl- 
ethanolamine were inactive. Besides the acidic phospholipids, mono- 
and diacyl phosphates could activate, and they concluded that the 
essential structure needed for activation is a phosphate group plus one 
or two fatty acyl residues. Wheeler and Whit tam 4z found that crude 
commercial samples of acidic phospholipids reactivated, but  after 
partial purification by chromatography definite activation was only 
shown with the components which migrated like phosphatidylserine. 
It is not possible from the experiments on the reactivation of the DOC-  
solubilized inactivated preparations to exclude that the lipid reactiva- 
tion is due to a removal of  the detergents from the enzyme by the lipids 
and not to an effect of the lipids per se on the enzyme. On the other 
hand, the apparent  requirement for specific lipids may suggest that it 
is due to an effect of the lipids. 

An interesting observation concerning requirement for lipids for the 
transport system is that the amount  of sulfatides in preparations from 
salt glands from duck increases parallel with the (Na + + K+)-ATPase 
during a salt load, 4s while other lipids increased less. 
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V. Intermediary Steps in the Reaction 

The system hydrolyzes ATP to ADP and Pi in the presence of mag- 
nesium, sodium, and potassium. ATP forms a complex with magnesium, 
which means that the solution contains a mixture of Mg 2+, MgATP,  
and free ATP (ATPf). To understand the sequence of the reaction 
which leads to the hydrolysis of ATP it is necessary to know the relation- 
ship between the effect of all these components on the system. At present, 
our knowledge about this is sparse, partly because there is no way to 
vary Mg 2+, MgATP,  and independently, partly because there are few 
ways to investigate each of the steps in the reaction independently. 

A. Without Magnesium 

At 0~ the system binds ATP with a high affinity with no magnes- 
ium, sodium, or potassium in the medium; 26,27 the dissociation 
constant is about  0-2/xM. Sodium has no effect on the affinity for ATP, 
while potassium decreases the affinity. 26, 2~ 
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Figure 2. The effect of potassium and ATP on the inhibition of the (Na + + K+)-activated 
enzyme by 1 mM n-ethylmaleimide (NEM). The enzyme was preincubated with 1 mM NEM 
5ram EDTA, and the concentration of potassium and ATP shown on the figure in 30 mM Tris 
HC1 buffer, pH 7.4 at 37~ for 30 min. After preincubation, the activity of the preparation 
was tested by transferring 0.1 ml of the preincubation medium to 1 ml of test solution with a 
final concentration of 3 mM magnesium, 3 mM ATP, 120 mM sodium, 30 mM potassium, 
I mM fi-mercaptoethanol, 30 mM Tris HC1, pFI 7-4, 37~ Control was enzyme pre- 
incubated without NEM (unpublished). 
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The system has, as discussed above, two sets of sites, the i-sites and 
the o-sites with affinities for cations. The binding experiments do not 
tell whether the effect of potassium on the affinity for ATP is on the i- 
or on the o-sites. Information about  this may come from experiments 
where the inhibitory effect of n-ethyl maleimide (NEM) has been used 
as a tool to test the effect of sodium and potassium on the effect of ATP 
on the system. ATP  protects against the inhibitory effect of NEM. 
Potassium and sodium decreases the protective effect of ATP, but in a 
different way. In agreement with the results from the binding studies, 
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Figure 3. The effect of sodium, potassium, and ATP on the inhibition of the (Na + + K+)- 
activated enzyme system by 1 rnM NEM. The enzyme was preincubated with 1 m M  NEI~I, 
5 mM EDTA, and the concentration of sodium, potassium, and ATP shown on the figure in 
30 mM "Iris HC1 buffer, pH 7.4 at 37~ for 30 min. After preincubation, the activity of the 
preparation was tested as described in Fig. 2 (unpublished). 

potassium decreases the protection by decreasing the apparent 
affinity for ATP, Fig. 2, while sodium has no effect on the apparent 
affinity (not shown). Both potassium and sodium decreases the maxi- 
mum level of protection which can be obtained by ATP, but  the effect 
of potassium is much more pronounced than that of sodium, see Fig. 3. 

Figure 3 shows that the inhibitory effect of potassium can be titrated 
away by sodium, and the inhibitory effect of sodium can be titrated 
away by potassium. A comparison between Figs. 1 and 3 (the left hand 
part  of  the curves) shows that the concentration of sodium necessary to 
give half maximum removal of the inhibitory effect of potassium with 
1 m M  ATP  (Fig. 3) is of the same size as the concentration of  sodium 
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to give half maximum activation of the hydrolysis (Fig. 1). This 
suggests that the inhibitory effect of  potassium on the protection by 
ATP against NEM is due to an effect of potassium on the sodium- 
activating site of the system, the i-sites. Figure 3 furthermore shows 
that ATP increases the apparent affinity of this site for sodium relative 
to potassium. The simplest way to explain the observations on the effect 
of sodium and potassium on the binding of ATP and on the protection 
of ATP against the effect of NEM is that the system with the i-sites on 
the potassium form does not react with ATPf while without potassium, 
or with the i-sites on the sodium form, it does. (TS for transport system, 
i for the sodium-activating sites on the inside of the membrane,  n is a 
number).  

(2) 

(1) 
ATP ~ 

TS~ , ~ - TSI-ATP 
i nK + i 

nNa+..,l'NnK+J nNa + (4) 

TS 1 ~.. TS I-ATP 
i ATP i 

Na.  (3) Na.  

B. With Magnesium 
The binding experiments and the experiments on the inhibition by 

NEM show that magnesium is not necessary for the reaction with ATP. 
Magnesium is, however, necessary for the hydrolysis of  ATP. What  is 
then the effect of  magnesium? Which of the components, Mg z+, 
MgATP, and ATPf does the system react with when the medium con- 
tains magnesium plus ATP, and what is the sequence ? 

As a basis for the discussion of this problem it is convenient to use the 
following simple scheme for the overall hydrolysis of ATP by the enzyme 
system with magnesium, ATP, sodium, and potassium in the medium: 

E + ATP ~ E-ATP (5) 
Na +, Mg 2 + 

E-ATP ~ E ~ P + ADP (6) 
K + 

E ~ P + H 2 0  ~ E + P i  (7) 
Mg 2+, Na +, K + 

E + ATP + HzO ~ E + ADP + Pi (8) 

It  is based on the observation that the reaction with magnesium, 
ATP, and "sodium leads to a phosphorylation-dephosphorylation of 
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the system. The rate of phosphorylation is high, while that of dephos- 
phorylation is low. When potassium is added to a prephosphorylated 
preparation, the rate of dephosphorylation is increased)" 49 

As seen from the scheme, the system can accomplish a magnesium- 
sodium-dependent A T P - A D P  exchange. It  was observed by Fahn 
et a l :  ~ that the magnesium requirement for the exchange reaction is 
much lower than for the (Na++  K+)-dependent hydrolysis of ATP. 
This led to the suggestion that two magnesium molecules and two 
phospho-enzymes are involved in the reaction. One magnesium 
molecule for which the system has a high affinity and which is necessary 
for the formation of the phosphorylated intermediate which takes part  
in the exchange reaction, (9) and (10) in the following scheme. 5~ 
Another magnesium molecule for which the affinity is an order of 
magnitude lower and which is necessary for the transformation of the 
phosphorylated intermediate into a form which can react with potas- 
sium and be dephosphorylated, (l 1), (12) and (13). 

E + Mg 2+ ~ Mg-E (9) 

Na + 

M g - E + A T P  ~ M g - E ~ P + A D P  (10) 

Mg-E ~ P + Mg 2+ ~ Mg-E ~ P-Mg (11) 

(Na  + ?) 
Mg-E ~ P-Mg -~ Mg-E-P-Mg (12) 

K + 
Mg-E-P-Mg + H20  ~ Mg-E + Pi + Mg 2+ (13) 

C. With Magnesium, A TP, and Sodium 

Evidence for the existence of two different phosphorylated inter- 
mediates has been given by Post et al. $1 In experiments at 0~ they 
were able to show that the phosphorylated intermediates formed with 
a concentration of magnesium which was low and high, respectively, 
relative to the concentration of ATP, differed in their reactivity 
towards ADP, potassium, and g-strophanthin. When formed with a 
very low concentration of magnesium, the addition of ADP led to an 
increased rate of dephosphorylation, while potassium had a low or no 
effect. When formed with a higher magnesium concentration, the 
addition of potassium led to an increased rate of dephosphorylation, 
while ADP had a low or no effect. The ADP-sensitive phospho-enzyme 
d i d  not react with g-strophanthin, while the potassium-sensitive did. 
This difference in sensitivity towards g-strophanthin is in disagree- 
ment  with the observation that g-strophanthin inhibits the exchange 
reaction, 5~ but apart  from this, which may be due to differences in 
experimental conditions, the two phospho-enzymes behave as predicted 
from the scheme by Fahn et aL so According to this scheme, it is the 
native enzyme which has the high affinity for magnesium (9), and the 
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phospho-enzyme (11), which has the low affinity for a second magnes- 
ium which is necessary for the transformation of E ~ P into E-P. 

Results from experiments with g-strophanthin seem to support the 
view that there is a shift in the requirement for magnesium when ATP 
is hydrolyzed. 5z The experiments suggest, however, that the shift in 
the requirement for magnesium is due to a different way of interaction 
between sodium and magnesium with and without ATP. 

Without ATP, sodium was found to decrease the apparent affinity 
for Mg 2+, while with ATP this effect disappears. Without sodium, free 
ATP inhibits the effect of magnesium plus ATP on the reaction by 
g-strophanthin. With sodium, the inhibitory effect of free ATP dis- 
appears. In other words, ATP seems to eliminate an antagonism 
between sodium and magnesium, while sodium eliminates an inhibi- 
tory effect of free ATP. The experiments suggest that with sodium in 
the medium it is the sodium-ATP form of the system which reacts with 
magnesium with a very high affinity. The elimination of the inhibitory 
effect of free ATP by sodium may either mean that the system on the 
sodium-ATP form has a magnesium site with a very high affinity for 
Mg 2+ or that the sodium-ATP form does not require Mg 2+, but  MgATP 
for the reaction with g-strophanthin. 

The ADP-sensitive phospho-enzyme is formed under conditions 
where the concentration of magnesium is very low relative to the ATP 
concentration which suggests that free ATP does neither inhibit the 
sodium-dependent formation of the ADP-sensitive phospho-enzyme. 

Considering this, it seems most likely that the sodium elimination 
of  the inhibitory effect of free ATP means that Mg z+ at a magnesium 
site is not necessary for the reaction with g-strophanthin and for the 
formation of the ADP-sensitive phospho-enzyme, but  MgATP.  The 
sodium form of the system may react with MgATP with a high affinity; 
or, as the system binds ATP without magnesium, it may be that ATP 
bound to the sodium form of the system complexes Mg 2+ with a high 
affinity, higher than for ATP in solution. 

Na,-TS1 + MgATP -~ Na,-TS~-MgATP (14) 
or 

Na , -TS, -ATP + Mg z+ ~ Na,-TS~-MgATP (15) 

On the Na , -TSI-MgATP form the system has catalytic activity, and 
the reaction leads to the formation of the ADP-sensitive phospho- 
enzyme. 

Na . -TSI -MgATP ~ Na,-TS~ ~ P + Mg 2+ + ADP (16) 

A higher magnesium concentration relative to the ATP concentra- 
tion is necessary for the formation of  the potassium sensitive phospho- 
enzyme. Experiments on the reaction of the system with pNPP as 
substrate suggest that there is a site on the system which reacts with 



T R A N S P O R T  OF SODIUM A N D  POTASSIUM 1 1 

Mg 2+ independent of substrate? 3 It seems therefore likely that the 
formation of the potassium-sensitive phospho-enzyme requires a 
reaction of the system with Mg 2+ at a magnesium site besides the reac- 
tion with MgATP;  

Nan-TS,-MgATP + Mg 2+ ~ Mg-Nan-TS,-MgATP (17) 

The phosphate in the potassium-sensitive phospho-enzyme seems to 
be bound to the same group on the system as the phosphate in the ADP- 
sensitive phospho-enzyme; 5~ this seems to be an acyl phosphate, 54-56 
which means that it is bound in a high energy bond in both phospho- 
enzymes. The different sensitivity towards ADP and potassium of the 
two phospho-enzymes can therefore not be explained by a different 
way of phosphorylat ion-- they must differ in some other way. The 
exchange reaction, i.e. the formation of the ADP-sensitive phospho- 
enzyme is insensitive to oligomycin, while the formation of the potas- 
sium-sensitive phospho-enzyme is sensitive to oligomycin. 57'58 The 
formation of the oligomycin-sensitive phospho-enzyme is more sensitive 
to a decrease in temperature than the formation of the ADP- 
sensitive.57, 28 N E M  which blocks the hydrolysis of ATP with sodium 
plus potassium in the medium increases the exchange reaction, i.e. it 
apparently blocks the step which leads to the formation of the potassium- 
sensitive but  not the ADP-sensitive phospho-enzyme. 59 The effects of  
temperature and of N E M  on the formation of the potassium-sensitive 
phospho-enzyme may suggest that this step involves a change in con- 
formation of the system, TS, to TS 2 (cf. refs. 51, 58), and that it is this 
difference in conformation that gives a different sensitivity of the acyl 
phosphate towards ADP and towards potassium. 

Mg-Nan-TS,-MgATP ~ Mg-Na,-TS~_ ~ P + ADP (18) 

In the scheme given by Fahn et al . ,  5~ and by Post et al . ,  5~ the ADP- 
sensitive and the potassium-sensitive phospho-enzyme represents two 
consecutive steps in the reaction. Another possibility is, as shown above, 
that either the one or the other is formed dependent on the magnesium 
concentration. 

As mentioned above, it is apparently the same group on the system 
which is phosphorylated in the ADP-sensitive and in the potassium- 
sensitive phospho-enzyme. 5~ The phosphate seems to be bound as an 
acyl phosphate, 54-56 which means in a bond which has normally a free 
energy of hydrolysis, which is of the same size as for the hydrolysis of 
the y-fi phosphate bond in ATP. 

The phosphorylation of the system is, however, not specific for the 
reaction with ATP. ITP,  49, 60 Act),61-63 pNPp,64 and Pi, 65, 66 can also 
phosphorylate the system. The phosphorylation from ITP  and AcP is 
dependent  on sodium as is the phosphorylation from ATP (see, however, 
refs. 67, 68). The phosphorylation from pNPP and Pi requires a reaction 
of  the system with g-strophanthin and magnesium. 
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The phosphate from AcP, 62'63 pNPP, 64 and Pi 51'66 seems to be 
bound to the same group on the enzyme as the phosphate from A T P .  
(It has not been investigated for ITP).  The formation of a high energy 
bond from a relatively low energy substrate as pNPP and from Pi 
shows that energy for the formation of the bond under these conditions 
must come from the reaction of the system with g-strophanthin and not 
from the substrate. The very slow rate of reaction with g-strophanthin 
suggests that it involves a change in conformation of the system. This 
may lead to a transformation of "conformational energy" into bond 
energy and by this to the formation of the high energy phosphate 
bond. 66 

The formation of the phospho-enzyme with a high energy phosphate 
bond is thus not specific for a reaction of the system with ATP. There is, 
however, a specific requirement for ATP for the transport process. 69 
AcP which has a high energy phosphate bond, which gives a sodium- 
dependent phosphorylation of the system, and which is hydrolyzed by 
the system at a rate which is comparable to the rate of hydrolysis of 
ATP 7~ cannot give a transport of sodium. 71 This shows either that 
formation of  the phospho-enzyme is not enough for the transport 
process or that ATP can phosphorylate under conditions where AcP 
cannot. In either case it shows that there must be an effect of ATP on the 
system which precedes the phosphorylation (see also ref. 72). 

There is a high specificity for the binding of ATP to the system, the 
affinity is at least 2-3 orders of magnitude higher than the affinity for 
CTP, GTP,  and ITp.27, 73 According to the scheme (1)-(4), potassium 
and ATP exclude each other, which means that TS with potassium, 
and TS with ATP, must differ in some way (TS~ for the ATP form in 
the following). The discussed difference in the effect of sodium on the 
reaction of the system with magnesium with and without ATP seems 
to support this. The hydrolysis of AcP and pNPP is activated by 
potassium without sodium, which shows that these substrates must 
bind to the system in the presence of potassium in contrast to ATP. 
This suggests that AcP does not change the system in the same manner 
as ATP apparently does. 

The change from TS~ to TS~ due to ATP may be the specific effect 
of ATP and a necessary prerequisite for the transformation of the 
system from TS L to TS 2 when the bond between the y and/3 phosphate 
of  ATP is cleaved. The transformation may follow from the cleavage 
of this bond and not from the phosphorylation as such, and it may be the 
transformation which specifically requires an effect of ATP, sodium, 
and magnesium. The phosphorylation may be of importance for 
stabilizing the system in the TS 2 state until it can react with potassium, 
and by this be dephosphorylated and return to the TS~ state. 

As it seems to be the step which leads to the formation of the potassium 
sensitive phospho-enzyme which involves a change in configuration, it 
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seems likely that this is the step which specifically requires the reaction 
with ATP. This would exclude the ADP-sensitive phospho-enzyme as 
an intermediate in the reaction which leads to TSz, and suggest that 
it follows from an abortive reaction. 

The dephosphorylation by ADP of the "low" magnesium, TS~, 
phospho-form suggests that the AG for the formation of this phospho- 
enzyme is close to zero. The lack of reaction of the "high" magnesium 
form with ADP in spite of a high energy phosphate enzyme bond 
suggests that formation of the TS 2 phospho-enzyme is an energy- 
requiring process. 

The reaction may be illustrated in a simple way by the following 
scheme (modified from ref. 74). 

R~, R2, R 3 illustrate a conformation inside the system. R 3 ~ R 2 
indicates a change in the distribution of energy inside the system. 
Low M g  2+ 

R2 
] ATP, NA +, Mg ~+ 

TSI-RI " 

R3 

High Mg z+ 
R2 
[ A T P ,  Na +, Mg 2+ 

TSI-t~m 

R3 

Mg-Nan-MgATP-TS]r 2t , 

R3 

AcP as substrate 

R2 f 
T S l _ R l  M g  2+,Na § 

! 

R3 

R2 R 2 

Na,-MgATP-TS~-RI,, x k ~ Na , -TSr  l 

R3 Mg 2+ + ADP R3 ~ P 

Mg-Na,,-TS2- ,RI-R 2 

ADP R 3 ,.~ p 

mI + j\  
nNa + + Mg 2+ + Pi 

K,,-TSI-RI 

R3 

Mg_Na_AcP_TS_I~ 1 L ~"-~. Na.-TSI-RI 

R 3 / Mg z + + A c  R 3 ~ P  
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The formation of  a high energy phosphate bond from tow energy 
sources, Pi, when the system reacts with g-strophanthin may suggest 
that g-strophanthin mimics an effect of sodium plus ATP. 
g-strophanthin 

R 2 R2 R3 

1 / t  / YS'-t~ 1 Mg 2+, G G 'Mg'TSI-R,  ' Pi G-Mg-TS;-R,,, 

R3 R3 R~ ~ P 
According to the view given above it is the reaction which leads to 

the phosphorylation and not the phosphorylation as such which is 
specific for the reaction with ATP and which is important to get the 
system to act as a transport system. 

D. With Magnesium, A TP, Sodium, and Potassium 
In the previous section the reaction of the system with magnesium, 

ATP, and sodium has been discussed. It is, however, characteristic for 
the system that it requires a combined effect of sodium and potassium 
for the overall hydrolysis of ATP, where sodium activates on the i-sites, 
and potassium on the o-sites. How is then the relationship between the 
effect of the two monovalent cations ? Is it the reaction of the system 
with magnesium, ATP, and sodium, which brings it into a state in 
which it can react with potassium; or is the activation of the catalytic 
activity with sodium and potassium in the medium due to a combined, 
simultaneous effect of sodium on the i-sites and potassium on the 
o-sites? This problem is intimately related to another problem, 
namely do the sites on the system alternate between the inside and the 
outside of the membrane, i.e. between an i- and an o-form, a one-unit 
system; or, do they exist simultaneously, a two-unit system. 75 

There is at present no answer to the problem, and as the interpreta- 
tion of the effect of sodium plus potassium on the enzyme system differs 
for a one- and a two-unit system, it may be of interest shortly to discuss 
both possibilities. 

1. One-unitsystem. In a one-unit system the i-sites must be transformed 
into o-sites and back again as the reaction proceeds. As sodium activates 
on the i-sites and potassium on the o-sites, this means that the reaction 
of the system with potassium must follow that of the reaction with 
sodium. The reaction with sodium leads to the formation of the potas- 
sium-sensitive phospho-enzymes. Potassium added to a prephosphory- 
lated enzyme increases the rate of dephosphorylation, which means 
that the reaction consists of a sodium-dependent phosphorylation 
followed by a potassium-dependent dephosphorylation. 

The concentration of potassium necessary to dephosphorylate the 
potassium-sensitive enzyme is very low relative to the concentration of 
sodium in the medium, and it increases with the sodium concentration.49 
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This suggests that the potassium-sensitive phospho-enzyme, Mg-Na,-  
TS 2 ~ P, is a form of the system in which the sites have a much higher 
apparent  affinity for potassium than for sodium, i.e. the form in which 
the sites face the outside of the membrane,  o-sites. 

In the intact celt the transport system can accomplish an exchange 
of sodium from inside with sodium from outside, a N a : N a  exchange, 
and this is sensitive to oligomycin. 76 Oligomycin increases the sodium- 
dependent  labelling from ATP 3z, and this seems to be due to a decreased 
rate of  dephosphorylation. 49'62' 77-79 As oligomycin has no effect or 
enhances the sodium-dependent ATP-ADP exchange found when the 
magnesium concentration is low relative to the ATP concentration, 5~ s8 
it seems to be the dephosphorylation of the potassium-sensitive phospho- 
enzyme, Mg-Na,-TS2 ~ P, which is inhibited by oligomycin, and not 
the dephosphorylation of Nan-TS~ ~ P. This suggests that it is the 
inhibition of the dephosphorylation of Mg-Na,-TS2 ~ P, which leads 
to an inhibition of the N a : N a  exchange, and that this form takes part  
in the Na: Na exchange. It suggests that the system prior to the forma- 
tion of the potassium-sensitive phospho-enzyme is in contact with the 
inside solution. 

It was suggested above that the formation of the ADP-sensitive 
phospho-enzyme was an abortive reaction found when the magnesium 
concentration was too low, and that this intermediate was not part of 
the reaction when the magnesium concentration was high enough to 
give the conformational change of the system from the TS 1 to the TS 2 
state, to the potassium-sensitive form. If  this is correct, it must be 
Mg-Na,-TS~-MgATP which is the form prior to Mg-Na,-TS2 ~ P, 
and which is in contact with the inside solution. It leads to the scheme 
shown in Fig. 4a for the connection between the reaction of the system 
with ATP and the transport process. In the scheme it is the cleavage of 
the 7-fl phosphate bond of ATP by the system in the form into which it 
has been brought due to the reaction with ATP, sodium, and mag- 
nesium that leads to the conformational change, TS~--,TS2. This gives 
the transformation of i-sites into o-sites, and by this a translocation of  
sodium from inside to outside followed by an exchange of sodium for 
potassium on the o-sites. In Fig. 4b is shown the alternative possibility 
that the ADP-sensitive phospho-enzyme, TS~ ~ P, is an intermediate 
in the reaction. 

The shift in affinity may mean that for the TS2 state the equilibrium 
between the sodium and the potassium form, TS a § TS;, is towards 
the potassium form, TS 2. The exchange of sodium for potassium from 
outside is dependent  on this equilibrium, and on the K/Na  ratio in the 
external solution. On the potassium form the system is dephosphory- 
lated, and this leads to the back-transformation of the system into the 
TS~ state, TS;  -+ TS;,  with a transport of potassium from outside to 
inside. 
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In the scheme shown in Fig. 4, the chemical  change is in t imate ly  
related to the translocation,  and to the change f rom a sodium to a 
potassium affinity. 8~ For  a detai led discussion of  the scheme, see 
ref. 75. 

I t  must  be emphas ized  tha t  a t ranslocat ion from TS~ to TS2 in a one- 
uni t  system not  necessarily means  a macroscopic  (relative to the 
dimensions o f  the membrane )  movemen t  of  a car r ier  molecule  f rom the 
inside to the outside of  the m e m b r a n e  and tha t  phosphate  is moved  f rom 
inside to outside. T h e  system m a y  both  in the TS,  and  TS  z state be in 

inK + nNa + 
Z \ 

Km-MO-IS2'~p ~ > Mg-TS2'~P �9 �9 > h~g-fS2~P ~ ~ Mg-Nan-IS 2~P ( 

Mg 2§ Pi ( a } 

Mg'Nan-'[S I'MgATP 
; ~ ~ ISI-ATP ~ Nan-IS1-ATP ~ Nan-IS I-MgATP ~ ' ~  Nan-rSl ~p Km-TS t' IS 1' <--.> TS 1 Nan_iS] 

"4 r r -- 
mK + ATP, nNa + ~ Mg2+'ADP ) 

inside A T P ~  / 

Mg-Nan-lS2 ~ P 

4 ,  
Nan-TSI-MgAIP ~.~_Nan-ISl~ P 

~492, ADP 
outside 

Figure 4. A one-uni t  model  for the  t ranspor t  process. For explanat ion,  see text. Modified 
f rom ref. 75. 

contac t  with the inside of  the membrane ,  bu t  in the TS  l state be able 
to exchange cations with the in ternal  solution, and in the TS  2 state 
with the external  solution, as for example  in an a l ternat ing  gate 
system.S 1 

2. Two-unit system. In  a two-uni t  system, see Fig. 5 there  exists at  the 
same t ime sites for sodium and  potassium on the inside and  on  the 
outside of  the membrane .  T h e  double  compet i t ion  between sodium 
and potassium suggests tha t  each set of  sites can exist on a sodium or on 
a potassium form:  o s -~ oe, and  i s --~ ie, respectively (o for outside, 
i for inside, S for sodium, and  P for potassium).  Each  of  the units 
accepts more  than  one cat ion (m and  n in the figure);  assuming tha t  
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each of the units accepts only sodium or potassium, i.e. that none of the 
units exists in a hybrid form (see, however, ref. 82), there are four 
combinations of the transport system, os/is, os/ip, %/is, %/ip, which 
must exist at the same time in the membrane. The ratio between these 
forms must depend on a number of factors. One is the built-in differ- 
ences in affinities for each of the units for sodium and potassium. 

potassium form sodium form 

oo\ 'm / _ - "I > I 

inside 

Na + K + 

i~ + K + 

i s 
I I 

o p ~  ~ o s 

Figure 5. A two-unit model. For explanation, see text. 

Another is the ratio between the concentrations of sodium and potas- 
sium in the solutions in contact with the sites. A third is the concentra- 
tion of  ATP;  according to what has been discussed above, the i-sites 
on the potassium form, ip, have a low affinity for ATP or do not react 
with ATP, while the sodium form, is, has a high affinity, which means 
that ATP  will tend to shift the equilibrium towards the formation of 
is on account of  ip (see Fig. 6). The effect of  the K : N a  ratio on the 
equilibrium between the potassium and the sodium form of the 
o-unit seems to be independent of  their effect on the equilibrium 
between the potassium and sodium form of the i-unit, s3 

2 
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The i-unit on the sodium-ATP form complexes magnesium with a 
very high affinity and reacts with Mg z+ with a lower affinity as has been 
described for a one-unit system. The difference between the reaction 
with MgATP and MgATP plus Mg 2§ seems to be a change in conforma- 
tion which is in some way related to the translocation of the cations (see 
section V, C). This may for a two-unit system mean that the reaction 
with Mg z+ besides MgATP leads to a change in the interaction between 
the two units from a state in which the cations on the o-unit do not 

MgATP I ~  ~ p ADP [11 
Na'~ K* "]ow.~. + 4 ,~ ~/Mg2 ~ , /  ATP 

q , ~  -,..---~.Mg!J'---N ~ t ,~ i . r . - -N  . .  ~+_ �9 

" '<+ ~', ,~k~'t! !~f . , .A; - ' ' ~ T f i ~ A  I No+ ,<+ i~l 

. . . . . . . . . . . . . . . . . . . . . .  i 

Na+ l~: - ~ ~  P i 14) 

i .................... . ,,, 

For dtell=lll of NI~:K azchanlSe lee f~,8 

F i g u r e  6. A t w o - u n l t  m o d e l  fo r  t h e  t r a n s p o r t  p rocess .  F o r  e x p l a n a t i o n ,  see tex t .  M o d i f i e d  
f r o m  ref .  75,  

influence the catalytic activity of the system to a state in which they 
do, and in which an exchange of the cations in between the two units 
i s  made possible. The change in interaction between the two units 
is shown on Figs. 6, 7, and 8 as a change from a situation where the 
two units are separated by a full-drawn line to a situation where they 
are separated by a dashed line, named a non-interacted and an inter- 
acted state, respectively, in the following; this indicates nothing 
about the molecular events--it  is used to describe states which react 
differently. The dashed line on the surface of the units indicates a de- 
creased exchange of the cations between the units and the surroundings. 

For a one-unit system, the potassium-sensitive phospho-enzyme, 
TS2 ~ P, formed with sodium but no potassium in the medium must 
be part of the reaction with sodium plus potassium, while this may or 
may not be the case for the ADP-sensitive phospho-enzyme, TS~ ~ P. 



TRANSPORT OF SODIUM AND POTASSIUM 19 

I f  it is a two-uni t  system, the format ion o f T S  1 ~ P and  TS 2 ~ P with 
Nam/Nan form sodium wi thout  potassium, i.e. with the system on the o - i 

could be parallel reactions, (1) and  (2) in Fig. 6, or consecutive 
reactions, Fig. 7, as for the one-unit  system. With  sodium plus potassium 
the hydrolysis of A T P  could be due to a consecutive reaction in which 
the i-sites react wi'th sodium, and  this is followed by a reaction of the 
o-sites with potassium, Fig. 7; or, to a combined,  simultaneous effect 
of potassium on the o-sites and of  sodium on the i-sites, Fig. 6. 

In  the consecutive reaction shown in Fig. 7, the formation o fTS l  ~ P 
is due to an  effect of  sodium on the i-sites and when TS~ ~ P reacts with 
Mg  > ,  it is t ransformed into TS2 ~ P, i.e. into the state of  interact ion 
between the two units in which the cations on the o-sites influence the 
rate of hydrolysis of  the phospho-enzyme.  

Another  possibility (not shown) could be that  the formation of  
TS2 ~ P requires a combined effect of sodium on the i- and the o-sites, 
and  that  the format ion o f T S  z ~ P leads to a shift of  the o-unit  from a 
sodium to a potassium form with a following exchange of sodium for 

. , .  ~, ~,. ~. .,.,. ,~ ~ .  ,~. ,.,o r E - ]  ~, I - . . , ; -1 . . . .  

p Km ~ ,  

Figure 7. A two-unit  model  for the N a : K  exchange  with the ADP- and  potassium- 
sensitive phospho-enzyme as an  intermediate .  For explanat ion,  see text; see also Fig. 6. 

potassium on the o-site, o i o i Nam/Nan -+ K, , /Na, ,  followed by a dephos- 
phoryla t ion and exchange of the cations in between the two units as 
shown in Fig. 7. 

The  consecutive reaction seems, however, to be ruled out  by the 
observation that  potassium in activating concentrations decreases the 
apparen t  affinity for magnes ium plus ATP.  In experiments where 
magnes ium and A T P  were kept at a constant  1 : 1 ratio, it was found that  
the concentrat ion necessary for ha l f  saturat ion of the ( N a + +  K+) - 
dependent  hydrolysis by the enzyme system increased with the potas- 
sium concentrat ion 84 (see also ref. 85). The  effect of potassium was seen 
in the range in which potassium activates (the right part  of the curve 
in Fig. 1) which suggests that  it is an effect of  potassium on the o-sites. 
I t  can therefore not  be explained by the discussed effect of potassium 
on the i-sites on the affinity for ATP.  A decrease in the affinity for 
magnes ium plus A T P  on the inside, on the i-unit, due to an effect of  
potassium on the o-sites m a y  suggest that  potassium reacts with the 
o-sites before the y-fl  bond of  A T P  is cleaved. This seems to rule out  the 
consecutive reaction described above (cf. Fig. 7). I t  suggests that  the 
reaction of the system on the K ~  i form follows a pa thway  which is 
different  from tha t  of  the system on the ~ i Na, , /Na,  form, Fig. 6, and  that  
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the hydrolysis of  A T P  is due  to a combined,  s imultaneous effect o f  
potassium on the o-sites and sodium on the i-sites. T h e  lower affinity 
for magnes ium plus A T P  m a y  be due  to a way of  in terac t ion  between 
the units on the oe/i s form which is different  f rom tha t  on the is/i v form. 

A different  pa thway  for the react ion on the o i Nam/Na, and the 
K~ form raises the quest ion whe ther  the in te rmedia te  formed with 
the system on the o i Na , , /Na  n form, TS  2 ~ P, is also par t  of  the react ion 
with the system on the o i K , , /Na  n fo rm?  T h e  answer depends on the 
answer to ano the r  quest ion:  is the format ion  of  TS  2 ~ P with the 
system on the " o i N a,,,/Na,, form due to a combined  effect of  sodium on the 
o- and  i-sites, or is it enough tha t  there  is sodium on the i-sites ? I f  it 
requires a combined  effect of  sodium on the two units, TS2 --~ P cannot  

Km/N a. form. A decreased be par t  of  the react ion with the system on the o T 
labell ing found with sodium plus potassium must  then be due  to a 

Nam/Na. form. decrease in the a m o u n t  of  the system on the o J 
I f  sodium on the i-sites is enough for the format ion  o fTS 2  ~ P, what  

K, , /Na ,  form ? T h e  answer happens  then when  the system is on the o 
depends on the answer to ano the r  quest ion:  when the system on the 
N a ~  i form is p rephosphory la ted  and potassium is added,  is the 
increased rate  o fdephosphory la t ion  then due  to an exchange of  sodium 
for potassium on the o-site or on the i-site ? Potassium has the effect in 
such low concentra t ions  relat ive to the concent ra t ion  of  sodium that  
it suggests tha t  it is an effect of  potassium on the o-sites. 49 I f  this is the 
case, it is difficult to see wha t  the result would be of  an effect of  sodium 
on the i-sites which gives a high rate  of  hydrolysis of  the y-fl  bond  of  
ATP ,  and  which tends to form a bond between the y-phosphate  and 
the enzyme  and  of  potassium on the o-sites which tends to increase the 
rate  of  hydrolysis of  the bond  between the y-phospha te  and the enzyme.  
Will it be a phosphoryla t ion ,  or will it be a hydrolysis of  A T P  wi thout  
format ion  of  a covalent  bond between the enzyme and  the phospha te  
((3) in Fig. 6) ? 

If, on the o ther  hand,  the effect o f  potassium on the dephosphory la-  
t ion o f a  p rephosphory la ted  enzyme is due to an exchange of  sodium for 
potassium on the i-sites, the phosphoryla t ion  found with the Nag/Na~ 
form of  the system could be par t  of  the react ion with the svstem on the 

o i Km/Na~ form, even i f  the two reactions follow a different  p a th w ay  
((2) and  (4) in Fig. 6). 

Nam/Na, and  A different  pa thway  for the hydrolysis of  A T P  on the o i 
on the ~ i K , , /Na  n form with different  affinities of  the two forms for Mg  2+ 
and  A T P  m a y  explain why the same system seems to behave  as two 
different  systems, one found with sodium and no potassium, the o ther  
found with sodium and  potassium, s6 (For  a detai led discussion of  the 
two-uni t  model ,  see ref. 75.) 

I t  is not  possible f rom our  present  knowledge to decide between the 
different  possibilities, a consecutive react ion,  Fig. 7, a s imultaneous 



TRANSPORT OF SODIUM AND POTASSIUM 21 

reaction without formation of a phospho-enzyme, (3) in Fig. 6, a 
simultaneous reaction with formation of a phospho-enzyme, (4) in 
Fig. 6. That  means that it is neither possible to tell what it is that gives 
the translocation of the cations. Whether it is the hydrolysis of ATP 
without the phosphorylation, (3) in Fig. 6, the formation of a phos- 
phorylated intermediate, (4) in Fig. 6, or the dephosphorylation of the 
prephosphorylated system, Fig. 7. Nor is it possible to tell what it is 
that gives the shift in the affinity of the o-sites which is necessary for 
the exchange of the cations. 

The number of sodium ions transported per ATP hydrolyzed is about 
3, while the number of potassium ions transported is lower. 4 This may 
mean that n is 3 and m a lower number (Figs. 5-8). Another possibility 
is that m and n are not identical with the number of cations transported. 
When ATP is hydrolyzed, and the o-unit is changed from oe to Os, and 

outside 

( rn-x ) Na 

{ m - z )  K/ 
. . . . . . .  7 _ _ ~ .  

( n - x )  Na \ 

( n - z )  K 
inside 

0$ ~--" "-. 01  
is .=~- i 

Na + K + 

Na + K + 

Figure 8. A model to describe the variation in the N a : K  coupling ratio for a two-unit 
model. For explanation, see text. Modified from ref. 75. 

the i-unit from i s to ip (see Fig. 8), 7s there may be an exchange of 
cations both in between the two units and between the units and the 
external and internal solution. Let for example m and n in Fig. 8 be 
equal to 4, x to 3, and z to 2. When the affinity of the two units are 
changed, there may be a flow of 3 sodium ions (x) from i to o, of 1 
sodium ion (n-x) from i to the internal solution, and of 1 sodium ion 
(m-x) from the external solution to the o-unit. Simultaneously, there 
may be a flow of two potassium ions (z) from the o- to the i-unit, of two 
potassium ions (m-z) from the o-unit to the external solution, and of 
two potassium ions (n-z) from the internal solution to the i-unit. By 
this the four sites on the o-unit are filled up with sodium, and on the 
i-unit with potassium in spite of a transfer of only 3 sodium ions from 
i to o, and 2 potassium ions from o to i. When sodium on the o-unit 
in the following step in the non-interacted state is exchanged for 
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potassium from the outside solution and potassium on the i-unit with 
sodium from the inside solution, the net result has been a transfer of 3 
sodium out and 2 potassium in. This will besides a transport of the 
cations give an effect on the potential across the membrane, an electro- 
genic pump. m needs not be identical with n, and they can take any 
number equal to or higher than 3. The net number of cations exchanged 
between the two units depends on the ratio between the resistances for 
the flow of the cations in between the units and between the units and 
the external and internal solutions, respectively, and on the electro- 
chemical gradient between the units and the external and internal 
solutions. The coupling ratio can vary without a variation of the 
number of sites for the cations on the units, m and n. For z equal to 0, 
the system gives a sodium efflux which is not coupled to a potassium 
influx, but is activated by potassium from outside. 

VI. Fluxes of Sodium and Potassium in Intact Cells in 
Relation to the Transport Models 

Besides the sodium efflux which is chemically coupled to a potassium 
influx there are a number of other carrier-mediated fluxes of sodium 
and potassium across the cell membrane. One is a sodium efflux which 
requires potassium in the external medium, but is not chemically 
coupled to a potassium influx, an electrogenic pump; 87, s8 another is a 
sodium efflux which is coupled to a sodium influx, a Na :Na  
exchange. 12,71,89-95 A third is a sodium efflux seen without sodium 
and potassium in the external medium. 9~ 96 A fourth is a potassium 
influx which can either be coupled to a sodium influx, a reversal of the 
pump,7.76, 97 or to a potassium influx, a K : K  exchange. 7 

The ratio between these fluxes depends in a complicated and only 
partly understood manner on the ratio between potassium and sodium 
in the external solution, 92' 93 and in the internal solution, 71' 92.94 and 
on the internal concentrations of ATP, ADP, and Pi, 92,98-1~176 and 
maybe also Mg 2+. It is common for all these fluxes that they are inhibi- 
ted by cardiac glycosides. It seems therefore likely that they are all due 
to the same transport system in the cell membrane, and as the (Na + + 
K+)-activated enzyme system is specifically inhibited by cardiac 
glycosides, it seems likely that this is the common transport system 
for the different cardiac glycoside-sensitive fluxes of sodium and 
potassium. 

This means that the system must have a high degree of flexibility. 
The N a : K  coupling can be switched over to a Na :Na  or to a K : K  
coupling, and the N a : K  coupling ratio may vary. How does this fit 
with the two discussed transport models which are mainly based on 
observations on the (Na + § K+)-activated enzyme system in the test 
tube ? 



TRANSPORT OF SODIUM AND POTASSIUM 23  

A. Sodium-potassium Coupling 
The sodium pump can generate a potential across the cell mem- 

brane.ST, ss This effect requires potassium (or another of the cations 
which can activate the sodium pump) in the external solution, and it is 
inhibited by g-strophanthin. With a high internal sodium concentra- 
tion, a hyperpolarization can be seen with a membrane potential 
more negative than the potassium equilibrium potential, and which is 
apparently not due to a depletion of potassium from the external 
surface by a neutral pump. It  suggests that there is a transport of 
sodium outwards which is not chemically coupled to an inward 
transport of potassium, or to an outward transport of an anion. It 
means that the outward transport of sodium gives a transfer of net 
electrical charge across the membrane, and that the sodium pump can 
act as an electrogenic pump. 

This fits with the observation on red blood cells that the number of 
sodium ions transported out per ATP hydrolyzed is higher than the 
number of potassium ions transported in, namely about 3:2. 4 

A problem is whether the 3:2 ratio is a fixed ratio found under all 
conditions and in all cells, and furthermore, whether this means that the 
pump in each cycle transports three sodium out and two potassium in, 
or that the pumping consists of a mixture of a neutral 3 : 3 pump and an 
electrical pump in which three sodium ions are transported out without 
an inward transport of potassium, but activated by potassium from 
outside. 

Or~ is the coupling ratio variable, and if so, is it a variation in the 
ratio between a neutral and an electrogenic pumping; or is the sodium 
pump more flexible and can pump sodium and potassium with a 
variable chemical coupling ratio, which is a function of factors like 
membrane potential and electrochemical potential gradients for the 
ions between the membrane phase and the solutions ? 

There is no definite answer to this problem. In experiments on the 
electrogenic effect of the sodium pumping in stretch receptors~~ and 
ganglion cells l~ under conditions where the internal sodium concen- 
tration was high, it was found that about 1 1 of the sodium was 
extruded uncoupled in agreement with the Na : K coupling ratio of 3:2 
found in red cells. In giant axons, with a high internal sodium concentra- 
tion, the Na: K coupling ratio was found to be of the same order, namely 
3:17~ and 2: 1. 94 If, however, the internal sodium concentration was 
decreased, the coupling ratio increased towards 1 : 1 at a low internal 
sodium concentration, suggesting that the coupling ratio may vary as a 
function of the  internal sodium concentration. 

A fixed coupling ratio can be explained from both the one- and the 
two-unit model. A variation in the coupling ratio is simpler to explain 
from the two-unit model (Fig. 8), and especially an efflux of sodium 
which is activated by potassium from outside, but which is not 
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chemically coupled to an influx of potassium (if it exists). In the 
two-unit model the coupling ratio depends on the resistances for the 
flow of the cations inside the units and between the units and the ex- 
ternal and internal solutions, respectively; and on the electrochemical 
potential gradients for the ions between the units and the solutions. 

B. Na : Na Exchange 

According to Garrahan and Glynn, TM at least four features of the 
g-strophanthin-sensitive N a : N a  exchange have to be taken into 
consideration when discussing a hypothetical model for the transport. 

1. ATP is necessary for the exchange to take place in spite of low 
or no hydrolysis of ATP. 

2. The exchange increases in rate with increasing external sodium 
concentration over a wide range and under conditions where the 
external sodium concentration is higher than the internal 
sodium concentration. 

3. With a high internal ATP concentration relative to the internal 
Pi, there will be no exchange when the internal sodium is high, 
only with a low internal sodium and a high internal potassium 
concentration. With a high internal sodium, an increase in the 
internal Pi relative to the ATP will increase the Na:  Na exchange. 

4. The N a : N a  exchange is oligomycin-sensitive. 

And according to Glynn and Hoffman: 100 

5. ADP is necessary. 

1. One-unitsystem. The requirement for ADP for the Na: Na exchange 
and the low hydrolysis of ATP due to this exchange seems to exclude 
that the exchange reaction can be due to a forward reaction of the 
system in which the dephosphorylation of the system in the TS 2 state 
is due to an effect of sodium from outside, instead of potassium, followed 
by a back-translocation on the sodium form. 

It  suggests the reaction 

Mg-Nan-TSI-MgATP ~ Mg-Nan-TS2 ~ P + ADP + Mg 2+ 

as responsible for the exchange reaction (Fig. 4a). 
Or, in the reaction scheme where the ADP-sensitive phospho- 

enzyme is an intermediate in the reaction (Fig. 4b), the reaction l~176 

Nan-TS 1 ~ P + Mg 2+ _~ Mg-Na,-TS 2 ~ P. 

A N a : N a  exchange due to these reactions requires ATP, but  there 
is no net hydrolysis of ATP (requirement 1). They lead to a shift in 
affinity which makes it possible to explain requirement 2. They are 
oligomycin-sensitive (requirement 4). Internal sodium, magnesium, 
and ATP tend to shift the equilibrium towards the translocated 
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state, and ADP towards the non-translocated state; it seems therefore 
possible to expIain the effect on the N a : N a  exchange of a decrease in 
internal sodium concentration, a decrease in internal ATP and an 
increase in internal ADP concentration from their effect on the equilib- 
rium of the reaction (requirements 3 and 5). It is, however, difficult to 
explain the effect of high internal Pi. 

2. Two-unit system. With sodium and potassium in the external 
medium, a decrease in the ATP/ADP • Pi concentration leads to a 
decrease in the potassium sensitivity of the sodium efflux and apparently 
to an increase in the N a : N a  exchange and a decrease in the potassium 
influx. 98,99 This observation is simpler to explain from a two-unit 
model than from the one-unit model shown in Fig. 4 (for discussion of 
this problem for a one-unit model, see ref. 103). 

The observations on the effect of potassium on the requirement for 
magnesium plus ATP suggested that the o i Nam/Na . form of the system 
has a higher affinity for magnesium and ATP than the ~ i Km/Na, form. 
A decrease in the ATP/ADP • Pi ratio at a given potassium/sodium 
ratio in the external solution therefore tends to shift the equilibrium 
from the interacted state of the Mg-K~ form towards the 
interacted state of the Mg-Na~ form of the system; this 
may explain the apparent decrease in potassium sensitivity of the 
sodium efflux, and an increase in N a : N a  efflux (see below). 

It may also explain why the addition of potassium to an external 
medium containing sodium decreases the g-strophanthin-sensitive 
sodium efflux, when the ATP/ADP • Pi ratio is low. 92 Without  potas- 
sium in the external solution, a certain part  of the system is on the 

o i Nam/Na, form, and this may as discussed below give a Na : Na exchange, 
when the ATP/ADP x Pi ratio is low. When potassium is added to the 
external solution, a part  of the o Nam/Na n form is transferred into the 

o i Km/Na, form. This gives a decrease in the sodium efflux coupled to a 
sodium influx. But due to the low ATP/ADP • Pi ratio, the equilib- 
rium of the ~ i Km/Na, form is towards the non-interacted state, which 
means that the decrease in sodium efflux coupled to a sodium influx 
will not, or only to a lower extent, be replaced by a sodium efflux 
coupled to a potassium influx. 

Removal  of potassium from the external solution shifts the equilib- 
rium towards ~ i o Na~/Nan on account of Km/Na,. In the interacted state 
of the Na~,/Na i form, the system may exchange sodium in between 
the two units (see (2) in Fig. 6), and the forward and backward reaction 
of Mg-Na~n/Na~-MgATP ~-~ o, i~ Mg2+ Ma-Na, . /Na,  ~ P + ADP + may 
give a Na:  Na exchange as the parallel reaction in the one-unit system. 

In the two-unit system there are, however, at least two other ways 
to explain the Na: Na exchange and the requirement for ADP. 

Assuming that sodium in the interacted state can bE exchanged not 
only in between the two units, but  al~o between the units and the 
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surroundings, the forward reaction with a low rate of turnover, because 
of  a high concentration of ADP, may give a high rate of exchange. 

A more complicated reaction would be that the catalytic reaction of 
Mg-Nag/Na,~-MgATP ((2) in Fig. 6) in the interacted state tends to 
transform the i-unit from i s to ip, as is the case when the system reacts 
with ATP on the ~ i Kin/Nan form. As there is no potassium on the o-unit 
to be exchanged for sodium on the i-unit, sodium will hinder this, and 
the result of  the reaction is therefore not a hydrolysis of ATP, but  the 
phosphorylation with formation of  the potassium-sensitive phospho- 
enzyme. This phospho-enzyme may react with ADP and form ATP, 
but  only if i s is transformed into ip, i.e. if sodium on the i-unit is 
exchanged for potassium from inside. This reaction is supported by a 
high internal ADP and a high internal potassium/sodium ratio. The 
dephosphorylation leads to a transformation into the non-interacted 
state. It  will give a N a : N a  exchange, which is increased by a high 
internal ADP and a high internal K/Na  ratio, and which requires 
ATP with no net hydrolysis of ATP, and is oligomycin-sensitive. It  
would mean that the potassium-sensitive phospho-enzyme cannot be 
an intermediate in the reaction on ~ the Km/Na, form. Furthermore, that 
the dephosphorylation of the potassium-sensitive phospho-enzyme 
besides potassium requires ADP, and is due to an effect of potassium 
on the i-unit and not on the o-unit! 

There is a g-strophanthin-insensitive sodium efflux which, according 
to Hoffman and Kregenow,~~ is on another transport system (pump 
II). Brinley and Mullins 95 showed that strophanthidin increases the 
sodium efftux when the ATP concentration is very low, but it decreases 
the influx when the ATP concentration is high. The increase and 
decrease occur to the same level ofefflux. As pointed out by the authors, 
this suggests that the cardiac glycoside-sensitive transport system is 
responsible for the cardiac glycoside-insensitive sodium efflux. It 
suggests that strophanthidin blocks the system in a state in which it can 
accomplish a low sodium efflux (Na :Na  exchange ?), The increase in 
sodium efftux by strophanthidin when the concentration of  ATP is 
low and the decrease when the concentration of ATP is high, suggest 
that this state is an intermediate in the turnover of the system. It 
suggests that the reaction with strophanthidin with a low concentration 
of  ATP leads to a shift in equilibrium from a state in which the system 
cannot give a sodium efflux, and which does not react with strophanthi- 
din, the non-interacted state, towards a state in which it can give a 
sodium efflux, and which can react with strophanthidin, the interacted 
state. With the higher concentration of ATP, g-strophanthin blocks 
the system in the same state as with the low concentration of ATP. 
By this it blocks the turnover and decreased the sodium efflux to the 
same level as found with strophanthidin and the low concentration 
of ATP. 
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C. Reversal of the Sodium Pump 
Under certain conditions, namely with external sodium, but no 

external potassium, and with a high internal potassium concentration 
and a low ATP/ADP • Pi ratio, it is possible to drive the cation pump 
backwards and form ATP from ADP and Pi. 7' 76.97 

In the one-unit model it can be explained by reversal of the forward 
reaction. 

In the two-unit model, the equilibrium of the o-unit is towards the 
potassium form, op, but with sodium and no potassium, the unit will 
be on the sodium form, o s. When this form interacts with the i-unit on 
the potassium form, ip, in the presence of magnesium, ATP, and Pi, 
there may be a tendency for the cations to be exchanged in between the 
two units with a shift in the equilibrium towards op/is, and with a 
formation of ATP ((6) and (7), cp. (3) and (4) respectively, in Fig. 6). 

D. K: K Exchange 
Under certain conditions, namely with a high internal concentration 

of potassium and Pi, a low concentration of ATP, and with potassium 
in the external medium, there seems to be a g-strophanthin-sensitive 
potassium efflux which is coupled to a potassium influx, a K : K  
exchange. 7 

In the one-unit system, the K: K exchange can be explained by a 
reversal of the last step of the transport process. This step is related 
to the potassium entry mechanism, which may explain why Pi is 
necessary. 

In the two-unit system, the K : K  exchange can be explained by a 
shuttling of the system on the o Km/K n form between the non-interacted 
and interacted states ((5) in Fig. 6) ; this does not represent a reversal 
of the system in the same sense as in the one-unit system, but a reaction 
of the system on the o i Km/Kn form independent of the reaction for the 
potassium-coupled sodium efflux. 

VII .  Conclusion 

In the preceding section the sequence of the steps in the reaction of 
the (Na + + K+)-activated enzyme system has been discussed, and an 
attempt has been made to relate them to the transport of cations across 
the cell membrane and from this to formulate a model for the transport 
process. 

The result of this has been two principally different models, for both 
of which it must be emphasized that they are based on a number of 
assumptions, and must only be taken as suggestions. I t  is not possible 
from our present knowledge to decide whether the transport process 
can be described by a one-unit or by a two-unit model. The two-unit 
model seems to have a few advantages over the one-unit model. I t  is 
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simpler to explain a variable ratio between the number of sodium and 
potassium ions transported, and also an external potassium activation 
of a sodium efflux without an influx of potassium. Furthermore, that 
potassium from outside influences the affinity for magnesium and ATP 
on the inside, and also that a decrease in the ATP/ADP • Pi ratio 
decreases the sensitivity of the sodium efflux towards potassium from 
the external solution. Each of these problems can, however, also be 
explained from a one-unit model. 

There is, however, one set of experimental results which lends 
support to a twoounit system, and which only under special conditions 
can be explained from a one-unit system. That  is the observations by 
Hoffman and Tosteson on sheep red cells that the apparent affinity 
of external potassium and of internal sodium for the g-strophanthin- 
sensitive sodium efflux and potassium influx is independent of the 
internal and external Na/K ratios, respectively. 83 

Experiments on the effect of ATP on the phosphatase activity of the 
system raise another problem which has not been discussed. The 
(Na++K+)-ac t iva ted  enzyme system can apparently hydrolyze 
pNPP in the presence of magnesium and potassium. ~3'62-64, 105-113 
The effect of potassium on the hydrolysis of pNPP is, however, in- 
fluenced by ATP and sodium. 108-112 Does that mean that the system 
binds ATP at a modifier site, and pNPP at a catalytic site? ~11 And 
does that mean that the system with ATP as substrate binds two 
ATP molecules at two different sites, one which has a modifying 
effect on the hydrolysis, and another which is hydrolyzed ? (See also 
ref. 27.) 

Or, is the effect of ATP on the hydrolysis o fpNPP due to a consecu- 
tive reaction of the system with ATP and pNPP, i.e. the reaction with 
ATP leads to a phosphorylation, and this is followed by a reaction with 
pNPP on the ATP-site ? Or, can pNPP induce a change in the catalytic 
site which allows binding of both ATP and pNPP to the same site, 
while without pNPP only one ATP molecule is bound ? 

At present there is no definite answer to the problem about a one- 
or a two-unit system, nor to the problem about one or two sites for ATP 
on the system. This tells that our knowledge about the sequence of the 
steps in the reaction is not detailed enough. And, apart from that, we 
have nearly no information about the molecular structure and the 
molecular events related to the steps in the reaction. Where in the 
membrane is the system located, on the inside or on the outside or all 
the way through the membrane ? How far are the cations transported 
on the system ? How do the units discriminate between the cations ? 
Do they behave as ion exchangers, or are there specialized structures 
of the type which has been used in bilayer studies to discriminate 
between sodium and potassium ? This and many other questions have 
to be answered before we are able to understand the transport process. 
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