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1. Introduciion

The energy-requiring, active, transport of sodium out and potassium
mto the cell seems to be due to the membrane bound (Na 4 K)-
activated enzyme system.!~¢ This system seems also to be involved in
the Na:Na and K:K exchange which under certain conditions takes
place across the cell membrane.®7 It has been named an enzyme
system ! 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.

IY. Main Characteristics of the System

The substrate for the system is ATP, which is hydrolyzed to ADP and
Pi.! The system requires a combined effect of sodium and potassium for
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activation,® and in the intact cell the effect of sodium is from the inside
and of potassium from the outside.’~!2 The number of cations necessary
for activation 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.* 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 competition between sodium and potassium
both for the i- and for the o-sites.!

With the isolated system in a test tube it is not possible to establish
an asymmetric situation with a sodium medium in contact with the
i-sites, and a potassium medium with the o-sites; both sets of sites are in
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Figure 1. The effect of sodium plus potassium on the activity of the (Na* 4- K*)-activated
enzyme system, Mg?* 6, ATP 3 mM, pH 7-4, 37°C. The enzyme was prepared from ox
brain.”

contact with the same sodium-potassium medium. The ratio between
the concentrations of sodium and potassium necessary to give half
maximum saturation of the i-sites differs, however, so much from the
ratio necessary to give half maximum saturation of the o-sites that 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 K4/Na} form, Fig. 1. The ratios between sodium and potassium
for half maximum activation read from the curve in Fig. 1 is about
1:3—4 for the ascending part 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). From these values it can be calculated that
the activity of the system with concentrations of sodium and potassium
which give maximum activity, 130 and 20 mM, 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 1s furthermore a characteristic property of the system that it is
inhibited by cardiac glycosides.!=¢

II1. 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

The latent activity can become manifest by treatment of the mem-
brane vesicles with detergents like DOG, ¢ high concentrations of salt
like sodium iodide,!” and by freezing.'* 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'"?. This means that for optimum 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;!3—13
this gives an increase in specific activity. The other is a release of
inactive protein which goes into solution.!3:!'* 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 40-509, 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'® and treatment
with high concentrations of salt.!” Most of this activity disappears in
the procedures where high concentrations of salt are used to activate
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the system.'8 High concentrations of sodium iodide can also be used to
decrease the magnesium activity in the preparations activated by
detergents.?

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* 4 K*)-activated ATPase.

A further purification of the (Na* + K*)-activated enzyme system
can be obtained by density gradient centrifugation of the detergent
activated membrane preparations,?® by ammonium sulphate fraction-
ation,?! or gel filtration??' 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
1500 pM Pi/mg proteinfhour.?® In this preparation the enzyme
system is still bound to membrane pieces, and is estimated to be maxi-
mally 499, pure.

The number of enzyme units/mg protein of enzyme preparations
has been determined either by measuring the sodium-dependent
incorporation of P32 from ATP322!.22.24.25 the binding of ATP?2,26-28
or the binding of labelled g-strophanthin.?3-28=3! 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,?® by P?*? labelling and
ATP binding,?” and by ATP and cardiac glycoside binding,?® the
correlation, with one exception,?® 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 ATP32,
and of labelled 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 500,000%2 and 250,00033.

On a polyacrylamide gel the partly purified preparations dissolved
in sodium dodecyl sulfate-mercaptoethanol give two major bands, one
with a molecular weight of 94,0002!-90,00022 and another with a
molecular weight of about 53,000.22 The sodium-dependent P32
labelling from ATP?? is found in the 90,000-94,000 molecular weight
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band,?! 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 (Na® 4+ K*)-
activated enzyme system,*’ while extraction of the more firmly bound
phospholipids by polar solvents inactivates the system.?*’—3¢ 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?*¢~40
leads to an inactivation; so does treatment with a highly purified
preparation of phospholipase A.*> In the phospholipase-treated
preparations which have been partly inactivated, the addition of
lecithin?¢ or asolectin,*® 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.*!-*? It seems most likely that this is due to a
detergent-like effect of the phospholipids.?*

DOC-solubilized inactivated enzyme preparations can to some
extent be reactivated by addition of lipids.2*-42=*7 Tanaka and
Sakamuto*’ 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 Whittam*? 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
1s 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 (Nat + K*)-ATPase
during a salt load,*® 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 Mg2*, MgATP,
and free ATP (ATP;). 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?*, MgATP, and independently, partly because there are few
ways to investigate each of the steps in the reaction independently.

A. Without Magnesium

At 0°C, the system binds ATP with a high affinity with no magnes-
ium, sodium, or potassium in the medium;?*¢-27 the dissociation
constant is about 0-2 pM. Sodium has no effect on the affinity for ATP,
while potassium decreases the affinity.?¢-27

Preincubated with NEM 1mM, EDTA 5mM and
varying conc. of K¥ and ATP
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Figure 2. The effect of potassium and ATP on the inhibition of the (Na* 4 K*)-activated
enzyme by 1 mM n-ethylmaleimide (NEM). The enzyme was preincubated with ] mM NEM
5mM EDTA, and the concentration of potassium and ATP shown on thefigure in 30 mM Tris
HClI buffer, pH 7.4 at 37°C for 30 min. After preincubation, the activity of the preparation
was tested by transferring (-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,
1 mM B-mercaptoethanol, 30 mM Tris HCl, pH 7-4, 37°C. 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, butin a
different way. In agreement with the results from the binding studies,

90 Preincubated with NEM 1 mM, EDTA 5mM and
.‘ varying conc. of K¥ + Na* and ATP
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after preincubation with NEM
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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 mM NEM. The enzyme was preincubated with 1 mM NEM,
5 mM EDTA, and the concentration of sodium, potassium, and ATP shown on the figure in
30 mM Tris HCI buffer, pH 7-4 at 37°C 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
I mM 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 ATP; 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, 7 is a
number).

(1)
ATP\
TS; “<—'T‘51-ATP
1 . nK+ 1
K,
(2) . \IlK+ /nNa+ (4)
nNa ~
T_Sl ‘—’—‘7‘— TSI-ATP
1 ATP 1
RGN

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?*,
MgATP, and ATP; 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)
Nat, Mg?*
E-ATP =  E~P+ADP (6)
K+
E~P+H,O = E+Pi (7)
Mg2+, Na“‘, K+ .
E + ATP + H,0 = 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.*-

As seen from the scheme, the system can accomplish a magnesium—~
sodium-dependent ATP-ADP exchange. It was observed by Fahn
et al.>® 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.3°
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, (11), (12) and (13).

E + Mg** & Mg-E (9)
Mg-E+ATP % Mg-E~P 1 ADP (10)
Mg-E ~P + Mg?* = Mg-E ~ P-Mg (11)
Mg-E ~P-Mg &  Mg-E-P-Mg (12)
Mg-E-P-Mg +H,0 o MgE+ Pi+ Mg (13)

C. With Magnesium, ATP, and Sodium

Evidence for the existence of two different phosphorylated inter-
mediates has been given by Post e/ al.*! In experiments at 0°C 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
did 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,’® 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.>® 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.’? 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?*, 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?* or that the sodium-ATP form does not require Mg?*, but MgA'TP
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?* 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?* with a high
affinity, higher than for ATP in solution.

Na, TS, + MgATP <= Na,-TS,-MgATP (14)
or

Na,-TS,-ATP + Mg?* = Na,-TS,-MgATP (15)

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

Na,-TS,-MgATP = Na, TS, ~P + Mg>*+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
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Mg?* independent of substrate.®? It seems therefore likely that the
formation of the potassium-sensitive phospho-enzyme requires a
reaction of the system with Mg?* at a magnesium site besides the reac-
tion with MgATP;

Na,-TS;-MgATP + Mg?* = Mg-Na,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;’! this seems to be an acyl phosphate,34=3¢
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 phosphorylation—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.’”»>® The
formation of the oligomycin-sensitive phospho-enzyme is more sensitive
to a decrease in temperature than the formation of the ADP-
sensitive.’”> >®* NEM 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.>® The effects of
temperature and of NEM 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 T'S, (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-Na,-TS,-MgATP < Mg-Na,-TS, ~ P + ADP (18)

In the scheme given by Fahn ¢t al.,°° and by Post ef 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.>' The phosphate seems to be bound as an
acyl phosphate,®#~°¢ 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—B phosphate bond in ATP.

‘The phosphorylation of the system is, however, not specific for the
reaction with ATP. ITP,*%- 69 AcP,%!-63 pNPP,% and Pi,¢° ¢¢ can also
phosphorylate the system. The phosphorylation from ITP and AcP is
dependent on sodium asis 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,5%-63 pNPP,%* and Pi’!:¢¢ seems to be
bound to the same group on the enzyme as the phosphate from ATP.
(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.¢¢

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.5®
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? cannot give a transport of sodium.”' 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 (TSY 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, to TS, when the bond between the y and 8 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, state until it can react with potassium,
and by this be dephosphorylated and return to the TS, state.

Asit 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 TS,, and suggest that
it follows from an abortive reaction.

The dephosphorylation by ADP of the “low” magnesium, TS,,
phospho-form suggests that the 4G 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, 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,, R,, R, illustrate a conformation inside the system. R, ~R,
indicates a change in the distribution of energy inside the system.

Low Mg?*

1112 ,R2 II{Z
TSR, A e Na,-MgATP-TS?-K, S Na,-TS,-R,
R, R, Mg?+ + ADP R;~P
High Mg?*
1[12
TS]_}]{] ATP, Na*, Mg**
R
3 :’[{2
Mg-Na,-MgATP-TS%-R BA— Mg-Na, TS,-R,-R,

1
R3 ADP 1‘{3 ~ P

mK™* \
\ nNa* + Mg?* + Pi
R,
K,,,-TS,-I:{l
R;
AcP as substrate
R, R, R,

/ -~

‘ 2+ + // / I
TSl-llh Mg’", Na”, AcP Mg-Na,,-AcP—TSl-I|{, < Na,-TS,-R,
Y |

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

Rz RZ ,1{3

] Me?*, G // . /
TS,-I’{, £ G-Mg-TS}-R, P G-Mg-TSIR,

R, \RJ \R3 ~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, ATP, 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.”’

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-unit system. 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 itincreases with the sodium concentration.*®
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This suggests that the potassium-sensitive phospho-enzyme, Mg-Na,-
TS, ~ 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 cell the transport system can accomplish an exchange
of sodium from inside with sodium from outside, a Na:Na exchange,
and this is sensitive to oligomycin.”® Oligomycin increases the sodium-
dependent labelling from ATP32, and this seems to be due to a decreased
rate of dephosphorylation.*®-62:77=7% 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%
itseems to be the dephosphorylation of the potassium-sensitive phospho-
enzyme, Mg-Na,-TS, ~ P, which is inhibited by oligomycin, and not
the dephosphorylation of Na,-TS, ~ P. This suggests that it is the
inhibition of the dephosphorylation of Mg-Na,-TS, ~ P, which leads
to an inhibition of the Na:Na 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, to the TS,
state, to the potassium-sensitive form. If this is correct, it must be
Mg-Na,-TS7-MgATP which is the form prior to Mg-Na,-TS, ~ 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 y—8 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,-»TS,. 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 TS, state the equilibrium
between the sodium and the potassium form, TS, « TS, is towards
the potassium form, TS}. 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, T'S; — 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 intimately
related to the translocation, and to the change from a sodium to a
potassium affinity.?® For a detailed discussion of the scheme, see
ref. 75.

It must be emphasized that a translocation from TS, to TS, in a one-
unit system not necessarily means a macroscopic (relative to the
dimensions of the membrane) movement of a carrier molecule from the
inside to the outside of the membrane and that phosphate is moved from
inside to outside. The system may both in the TS, and TS, state be in
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Figure 4. A one-unit model for the transport process. For explanation, see text. Modified
from ref. 75.

contact with the inside of the membrane, but in the T'S, state be able
to exchange cations with the internal solution, and in the TS, state
with the external solution, as for example in an alternating gate
system.#!

2. Two-unit system. In a two-unit system, see Fig. 5 there exists at the
same time sites for sodium and potassium on the inside and on the
outside of the membrane. The double competition between sodium
and potassium suggests that each set of sites can exist on a sodium or on
a potassium form: og < 0p, and ig 5 ip, respectively (o for outside,
i for inside, S for sodium, and P for potassium). Each of the units
accepts more than one cation (m and # in the figure); assuming that



TRANSPORT OF SODIUM AND POTASSIUM 17

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, ogfig, Og/ip, Op/ig, Op/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

p %

outside unit m e Nag,

|

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, ig, 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:Na 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.83
2



18 J- C. SKOU

The i-unit on the sodium-ATP form complexes magnesium with a
very high affinity and reacts with Mg2* with a lower affinity as has been
described for a one-unit system. The difference between the reaction
with MgATP and MgATP plus Mg?* 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?* 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

Mg"‘.mp N
MgATP ~p ADP m

Mgz *

Me" i Mgi*mp \Q( Nt K @
* }' sEé__-g E g 2
MaATR ~p Qg P U

Na* K*

N

For detalls of Na:X exchange ses fig.8

Figure 6. A two-unit model for the transport process. For explanation, see text. Modified
from 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
is 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,
TS, ~ 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.
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If it is a two-unit system, the formation of TS, ~ P and TS, ~ P with
sodium without potassium, i.e. with the system on the Na$/Naj form
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 ATP could be due to a consecutive reaction in which
the i-sites react with 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 I'ig. 7, the formation of TS, ~ P
is due to an effect of sodium on the i-sites and when TS, ~ P reacts with
Mg?*, it is transformed into TS, ~ P, 1.e. into the state of interaction
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
TS, ~ P requires a combined effect of sodium on the i- and the o-sites,
and that the formation of T'S, ~ P leads to a shift of the o-unit from a
sodium to a potassium form with a following exchange of sodium for
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Figure 7. A two-unit model for the Na:K exchange with the ADP- and potassium-
sensitive phospho-enzyme as an intermediate, For explanation, see text; see also Fig. 6.

potassium on the o-site, Nag/Nai — Kg/Nai, followed by a dephos-
phorylation 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
apparent affinity for magnesium plus ATP. In experiments where
magnesium and ATP were kept at a constant 1 : 1 ratio, it was found that
the concentration necessary for half saturation of the (Na* 4+ K7)-
dependent hydrolysis by the enzyme system increased with the potas-
sium concentration®* (see alsoref. 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.
It 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
magnesium plus ATP on the inside, on the i-unit, due to an effect of
potassium on the o-sites may suggest that potassium reacts with the
o-sites before the y—8 bond of ATP is cleaved. This seems to rule out the
consecutive reaction described above (cf. Fig. 7). It suggests that the
reaction of the system on the K§/Nal form follows a pathway which is
different from that of the system on the Nag,/Nal form, Fig. 6, and that
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the hydrolysis of ATP is due to a combined, simultaneous effect of
potassium on the o-sites and sodium on the i-sites. The lower affinity
for magnesium plus ATP may be due to a way of interaction between
the units on the op/ig form which is different from that on the ig/ip form.

A different pathway for the reaction on the Nag/Nal and the
K¢ /Nal form raises the question whether the intermediate formed with
the system on the Nag,/Nal form, TS, ~ P, is also part of the reaction
with the system on the K$/Nal form? The answer depends on the
answer to another question: is the formation of TS, ~ P with the
system on the Nag,/Naj form due to a combined effect of sodium on the
o- and i-sites, or is it enough that there is sodium on the i-sites? If it
requires a combined effect of sodium on the two units, TS, ~ P cannot
be part of the reaction with the system on the Kg,/Nal form. A decreased
labelling found with sodium plus potassium must then be due to a
decrease in the amount of the system on the Nag,/Na} form.

If sodium on the i-sites is enough for the formation of TS, ~ P, what
happens then when the system is on the K¢/Nal form? The answer
depends on the answer to another question: when the system on the
Nag,/Nal form is prephosphorylated and potassium is added, is the
increased rate of dephosphorylation 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 concentrations relative to the concentration of sodium that
it suggests that it is an effect of potassium on the o-sites.*® If this is the
case, it is difficult to see what the result would be of an effect of sodium
on the i-sites which gives a high rate of hydrolysis of the -8 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-phosphate and the enzyme.
Will it be a phosphorylation, or will it be a hydrolysis of ATP without
formation of a covalent bond between the enzyme and the phosphate
((3) in Fig. 6)?

If, on the other hand, the effect of potassium on the dephosphoryla-
tion of a prephosphorylated enzyme is due to an exchange of sodium for
potassium on the i-sites, the phosphorylation found with the Nag,/Naj,
form of the system could be part of the reaction with the system on the
K¢ /Nal form, even if the two reactions follow a different pathway
((2) and (4) in Fig. 6).

A different pathway for the hydrolysis of ATP on the Nag,/Na} and
on the Kg/Na} form with different affinities of the two forms for Mg+
and ATP may explain why the same system seems to behave as two
different systems, one found with sodium and no potassium, the other
found with sodium and potassium.?¢ (For a detailed discussion of the
two-unit model, see ref. 75.)

It is not possible from our present knowledge to decide between the
different possibilities, a consecutive reaction, Fig. 7, a simultaneous
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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.* This may
mean that z is 3 and m a lower number (Figs. 5-8). Another possibility
is that m and 7 are not identical with the number of cations transported.
When ATP is hydrolyzed, and the o-unit is changed from op to og, and
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Figure 8. A model to describe the variation in the Na:K coupling ratio for a two-unit
model. For explanation, see text. Modified from ref. 75.

the i-unit from ig to ip (see Fig. 8),7° 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 7 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 ¢ 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 #, 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.

V1. 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;3’-#8 another is a
sodium efflux which is coupled to a sodium influx, a Na:Na
exchange.!?:71-89-95 A third is a sodium efflux seen without sodium
and potassium in the external medium.®% % A fourth is a potassium
influx which can either be coupled to a sodium influx, a reversal of the
pump,’- 76 %7 or to a potassium influx, a K:K exchange.’

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,®?-°* and in the internal solution,”!+%2-°% and
on the internal concentrations of ATP, ADP, and Pi,%2:98-100 and
maybe also Mg?™. 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* 4-
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 Na:K coupling can be switched over to 2 Na:Na or to a K:K
coupling, and the Na: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 ?
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A. Sodium-potassium Coupling

The sodium pump can generate a potential across the cell mem-
brane.?7- 8% 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'°? under conditions where the internal sodium concen-
tration was high, it was found that about -1 of the sodium was
extruded uncoupled in agreement with the Na: K coupling ratio of 3:2
foundinred 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.%* 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



24 J. C. SKOU

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,’¢ at least four features of the
g-strophanthin-sensitive Na:Na 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 Pirelative to the ATP will increase the Na:Na exchange.

4, The Na:Na exchange is oligomycin-sensitive.

And according to Glynn and Hoffman:'°
5. ADP is necessary.

1. One-unit system. 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, 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-Na,-TS,-MgATP = Mg-Na,-TS, ~ P + ADP + Mg?*

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'®®

Na,-TS, ~ P + Mg?** = Mg-Na,-TS, ~P.

A Na:Na 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 explain the effect on the Na:Na 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-umit system. With sodium and potassium in the external
medium, a decrease in the ATP/ADP x Pi concentration leads to a
decrease in the potassium sensitivity of the sodium efflux and apparently
to an increase in the Na:Na exchange and a decrease in the potassium
influx.%8%% 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 Nag,/Nal form of the system
has a higher affinity for magnesium and ATP than the K¢ /Nal form.
A decrease in the ATP/ADP x 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$,/Nal-MgATP form towards the
interacted state of the Mg-Nag,/Nal- MgATP form of the system; this
may explain the apparent decrease in potassium sensitivity of the
sodium efflux, and an increase in Na:Na 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 x Pi ratio is low.”? Without potas-
sium in the external solution, a certain part of the system is on the
Najy,/Naf 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 Nag/Nal form is transferred into the
K35./Naj form. This gives a decrease in the sodium efflux coupled to a
sodium influx. But due to the low ATP/ADP x Pi ratio, the equilib-
rium of the Kg/Nal 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 Nag,/Nal on account of Kg/Nal. In the interacted state
of the Nag/Na} form, the system may exchange sodium in between
the two units (see (2) in Fig. 6), and the forward and backward reaction
of Mg-Naj /Naj-MgATP = Ma-Naj,/Na} ~ P + ADP + Mg?* 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.

Assummg that sodium in the interacted state can b¢ exchanged not
only in between the two units, but also 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,/Nai-MgATP ((2) in Fig. 6) in the interacted state tends to
transform the i-unit from ig to ip, as is the case when the system reacts
with ATP on the K§/Nal 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 ig 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 Na:Na 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 Kg/Nal 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®’ showed that strophanthidin increases the
sodium efflux 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 of efflux. 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?). Thé increase in
sodium efflux 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 decreases 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 x Piratio, it is possible to drive the cation pump
backwards and form ATP from ADP and Pi.7-7¢-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, og. 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/i5, 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.’

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 Kg/KI 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 K§/Ki form independent of the reaction for the
potassium-coupled sodium efflux.

VI11. 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. It 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. It 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 x 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 two-unit 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.®?

Experiments on the effect of ATP on the phosphatase activity of the
system raise another problem which has not been discussed. The
(Na*t 4+ K*)-activated enzyme system can apparently hydrolyze
pNPP in the presence of magnesium and potassium.33 62764, 105113
The effect of potassium on the hydrolysis of pNPP is, however, in-
fluenced by ATP and sodium.'°8~''2 Does that mean that the system
binds ATP at a modifier site, and pNPP at a catalytic site?!!! 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 of pNPP 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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