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L. Introduction

Much is known about the (Na*, K')-pump [1-4]. The intermediate states of the
enzyme have been characterized and the kinetics of many of the transition rates have
been established. In addition, the kinetics of the different modes of transport of the
intact red cell pump have been investigated in great detail and the concentration depen-
dence and sidedness of action of most of the reactants have been established. Despite this
knowledge, a model that provides a quantitative description of both the enzymatic and
red cell flux data has not, as yet, been presented. The major difficulty is that the bio-
chemical studies of the enzyme are most consistent with and usually interpreted in terms
of a ‘consecutive’ model where a single transport site passes consecutively between the
two sides of the membrane (Fig. 3B), while much of the red cell flux data is not com-
patible with a consecutive model and, instead, suggests that transport sites are ‘simulta-
nously’ present on both sides of the membrane. Although several authors have suggested
that it should be possible to reconcile this discrepancy with a ‘flip-flop’ type of model in
which two identical subunits are coupled out of phase [1--3,5]. this has not been demon-
strated quantitatively.

The purpose of this paper is to present a detailed physical mechanism for the sodium
pump that is in quantitative agreement with most of the generally accepted enzymatic
and red cell flux data. These data are so detailed and extensive that severe constraints are
placed on possible models. Although the proposed model cannot, of course. be proved to
be unique, it is the only one of the many that were considered that could successfully fit
the experimental data. This paper should also provide a detailed review and summary of
the features of the pump that must be explained by any successful model.

The model has two features which are very attractive. First, it is kinetically simple —
simpler, for example, than the Post-Albers consecutive model. The enzyme cycles through
only three kinetic states during the normal operation of the pump and one of the transi-
tions is rate-limiting. This means that it is possible to obtain a complete general kinetic
solution for the behavior of the pump in a simple form. The second attractive feature of
the model is that it can explain or predict experimental behavior that was not considered
when the model was originally developed. This is the case for all results discussed in Sec-
tion VI. For example, the predicted behavior of the model when the two subunits are un-
coupled is in complete agreement with the experimental data on the putatively uncoupled
enzyme.

In the first part of the paper (Section II) the results of recent electrostatic calculations
on ion channels will be discussed in relation to the sodium pump. It will be shown that a
channel that alternates between holding either three Na* or two K* is compatible with
these calculations and provides a simple physical explanation of the experimental stoichi-
ometry and ion interactions of the pump. In Section III, the proposed kinetic model will
be described in detail. The model is basically a specific version of the ‘flip-flop’ type of
model — consisting of two identical coupled subunits. The model differs from other ver-
sions in that the subunits are coupled only during one of the reaction steps. A unique
feature of the model is that it is necessary to assume that the state in which the enzyme is
when it is isolated in the presence of Na* and the absence of K" represents a side reaction
that is not involved during the normal operation of the pump (although it is important,
for example, in K*-K* exchange). Recently, detailed information about the kinetics of
transitions to and from this state has been obtained. It is shown (Section VI) that these
kinetics are in good agreement with the predictions of the simultaneous model proposed
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here and are not consistent with the consecutive model. In the next two sections it will be
shown that the proposed model is consistent with most of the available red cell flux (Sec-
tion 1V) and enzymatic data (Section V). Section VI focuses on three sets of experimen-
tal results in which the kinetics predicted by the simultaneous model differ from the pre-
dictions of the consecutive model. In each case, the cxperimental data support the simul-
taneous model.

I1. A channel as a model for the sodium pump

Recently. detailed calculations of the electrostatic energy in multiply occupied mem-
brane channels have been performed |6.7]. The specific calculations were for an un-
charged channel resembling that formed by gramicidin (4 A in diameter and 25 A long)
but the general implications of these results should be applicable to most membrane chan-
nels. The results of these calculations suggest that a channel would provide a natural
explanation for the stoichiometry and ion interactions of the sodium pump. A detailed
schematic representation of the proposed channel model is shown in Fig. 1 and will be
discussed in Section IIl. In this section, qualitative arguments favoring a channel model
will be presented.

Probably the most remarkable aspect of the pump is the stoichiometry of three Na®
pumped out to two K* pumped in per ATP split which has been established for the red
cell membrane [8] and for reconstituted enzyme purified from shark rectal gland [9],
canine brain [10] and canine [11)} and ovine [12] kidney. Since there are probably. at
most, two catalytic subunits per enzyme and it seems unlikely that a subunit turns over
more than once per pump cycle, one must conclude that more than one ion is transported
per subunit. A simple physical realization of this (Fig. 1) is an aqueous channel which is
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Pig. 1. States of the channel subunit. In subunit D, the channel is open to the inside of the cell and
ATP (indicated by the symbol A-P-P-P) is bound with a low atfinity. In the transition from D to A,
three Na” bind to the channel, initiating phosphorylation. In subunit A, the Na* are occluded and the
bond to phosphate (indicated by the symbol P) is of a high-energy form (represented by the phosphate
being buried deep in the enzyme and dehydrated). In the transition from A to B, the phosphate bond
becomes a low-energy form (exposed to the aqueous medium) and the Na® are released to the external
medium. In the transition from B to ¢, K* binds in the channel, initiating dephosphorylation and the
occlusion of the K*. In the transition from C to D. the channel becomes open to the internal medium.
This transition is driven by the coupled conformational change that occurs in the other subunit. Sub-
units A -D (solid arrows) are involved in the normal operation ot the pump. The transitions to state I
(which has a high atfinity for ATP) is a side reaction (sec text).
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alternatively open to the two sides of the membrane [13] and can hold either three Na*
or two K*. The observed stoichiometry would be explained if phosphorylation could
occur only when the channel is occupied by three Na* and dephosphorylation only when
occupied by two K" (as shown schematically in Fig. 1).

The electrostatic calculations provide direct support for this simple model. The calcu-
lations show that there is relatively little electrostatic interaction between ions placed at
opposite ends of the channel. This calculation is supported by experiments on the grami-
cidin channel which suggest that it can contain two cations [7]. Thus, it is reasonable to
assume that a channel can transport at least two ions per cycle. The electrostatic calcula-
tions also show that when there are three ions in the channel there is a very large repulsive
energy of interaction [7]. This energy is reduced by about 7 kT (about one-half the
energy available from the hydrolysis of ATP) when a counterion is placed near the chan-
nel mouth. This result suggests a simple explanation for the requirement that the channel
must be occupied by three Na® before phosphorylation can occur. The addition of the
third Na* would induce a conformational change (driven by an energy of about 7 k7)) in
which a negatively charged group is brought near to the channel mouth. This conforma-
tional change would be a requirement for phosphorylation. Finally, if it is assumed that,
for steric reasons, it is possible to place three ions in the channel only if they are all Na".
then one would have a physical explanation of the absolute requirement for Na* for phos-
phorylation. There are a number of ways to explain the requirement for K* (or one of its
analogs) for dephosphorylation. The one chosen here is based on the assumption that
there is a site in the channel (in state B, Fig. 1) that has a high affinity for Na* which
must be displaced before dephosphorylation can occur. Under physiological conditions,
this displacement is the result of the binding of two K per channel. This condition for
dephosphorylation was chosen because it provides a physical explanation for the complex
ion interactions that occur at the external site (see subsection IVE for details).

One of the main advantages of a multiply occupied channel over independent ion sites
is that it provides a physical explanation for ion interactions. For example, it is well
established that K* inhibits the action of Na® at the internal site [14]. This is difficult to
explain on the basis of independent sites, since it would mean that the binding of Na' to
an ion site stimulated phosphorylation while the binding of K® inhibited it. This seems
unlikely, since one would expect that the dominant effect of ion binding would be elec-
trostatic and would be similar for Na* and K*. However, this inhibition is a natural conse-
quence of a multiply occupied channel, since the presence of a K" in the channel would
sterically prevent the placing of a third ion in the channel and would block phosphoryla-
tion.

Although these arguments provide only suggestive evidence for a channel mechanism,
this model provides such a simple and natural way of handling the kinetics that it will be
assumed for the kinetic model. However, the validity of the kinetics does not depend on
this assumption.

111. The pump model

The proposed model, which consists of two identical coupled subunits, will be
described in two parts. First, the states and reaction steps of the individual subunit (chan-
nel) will be described (Fig. 1), and then the kinetics of the complete dimer will be pre-
sented in terms of the coupled subunit states (Figs. 2 and 3A). The Post-Albers scheme is
used as the prototype of the consecutive models [15,16]. Most consecutive models, such
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as that recently proposed by Karlish et al. [17]. are kinetically equivalent to the Post-
Albers scheme. It will be shown that the corresponding states in Fig. 3 have the same
enzymatic properties and, therefore, all the enzymatic data that have heen used to sup-
port the Post-Albers scheme are just as consistent with the simultancous model proposed
here.

1A, The channel subunit

The basic sequence and states of the subunit are essentially the same as those proposed
by Karlish et al. [17] tor the complete enzyme. It is assumed that the subunit can exist
in five different states which are shown schematically in Fig. 1. The channel can be in
equilibrium with the internal solution {(states D and ). the external solution (state B) or
occluded (states A and C) as indicated by swinging doors at the ends of the channel. The
opening and closing of the doors correspond to conformational changes that sterically
block the movement of ions. The actual movement does not have to be very large, since u
shift of only about 2 A is enough to block the passage of an ion. In state A, the channel
contains three Na® in an occluded state and has u high-energy phosphate bond (as indi-
cated by the fact that it can reversibly form ATP by combining with ADP). As discussed
above. there must be a negatively charged group near the channel end when the channel
contains three cations. In Fig. 1 this group is represented by phosphate itselt, although
this is not necessary. In the transition from state A to B.a conformational change oceurs
in which: (a) the channel becomes open to the external solution: (b) the affinity for Nu”
is greatly reduced and (¢) the phosphate bond becomes low in energy as indicated by its
ahbility to be formed from P;. Taniguchi and Post [15] have pointed out that one of the
main energy-requiring steps of the pump is the change in Na" affinity that occurs in this
step. This energy is supplied by the change in the phosphate bond trom a high- to a low-
energy bond. Much of the energy released by the splitting of ATP is utilized in this step.
This change in energy state is presumably the result of just a conformational change, since
there is no cvidence of a chemical change in the bond. One physical explanation fer the
change in energy is that in the high-energy state the phosphate is buried deep in the
enzyme, dehydrated and surrounded by low dielectric material while in the low-energy
state. the phosphate becomes exposed to water [18]. This is shown schematically in
Fig. 1. Much of the decrease in Na™ affinity can be accounted for by the movement of the
negatively charged group (represented by phosphate in Fig. 1) away from the channel
mouth with the resultant increase in clectrostatic repulsion between the Na”,

It is assumed that the central site in state B has a relatively high affinity for Na* and
dephosphorylation can occur only when Na® is displaced from this site. as occurs. tor
example. when a K* binds to the left end site. This competition for ions at the external
site s examined in detail in subsection IVE where it is shown that this model is in quan-
titative agreement with the experimental kinetics. In the transition from state B to €. K’
displaces the central Na* and dephosphorylation occurs, accompanied by a conforma-
tional change in which the two K" become occluded. In the transition from state ¢ to
state D, a conformational change occurs in which (u) the channel becomes open to the
internal solution and (b) the affinity for K¥ is greatly reduced. As was the case for the
transition from A to B. this change in affinity is energetically unfavorable. This reaction
(state C to D) is driven by the phosphorylation (transition from D to A) which occurs
simultaneously in the other subunit channel and is obligatorily coupled to this transition
{(see below for details). State D has a low-affinity binding site for ATP and can undergo
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transitions to two different states: the transition to state A (which is involved in the nor-
mal operation of the pump) in which phosphorylation occurs (dependent on the binding
of three Na"), or the transition of state E which has a high affinity for ATP. State F
can also be phosphorylated and converted to state A.

HIB. Kinetics of the dimer

The states of the complete enzyme (dimer) are shown in Fig. 2. The kinetic scheme for
the dimer is shown in Fig. 3A and the corresponding states of the Post-Albers scheme are
shown in Fig. 3B. In state S,, one subunit is in state D and one in state A. This corre-
sponds to E,P of the Post-Albers scheme. In the transitions from S; to S, and S, to S3,
only the upper subunit in Fig. 2 is involved, and its changes are identical to those of the
corresponding single state of the Post-Albers scheme (Fig. 3B). The critical difference in
the two models is in the transition from S; to S; (or, in the Post-Albers scheme, E, to
E,P). For the simultaneous model during the normal operation of the pump (Na-K
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Fig. 2. States of the enzyme dimer. In state S, one subunit is in statec A and the other in state D. In
the transitions from S; to S; and S to S3, only the upper subunit is involved. The transition fromn S3
to S; involves a coupled conformational change in which subunit D of S3 becomes phosphorylated
and converted to A of §; while, simultaneously, C of S3 is converted to D of S;. The transition from
S3 to S4 (open arrows) is a side reaction involving a coupled conformational change in which ATP
binds to subunit D of S3 with a high affinity, converting it to subunit E of S4, while, sitnultaneously,
subunit C of S3 is converted to subunit D of S4.
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Fig. 3. Comparison of the kinetics of (A} simultancous and (B) consecutive (Post-Albers) models. The
corresponding states of the two models are in the same row. The normal ¢y cle of the simultancous
model is indicated by the solid arrows while the dashed arrows indicate a side reaction (see text). The
states (S) of the simultancous model correspond to those in FFig. 2 and the subunits (A~ 1) corre-
spond to those in Fig. .

exchange. solid arrows, Fig. 2), there is a coupled transition of the two subunits in which
the channel in state D of S3 is phosphorylated and converted to state A of S;. while
state C of Sy is converted to state D of S;. As indicated above, the energy required to
convert state C to D is provided by energy released during the phosphorylation involved
in the transition from D to A. The transition to S, (Figs. 2 and 3A) is essentially a side
reaction, In this transition. the energy required to convert C (of S3) to D (of S3) comes
from the increase in the binding affinity (deeper energy well) of ATP that occurs in the
coupled transition of state D (of S3) to state E (of S3). It will be assumed that if the inter-
nal [K‘l is above about 10 mM. then the equilibrium between Sy and Sy is far towards S;
so that under the usual conditions in which the pump flux is measured (high internal
[K']) the fraction of the pump that is in state S, is negligible. State S4 does become im-
portant under some conditions. For example, when the enzyme is prepared in the absence
of K™ (which is often the initial state in enzyme kinetic studies), most the enzyme will be
in state S4. Also, as will be shown below. S, is involved in K-K exchange and become im-
portant when Na-K exchange is measured with low internal [K*] (as in the experiments of
Sachs [19]).
When S, is negligible, the kinetics can be written in the form:

Sy
SN
s \\\\Q‘
| ~.
‘};//k_:; k_l\\‘\\’\l
7 X
e -2 N
- e .25
D3 < - S
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Scheme 1.
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Since there are only three kinetic states, the kinetic solution is quite simple. The general
solution for the various kinetic conditions is presented in the Appendix and, usually, only
the final result will be shown in the text.

1V. Cell flux data

The theoretical significance of the red cell flux studies was first pointed out by Hoff-
man and Tosteson [20]. These data have been extended and well summarized by Garra-
han and Garay [21]. The significance of these experiments can be summarized by two
statements that have very important implications about possible models of the sodium
pump. First, the red cell flux (/) for all the different transport modes of the pump (Na-K
exchange, Na-K reversal, Na-Na exchange and, probably, K-K exchange) can be described
by an equation of the form:

J = X(@i, an)- Yigk, aR) (1)

where X and Y are general functions of the Na® (ay) and K (ak) activities. The super-
scripts, o and i, indicate extracellular and intracellular activity, respectively. Eqn. 1 im-
plies that the concentration dependences of the inner and outer sites are independent of
each other. This condition (if correct) places severe restrictions on any possible model.
For example, a consecutive model cannot, even approximately, satisfy Eqn. 1 and is
therefore immediately excluded. As discussed by Garrahan and Garay [21] and illustrated
for the model proposed in this paper (see Appendix), this condition also places important
constraints on possible simultaneous models. The second conclusion of these red cell flux
experiments is that the apparent Na'-concentration dependence of the inner site is the
same for Na-K exchange and Na-Na exchange and the Na'-concentration dependence of
the outer site is the same for Na-Na exchange and Na-K reversal [21]. In contrast, the K'-
concentration dependence of the inner site for K-K exchange is markedly different from
that for Na-K reversal [22]. These relationships place important additional restrictions on
the possible models.

The evidence supporting Eqn. 1 is based primarily on the experiments of Hoffman and
Tosteson [20] and Garay and Garrahan [14]; experiments in which a significant amount
of K" was present in the cell. Sachs [19] and Chipperfield and Whittam [23] have investi-
gated the kinetics of Na-K exchange for the case where the internal [K'] was very low
and found that the concentration dependence of the external site for K" varied with the
internal Na* concentration. It will be shown that this result of Sachs [19], which is an
exception to Eqn. 1, is also consistent with the model proposed here.

IVA. Sodium-potassium exchange (/i)

It is shown in the Appendix that in order to satisfy Eqn. 1 it is necessary to assume for
Scheme I that: (1) k3 and k_3 are much less than k,; and (2) k3 and k_; are much less
than k_,. These assumptions mean that the ratelimiting step for Na-K exchange is the
transition from S; to Sy and that most of the enzyme is either in state S3 or S, (which is
effectively in equilibrium with S3). It will be shown below that these assumptions are in
rough agreement with the enzymatic results. With these two assumptions, the rate of
Na-K exchange can be written in the form (Appendix, Eqn. TA):

InK/S = amasflan|aielak lak)/ DR, a%) )
D =aja_y +ayei8@Xiaf) + a-yazh(aRlak)
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where S is the total amount of enzyme, j‘(a}qlail() is the fraction of the intcrnal sites
(state D) occupied by three Na® when the internal Na' and K" activities are & and
ak, glaial) and hlaiay) are the fractions of the external sites (state B) occupied by
two K" or by three Na”, respectively: and the a terms are rate constants that are indepen-
dent of cation activity. It can be seen that Eqn. 2 is of the form of Egn. 1. [t is usetul to
consider the simple case in which binding at the inner and outer sites can be described by

a simple Michaelis constant:
flahad 1= aN‘lan tRAN) 0 gaflao = afak t Rg) (3)

If. in addition. k_, is negligible {(which should be true under most conditions) then kqn. 2
can be written as:

IS = I"[uk/mk + Ko [ak/iay + Ky 1
/\,’\J‘ =a_ AR (e, tax): l':O’]GQ:(O’-Q tay) =
Eqii. 4 is of the form of the product of simple independent binding reactions at the inner
and outer surfaces of cell. The apparent binding constant at the inner site is equal to the
true binding constant, while the relationship of the apparent binding constunt at the
outer site (K#¥) to the true constant (A'y) is described in kqn. 4.

Guray and Garrahan [24] have shown that the rate of Na-K exchange varies with the
ATP concentration in the millimolar range and that the apparent affinity of the internal
site for Na” and that of the external site for K* are independent of the ATP concentra-
ton. This is in agreement with the model predictions. since ATP should atfect only the
rate ay through binding to the low-affinity (millimolar range) site on Sy and should not
affect the apparent dissociation constants (see Eqn. 2 or Egn. 4). At veov low ATP con-
centrations. a ‘high-affinity” ATP component of the cell flux [36] and of the (Na™ + K*)-
ATPase [29.55.56] is observed. This is consistent with the model if a slow transition from
S; to S4 can occur in the absence of ATP binding to S;. This reaction would be negligible
at physiological levels of ATP but would become important at very low ATP levels when
the phosphorylation of the high-affinity sitc on Sy is the dominant reaction. An increase
in the internal [K*] should shift the equilibrium of reaction 4 towards S3 (with a low
ATP affinity) and therefore decrease the reaction rate at low levels ot ATP. This was ob-
served experimentally by Neufeld and Levy [55] who found that K* inhibited the high-
aftinity ATP component with an apparent K, of about 10 mM.

Garay and Garrahan have also shown that increasing the [P;] {from a control value of
about 1 mM to about 24 mM produces an inhibition of about 507 of Na-K exchange and
does not aftect the apparent ion affinities. This presents a contradiction to the predic-
tions of the model, since the apparent dissociation constant of the external site for K*
should decrease with increasing phosphate levels because a_, should depend on the
amount of phosphate bound to S3 (see Eqn.4). One possible explanation is that S; is
nearly saturated with phosphate at the lowest concentration investigated (1 mM) and
therefore a_, will be relatively independent of phosphate concentration over the range
studied. The 50% inhibition in the rate of Na-K exchange when the phosphate level is
raised from 1 to 24 mM would then have to be explained by an action of phosphate at
some step other than the transition from S; to S,. This is supported by the observation
that phosphate produces a greater inhibition of the Na*-ATPase enzymatic reaction in the
absence of K (when the transition from S to S is not involved) than ot the (Na* + K*)-
ATPase [25].
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1VB. Sodium-sodium exchange (J ) and sodium-potassium reversal (J )

The comparison of these two transport modes provides an important argument against
the Post-Albers scheme and in favor of the simultaneous model. It is shown in Section V1
that in the Post-Albers scheme the same reaction steps that limit Na-K reversal should also
limit Na-Na exchange and, therefore, the Post-Albers scheme predicts that Na-Na
exchange and Na-K reversal should occur at roughly the same rate. However, the rate of
Na-Na exchange is relatively fast (about 1/4 the rate of Na-K exchange [14}) and more
than 10-times faster than Na-K reversal (see Section VI), suggesting that Na-Na exchange
does not involve the slow step that limits Na-K reversal. This is avoided in the simul-
taneous model (Scheme I[) were it is assumed that Na-Na exchange proceeds through a
coupled reaction step in which one subunit is phosphorylated from ATP while, simul-
taneously, the other subunit forms ATP from ADP and phosphate — so that the overall
free energy change is zero. This argument for the simultaneous model is described in more
detail in Section VI.

The proposed mechanism for Na-Na exchange, which is a natural extension of the
kinetic model shown in Fig. 2, is depicted in Scheme II:

.- fast —

|

B,D) «—=(A, .
( );m( D)Q—N>(A D)

32 Sl S]’“

Scheme I1.

The cycle begins, for example, when three Na* from the external solution enter state B of
S,, converting it to S,. It is assumed that this step is relatively fast and reversible so that
S, and S, are effectively in equilibrium. The rate-limiting step (ay) is the coupled confor-
mational change of the subunits where internal Na’ binds to state D of S, which becomes
phosphorylated and converted to state A while, simultaneously, state A is converted to
state D (forming ATP from ADP and phosphate) releasing the occluded Na* (which came
from the external medium) to the internal medium. The cycle is completed when the new
state A* of S} (the asterisk indicates that the occluded Na* came from the inside medium)
rapidly equilibrates with the external medium (through S,) forming S,. Although the
transition between S; and S; brings about Na-Na exchange, these two states are kinet-
ically identical to the single state S, in Scheme L.
The rate of Na-Na exchange is described by (Appendix, Eqn. 13A):

IS = anSY/S = anay oy flaklak) h(aRiak YD (5)

In order for the transition from S, to Sj to occur, ATP must be bound to subunit D and
ADP must be bound to subunit A of S;. This is consistent with the experimentally ob-
served dependence of the Na-Na exchange rate on the ADP [26] and ATP [27] concen-
trations.

The rate of Na-K reversal is equal to the flux in the reverse direction through the
cycle of Scheme I (Appendix, Eqn. 9A):

JR/S = oy a0y r(dilaly ) h@Riak)/iD (6)
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where r(ai}\'lufw) is the fraction of the internal sites (state D) occupied by two K™, It can
readily be seen that Eqns. S and 6 are of the form of Eqn. 1. Also, as has been observed
experimentally: (1) the concentration dependence of the internal site for Na” in Na-Na
exchange (f(aiNIaiK), Eqn. 5} is identical to that for Na-K exchange (Eqn. 2):and (2) the
concentration dependence of the external site for Na* in Na-Na exchange (h(aR la%)/D.
Eqn. 5)isidentical to that for Na-K reversal (Egn. 6).

IV C Potassitun-potassium exchange (J g g )

Since the K" in S3 is occluded. K-K exchange must involve a transition to either §, or
Ss and then back to S;. Since the transition from S, to Sy is very slow (as indicated by
the low rate of Na-K reversal. see below). the primary mechanisin must be through S;:

k-gq
(D.E)s—>(D.C)-- (D, B)
Ka

S.; Sj S2

Scheme ML

The equilibrium of reaction 4 is far towards Sz so that if there is a significant level of
internal K*. only a negligible fraction of the enzyme will be in state S4. As in the case of
Na-K exchange. it is assumed in Scheme I that the exchange between Sy and S is fast.
This assumption is consistent with the enzymatic results (see Section V). The kinetics for
the general case when S, is included in the reaction cycle are given in Appendix (Eqn.
19A). For the case where internal [Na®] is zero and external [K'| is high. the rate of K-K
exchange is given by (Appendix, Egn. 20A):

'/KK//S = 1\'-43‘4/.3‘ = 04/\'_4/(/\'_4 + 0'4) : k_4 = Q’-a"lﬂi}\‘laiN) (7)

Eqn. 7 is again of the form of Eqn. 1.

Experimentally and, as was shown above, theoretically. the attinity of the internal site
for Na® is the same in Na-K and Na-Na exchange. In contrast, the apparent dissociation
constant of the internal site for K* during K-K exchange is about 1/30 of that found dur-
ing Na-K reversal [28.29]. It can be shown that these different dissociation constants for
K" are a natural consequence of the reaction mechanism proposed here. Assume that
r(aiKlam has the simple form:

riakiak 1= dijiak + K) (8)

where K is the true Michaclis-Menten constant of the internal site for K*. Substituting
Eqn. & into Eqn. 7 and rearranging:

Jkr/S = |asagflaq +ag)l lak + K™ 0 K¥ =gk taq + o) (9)

where K7

Is the apparent Michaelis-Menten constant tor K-K exchange. The ratio azia_g
is the equilibrium constant for reaction 4 (Scheme [11). If, as will be assumed, this equi-
librium is far towards S,, then ag/a_q <<1 and K*P/K ~ ag/a_4 << 1. That is. the appar-
ent Michaelis-Menten constant for K-K exchange (K*7) is much less than the apparent
constant for Na-K reversal (K: see Eqns. 6 and 8). The experimental value of K*P for K-K
exchange is about 10 mM [28] while K for Na-K reversal (which is equal to the K, value

of Sq or S, for K™: Eqn. 6) is about 300 mM [29]. so that the equilibrium constant for
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reaction 4 (ay/a) is about 0.03. This value of K*" is approximately equal to the value
found for the inhibition by K* of the high ATP-affinity component of the ATPase reac-
tion (Ref. 55; and see subsection IVA) as predicted by the model.

These results are in good agreement with the experimental results of Karlish et al.
[17]. They measured the transition rate between S, and Sy (which they interpreted in
terms of £, = I, in the Post-Albers notation) and obtained results that suggested that S,
had a low affinity for K" and that the equilibrium between S, and S3 was far towards S;.
This is just what was predicted above. The above theoretical calculations are only qualita-
tive because in the experiments in which the apparent K, values for Na-K reversal and
KK exchange were determined the internal [Na'] was not zero (as is assumed in Eqn. 7)
and was probably high enough to compete with K*. The kinetics for the general case are
described in Appendix.

The rate of K-K exchange is proportional to the rate constant ay (Eqn. 7) which
depends on the binding of ATP to the low-affinity site on Ss. This is in agreement with
the experimental dependence of K-K exchange on the internal concentration of ATP (or
its analogs, including compounds that cannot phosphorylate the enzyme [28,30]). It was
assumed in the derivation of Eqn. 7 that the exchange between S; and S, was fast. Since
this rate depends on the P; in the cell, the model is consistent with the experimental P;-
concentration dependence of K-K exchange [28].

IVD. Kinetics with zero internal [K”]

Sachs [19} investigated the kinetics of Na-K exchange under conditions when the
external [Na'] and internal [K*] were close to zero. He found, in contrast to the results
of Hoffman and Tosteson [20] and Garay and Garrahan [14] and the predictions of
Eqn. 1, that the apparent affinity constant of the external site for K* had a strong depen-
dence on the internal [Na"] (Chipperfield and Whittam [23] have also observed this inter-
nal [Na’| dependence under similar conditions, although their results differed signifi-
cantly from those of Sachs). This inconsistency with Eqn. 1 can be explained by the zero
internal [K'} in these experiments which significantly increases the fraction of the
enzyme that is in state S4 (see Fig. 1). It is shown in Appendix that the model predictions
are in qualitative agreement with the results of Sachs. A quantitative fit of the theory to
the data of Sachs indicates that the K, value for Na* at the internal site is about 1 mM
for S; and about 10 mM for S4. This K, for S is in rough agreement with the experi-
mental K, for internal Na* [14] during Na-K exchange when internal K" is present so
that most of the enzyme is in state S3 (see Eqn. 4). The higher K, value for S, is also in
agreement with the K, for Na* of about 8 mM determined from the initial rate of phos-
phorylation of the enzyme [31} or from the rate of ATP-ADP exchange in N-ethylmale-
imide-treated enzyme [32]. Since this rate is measured in the absence of K', all the
enzyme is initially in state S, and therefore this K, should be that for S,.

IVE. External binding site - Molecular model and kinetics

Since the channel can hold up to three Na*, two K* and various combinations of Na®
and K", there should be a large number of different occupancy states of the channel.
These various states should manifest themselves in, for example, the kinetics of Na-K
exchange asa function of the external Na* and K" concentrations. The purpose of this sec-
tion is to present a specific molecular model of the channel that provides a quantitative
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1 ig. 4. Possible occupancy states of the B subunit of state S,. The central site has a high attinity for
Na® and dephospharylation can occur only when there is no ion at this site. The ditferent states are
labeled by the superseript on B.

description of the known kinetics at the external site. The model presented here is essen-
tially a physical realization of the kinetic model (slightly modified) proposed by Sachs
[33].

As shown in Fig. 1, the channel open to the external solution (state B) is assumed to
have three sites — one at each end and a more central site close to the left end. The cen-
tral site is particularly important because it will be assumed that it has a relatively high
affinity for Na* and that dephosphorylation (S, = S3) can occur only if there is no ion at
this site. The allowed occupancy states of this channel are shown schematically in Fig. 4
The allowed states are limited by the assumption that a K* at the left end site prevents
binding of an ion at the central site. Thus, dephosphorylation (and transport) can occur
only for the four states of Fig. 4 which do not have an ion at the central site: S5 (unplv)
which is respons:blc for the uncoupled sodium efflux that is observed in red »cllx sk
(two states) and SKK_ states containing one or two K* (or its analogs), and SKN astate
that has a K" at the left end and an Na* at the right end. (The superscripts on S, refer to
the status of the B subunit channel shown in Fig. 3.)

The quantitative kinetics for the model are described in the Appendix. Only the quali-
tative results will be discussed here. For the normal physiological condition (high external
[Na*] and relatively high [K*]) the only statc present in a significant amount that can be
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dephosphorylated is SK¥. and, therefore. two K* are pumped into the cell per cycle. If
both K* and one of its analogs are present (e.g., Rb*), the pump will transport the differ-
ent combination of K* and Rb" (KK, KRb and RbRb) and the effect of the two ions will
be additive, as shown experimentally by Sachs [34]. In the absence of external Na* or K",
state S9 is present and is dephosphorylated, producing the uncoupled Na*-efflux mode of
operation of the pump [36]. For the case of zero external [Na*] and low [K"], states
SX and SKX will be present and there will be transport of either one or two K per
pump cycle, as suggested by the data of Sachs [33]. The state SXN'is a new and unusual
state in which one Na* and one K" are pumped into the cell per cycle. Since the affinity
of Na* for the right end of the channel is very low compared to that of K*, this state only
becomes important at very low K* concentrations and high Na® concentrations. It is
shown in Appendix that this transporting state, which is a natural consequence of the
channel model, provides a simple physical explanation for the [Na'] dependence of
the K* flux that is seen at very low K* concentrations [33.35] and was interpreted by
Cavieres and Ellory [35] in terms of allosteric inhibition.

A general solution for the Na-K exchange kinetics taking account of all the external
states of Fig.4 is given in Appendix. For each of the different occupancy states (Sh),
there are corresponding rate constants (K, ki_2 and k%) which enter the final rate equa-
tion. It is shown in Appendix that the kinetics for this model are consistent with all of
the following experimental results: (1) At high external sodium concentrations (the phys-
iological condition), the dependence of Na-K exchange on the K* concentration has the
well established sigmoid-shaped plot and only the state where two K are in the external
site makes a significant contribution to the flux. (2) At zero external sodium concentra-
tion, the dependence of Na-K exchange on external [K"] can have a sigmoid, hyperbolic
or antisigmoid plot, depending on the relative values of the rate constants. (3) At moder-
ate values of external [K']. a plot of the (flux)™! vs. external Na" activity has a linear
dependence on the [Na*] while (4) at very low values of external [K], the plot tends to
level off, in agreement with the experimental results.

The uncoupled Na* efflux from red cells (measured in the absence of external K”) hus
a complicated dependence on the external [Na'] — being inhibited by low concentrations
and stimulated by high concentrations [36]. In terms of the model presented here, the
inhibition at low concentrations is the result of Na* occupying the central site and block-
ing dephosphorylation. In order to explain the stimulation at high concentrations, a new
effect must be invoked. At high concentrations of external Na’, the channel in state B
will tend to be filled by three Na* which will cause a transition from state S, back to S;.
Since ADP is not present in these experiments, a transition such as that which occurs in
Na-Na exchange (Scheme II) cannot occur. Instead, it is necessary to assume that the
enzyme in state S, has a finite rate of spontaneous dephosphorylation producing the
transition $; = Sy and this accounts for the increased rate of uncoupled Na® efflux at
high external Na* concentrations. This model is also consistent with measurements of the
rate of ATP hydrolysis {31,32] and ATP-ADP exchange [32) measured in the absence of
K.

V. Enzymatic data
As mentioned in Introduction, there is a large amount of information available about

the enzymatic behavior of the sodium pump and any proposed model should be consis-
tent with these data. Instead of reviewing all the biochemical results and demonstrating
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their consistency with the model proposed here, one can take the following short-cut.
Neartly all the enzymatic data have been shown to be consistent with the relatively simple
Post-Albers scheme (Fig. 3B). In this section it will be shown that the enzymatic behavior
of the proposed model (Fig. 3A) is equivalent to the Post-Albers scheme.

The corresponding states of the proposed model and the Post-Albers scheme are shown
in Fig. 3. Both the states S3 and the corresponding E; of the Post-Albers scheme contain
an occluded K'. can be phosphorylated by P; and have a low affinity for ATP. Both S,
and the corresponding E,P have a high-energy phosphate. Both S; and E,P have a low-
energy phosphate and can be dephosphorylated by K.

The major difference in the two schemes is in the role played by Sq and the corre-
sponding E;. For the simultaneous model. S3 can be directly phosphorylated in the pres-
ence of Na® and converted to S,. while in the consecutive Post-Albers scheme. |, first
voes to £, (which has the high affinity for ATP that characterizes S4) which is then phos-
phorylated to L,P. The transition of the enzyme between states E; and E; has been
studied in great detail. The fraction of the enzyme in the two states has been determined.
for example. by measuring the enzyme fraction (E,) that has a high affinity for ATP |37]
or formycin triphosphate [38]. or that can be rapidly phosphorylated at low ATP con-
centrations [39] and by measuring the enzyme fraction (E,) that can be phosphorylated
by P; |5]. or catalyze phosphate-oxygen cxchange [40], and from tryptophan tluores-
cence [41]. For all these measurements. the enzyme is initially prepared under conditions
where phosphorylation (transition to S;) is prevented (usually by the absence of Me®') so
that, in terms of the simultaneous scheme (Fig. 3A), what is being measured is the frac-
tion of the enzyme in states S5 and S;. Since S; and S4 have exuctly the same enzymatic
properties as the corresponding E, and E;. respectively (ability to be phosphorylated by
ATP or phosphate, affinity for ATP, etc.), all these studies are consistent with the simul-
taneous scheme proposed here. For example, all these measurements show that K* shifts
the equilibrium between E, and F, towards E, and Na” shifts the equilibrium towards £
In terms of the Post-Albers scheme. these shifts are the result of competition between Na®
and K* for binding to E; with K* binding shifting the equilibrium towards E,. In terms of
the simultaneous model. these shifts are the result of competition between Na” and K* for
state D of S4. Since the binding of Na' to just one site in the channel (the central site)
would be sufficient to block the transition from S, to S;. this model is consistent with
recent measurements that suggest that Na* and K* are competing for a single site [42].

In addition to the above qualitative enzymatic properties of the model, the quantita-
tive enzymatic rates are, at least, in rough agreement with the assumptions of the model.
A basic assumption that was made in the derivation of the kinetics was that Ay <<(k_,
and k) which means that the transition from S to S; (Scheme I) is rate-limiting, and in
the steady state most of the enzyme should be either in state S5 or S, (which is nearly in
equilibrium with S3). The most direct evidence that k3 <<k _, comes from the measure-
ment of the phosphate-oxygen exchange. This exchange rate, which presumably involves
the transition between S; and S, and is therefore proportional to & _,. is about 20-times
faster than the rate of ATP hydrolysis [40]. This implies that &_, is ot the order of 20-
times larger than k5. The evidence in favor of the assumption that &3 <<k, is not as
strong. In the absence of phosphate (so that A_, =0) and in the presence of saturating
levels of K™ (so that &, is large), all the enzyme should be in the dephosphorylated form
Sy if k3 <<k, (because of the high [K'], the enzyme in statc Sy can be neglected).
Experimentally, under these conditions, about 75% of the enzyme is in the dephos-
phorylated torm in the steady state [43.44]. This indicates that &, is about 3-times as
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large as k3. This rough calculation is in general agreement with the quantitative deter-
mination of the rate constant by a computer fit to the complete kinetic cycle [16]. A k,
that is 3-times larger than k3 would, at least to a first approximation, satisfy the above
assumption. In addition, the relative values of the rate constants for the intact red cell
membrane may differ considerably from the values for the isolated enzyme.

V1. Simultaneous versus consecutive model

The main argument for the consecutive model (in particular, the Post-Albers scheme)
is that it provides such a simple explanation for almost all the enzymatic results. Since
only three states are involved in the normal operation of the simultaneous model pro-
posed here (Scheme I), the kinetics are actually simpler than those of the Post-Albers
scheme which has four states. Garrahan and Garay [21] have reviewed some of the evi-
dence that favors the simultaneous model. Although the most direct evidence is provided
by the red cell flux data (Eqn. 1), additional biochemical evidence is also discussed. The
purpose of this section is to examine critically the implications of the two opposing
kinetic schemes (described in Fig. 3) and present additional arguments that provide, I
believe, strong support for the simultaneous model.

In order to distinguish between the two models, one must look at those reactions in
the proposed model which depend on simultaneous binding at both ion sites. There are at
least three such steps for which experimental evidence can be obtained: (1) the transition
from S;3 to S;; (2) the reverse transition, from S, to S;; and (3) the transition involved in
Na-Na exchange (Scheme II1). It will be shown that for each of these transitions, the cur-
rently available data seem to support the simultaneous model.

The kinetics of the transition that corresponds to E, to E, in the Post-Albers scheme
and to S3 to S, in the simultaneous model have been measured using either tryptophan
fluorescence [43] or formycin-ATP binding [38]. The transition rate was approximately
proportional to the ATP concentration, becoming very slow at low [ATP] (about 1 s™* at
10 uM ATP) and could be described quantitatively by assuming that E; (or S3) has a low-
affinity (K, =450 uM) binding site for ATP that had to be occupied before the transi-
tion could occur. Although these experimental results were originally interpreted in terms
of the Post-Albers scheme (E, to E;), these results are actually much more consistent
with the simultaneous model. In the Post-Albers scheme, the enzyme must go through the
transition from E, to E; during Na-K exchange and one would predict from the above
rate measurements that this transition would become rate-limiting at low {ATP]. How-
ever, since Na® is not involved in this transition, this would imply that the Na* depen-
dence would decrease as the ATP concentration decreased. Quantitatively, the Na-K
exchange reaction for the Post-Albers scheme can be described by:

ka kN
E,— E, — E,P

o

fast
This would be a good approximation if K* were present and phosphate absent (so that
dephosphorylation (E,P— E;) is fast and irreversible). It will be assumed that the rate
constant k 4 is roughly proportional to the ATP concentration (a,4) and that ky has a sim-
ple Michaelis-Menten dependence on the internal [Na®] (an):

ka=apas; ky=anan/(@n +KN) (10)



Solving for the overall rate of Na-K exchange:

INk/S = Van/lay + K§)

KN/RK = araaf(an + @aan) = axaqfax (n
low
[ATP]

Thus. it can be seen that the apparent A, (Ki') for Na* should increase approximately
proportional to the ATP concentration (a 4 ) if the Post-Albers scheme is correct. This is not
observed experimentally [45 48]. Flashner and Robinson [48] examined the widest
range of ATP concentrations and found that K, for Na* was about 13 mM at 6 uM ATP
and about 3 mM at 3000 uM ATP. This appears to be a clear contradiction to the predic-
tion of the Post-Albers scheme. In contrast. there is no contradiction with the simulta-
neous scheme proposed in this paper, since the transition rate that is being measured by
the tryptophan fluorescence is from Sz to Sa. which is by-passed during Na-K exchange
when there is a direct transition from S; to S,. Since the transition from S3 to §; depends
on the binding of Na® to S,. one would predict that the Ky, for Na* of the (Na™ + K)-
ATPase activity would be relatively independent of the ATP concentration, in agreement
with the experimental results.

A similar type of argument can be applied to the reverse transition: E; to ks in the
Post-Albers scheme or S4 to Sz in the simultaneous model. It has been shown by the use
of formycin triphosphate binding that this transition varies linearly with the [K'] (up to
at least 15 mM) and is very fast [38]. For example. at 10 mM K" this transition rate is
about 60s™' which is about twice the maximal turnover rate of the (Na® + K*)-ATPase
measured under similar conditions [45]. Since the rate of Nua-K reversal is only about
1/10 of this maximal turnover rate. the transition from E, to E; at 10 mM K" should be
about 20-times faster than the overall rate of Na-K reversal. Since the E, to F, transition
is the only step in the Post-Albers scheme that depends on the internal [K*]. one would
predict that the rate of Na-K reversal should be independent of the internal [K] for con-
centrations greater than about 1 mM. However, Robinson et al. [22] have shown that the
rate of Na-K reversal increases by more than 3-fold when the internal [K'] is increased
from 10 to 100 mM - a clear disagreement with the predictions of the Post-Albers
scheme. The experimental results are in agreement with the simultaneous model (Figs. 2
and 3A), since the fast transition corresponds to the transition from S, to S;. while the
rate-limiting step in Na-K reversal corresponds to the transition from S; to S5 which is K”
dependent.

The third case, which was discussed briefly in subsection 1VB, is based on a compari-
son of the rates of Na-Na exchange and Na-K reversal. In the Post-Albers scheme, Na-K
reversal involves cycling though the enzyme states in the backward direction:
by < E,P< E,P<E,
L o _4
As discussed above. the formycin triphosphate studies show that the reaction Ly to E; is
very fast [38]. Also, the phosphate-oxvgen exchange experiments (see Section V) show
that the E, to E,P reaction step is also very fast [40]. Therefore. the reactions E,P —
E,P -~ E; must be rate-limiting and responsible for the very slow rate that is observed for
Nu-K reversul. In the Post-Albers scheme, Na-Na exchange must involve the following
reaction cycle:

1

[ .
. »EP~E,P-EP
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where the asterisk indicates that the occluded Na" is from the external medium. Since the
reaction E,P —» E P > E, is also in this cycle, the Post-Albers scheme predicts that Na-K
exchange and Na-K reversal should be limited by the same reaction steps and have
roughly the same rate. However, at 150 mM internal [K’], the observed maximum rate of
Na-Na exchange [14] is about 10-times larger than that for Na-K reversal [49]. (The dif-
ference in rates is greater at lower internal K™ concentrations.) Qualitatively, this relativ-
ely faster rate for Na-Na exchange is just what would be predicted for the simultaneous
model where it is assumed that the rate-limiting step in Na-K reversal is the transition
from S; to S; in which there is a positive free energy change and is therefore slow. In con-
trast, the rate-limiting step for Na-Na exchange is the transition ay in Scheme II in which
one subunit becomes phosphorylated while the other subunit is simultaneously dephos-
phorylated — a reaction which is relatively fast, since the free energy change is zero. The
following argument may help to explain the difference in the two models. For Na-K
reversal, the rate-limiting process for both models is the step corresponding to E,P to E,
which, presumably, has a positive free energy change and is therefore slow. For Na-Na
exchange, in the sequential Post-Albers scheme the same step is rate-limiting, while in the
simultanous model this slow step is driven by the simultaneous phosphorylation of the
other subunit. It is shown in Section IV that the quantitative predictions of the simulta-
neous model agree with the observed dissociation constants for internal K* during K*-K*
exchange and Na-K reversal.

Finally, an intriguing piece of evidence in support of this simultaneous model comes
from experiments in which the enzyme is modified by treatment with either digitonin
[50] or mercurials [S1,52]. Although this treatment inhibits the (Na* + K*)-ATPase activ-
ity of the enzyme, it leaves relatively unaltered partial reactions such as ATP-ADP
exchange, Na*-ATPase, the rate of Na'-stimulated phosphorylation and K'-stimulated
dephosphorylation and K phosphatase activity. Since there is some evidence that these
modifications uncouple the enzyme dimer, it is of interest to see how the model proposed
here (Figs. 2 and 3A) would behave if the two subunits were uncoupled. The only step in
the cycle where the subunits are coupled is the transition from S; to S; or S; to S4. Dur-
ing the coupled reaction, the free energy released when subunit D is phosphorylated (S
to S;) or has ATP bind to it with a high affinity (S; to S;) is used to drive the energet-
ically unfavorable transition of subunit C to D. If the enzyme were uncoupled and K*
present, then all the enzyme would end up locked in state C (inhibited). However, in the
absence of K, the enzyme could undergo the normal transitions from state A to C and
one would expect that ATP-ADP exchange and Na'-ATPase (which are measured in zero
[K*]) would be relatively normal. Also, the K™ phosphatase activity should be relatively
normal, since it is probably associated either with state C or the transition between
states B and C [53]. Thus, the predictions of the model are in perfect agreement with the
experimental behavior that is observed for the presumably uncoupled enzyme. If this
relationship could be clearly established then these modifiers would provide definitive
evidence for a simultaneous model and would become important tools for investigating
the pump mechanism.
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Appendix
Al Solution to Scheme I (state S4 neglected)
AIA. Na-K exchange (g )
The general solution for the net rate of turnover (J) through the cycle of Scheme 1 is

given by [54]:

kikyky ~k_jk ok
[’S: e B M 1 2 ] 3 e - (]A)
Katka vAy vk gy vk gtk thy vk )t hgthoy vhy v ky)

where S is the total amount of enzyme present and the & terms are the rate constants
shown in Scheme 1. The second term in the numerator of Eqn. 1A (k_jk .,k _3) represents
the rate of Na-K reversal and is negligible under conditions where Na-K exchange can
oceur, In the denominator, k, and k_; are functions of the external concentrations of Na
(a~) and K (a) while A3 and & _; are functions of the internal concentrations of Na (uiN)
and K (ak). It can be seen that in order for Eqn. 1A to be of the form of Egn. I it is
necessuary to assume that:

(hyand A _3) <<(k, and k.5) (2A)
Then, tor Na-K exchange (Jyk). Fgn. 1A reduces to:

INK/S =k haky/D (3A)
D=koky +h_jk_y +kik,

The rate of the transition from S3 to S, is described by:

k3Ss = aySh (4A)

where SY is the state S; when the channel exposed to the internal solution (state DD,
Fig. 1) is occupied by three Na*. The rate constant a defined as in Eqn. 4A is concentra-
tion independent. The state S;‘ can be related to S3:

SY = flaklak)S; (5A)

where f'is the probability that S5 is in state SY. Combining Eqns. SA and 4A:

ks = s flanlak) (6A)
Similarly:
ko3 =a_gridgiak) . ky =oog@klaR):  koy = o h@Rlak (6A)

Substituting Eqns. SA and 6A into Eqn. 3A, one obtains the general expression used in
the text (Eqgn. 2) for Na-K exchange:

INk/S = @y e as flaklak ) gaklaR )/ D(a%. a%)

where

D=aja, tayaglaglaf) + ooy ayh(aRlay) (7A)
In most cases, k_; is very small so that Eqn. 7A can be approximated by:

_Ca0afE
Gt o,

Ink/S = (8A)
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AIB. Na-K reversal (Jg)

Reversal is measured experimentally by making e = 0 so that k, = 0. Using this con-
dition in Eqn. 1A:

JR/S = ooy a_yr@klal Y h(aR1a%)/D @S, a%) (9A)
AIC. Na-Na exchange (Jn)

From Scheme Il of the text it is easy to show that the rate of Na-Na exchange is
described by:

JNN/S = anSY/S = anflaklak)S1/S (10A)
In general:

k_ook_ +k_1ky+kyk
5./ = —2;-5‘—3—«—"’——3 (11A)

Experimentally, Na-Na exchange is measured under conditions where a% =0 (k, =0) and
using Eqn. 2A:

Sy k_jk_,

=TT 2

S D (124)
Combining Eqns. 10A and 12A:

INN/S = anac; o flaklai ) h(aRlaR)/D (@R, a%) (13A)

AlIL Solution with state S4 included

The kinetics are now described by the following scheme:

! -1
. ke o
! [ 6 \k'_
!l ko ! \-2
! k3 | v \ k2
S: = s, S

-5,
k-

kg i[ k_.4
k

A}

Sa
Scheme IVA. Scheme IVB.

5

where it has been assumed that k_, and k_s are small and can be neglected. Scheme IVB
is equivalent to IVA with the following relationships:

Se=S3+84; k3S3=k,Se; keSe=ksSs +ksSa (14A)
Also:

koS3 = (k4 +ks)Sa (15A)
Combining Eqns. 14A and 15A:

kip = ffv ; ke= ]fsli—?s o= kji——k; (16A)
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Scheme IVB is of the sume form as Scheme | and has the same general solution.
AllA. K-K exchange (g )

It can be seen from Scheme 111 that the rate of K-K exchange is described by:

TS = e -
S
hyky vk k_y vk k.
Sa = [ S, and S, M AT M (15A)
bty D

Where D' is D (e.g.. Eqn. 3A) with k., substituted for k _,.
The general solution for K-K exchange is given by:
_ Kk avkik,

(1+n D’

1S

'/KK/I‘ (l()A)
For the special case where the internal [Na'] is zero (k3 = ks = k¢ = 0) and external [K’]
is large (ky >> k) and £ _| is small:

kaa
/KK/.S:Z-—_4 4'

- - k4 = a_gH(dklay) (20A)

— tog
where it has been assumed that k_; and k_, have the same dependence on the K* concen-
tration.

AlB. Kinetics of Na-K exchange when the internal [K™] = 0

Sachs [19] showed that when d = 0, the apparent affinity for external K* varied with
the internal [Na'}. This is a contradiction to Eqn. 1. It will be shown here that this result
is consistent with the model. When ak =0,k _, = 0 and v = k4/ks. Since Scheme IVB is of
the same form as Scheme 1, the general solution for Na-K exchange is described by Eqgn.
3A with k., and k¢ substituted for k, and k3, respectively (assume k_, is small):

kaks _ ksaaglaglaR)

INK/S = /:;_4-_)\-‘_2 e K (21A)
Assume that g has a simple Michaclis-Menten form:

g=a/(a% + Kg) (22A)
Then:

INK/S = Vay /i + K¥) (23A)

V=keop/(ay +kLy)
K¥W/Kk =k /(0 +k23)

It can be seen that the apparent affinity for external K" (K§¥) is a function of the interval
[Na'], since it is a function of k4 (through k) which depends on the internal [Na']. If
the internal [K'} is high (above about 10 mM) as is the usual case, then y << [ and K3} is
no longer a function of the internal [Na®].

The predictions of the model are in rough quantitative agreement with the results of
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Sachs. Assuming that f (Eqn. 6A) is of the same form as Eqn. 22A, then from Eqn. 23A:

me (o (2an)

K¥ Kyga, \ay +Kx s,

Eqn. 24A can be fitted to the data of Sachs if: (1) ag/ay << 1;(2) Ky (the affinity of
state D for Na*) ~ | mM; and (3) a,a;3/(Kka.,) = 1317". Using these conditions, it is
necessary to assume that the affinity of state E for Na® is greater than about 10 mM in
order to fit the dependence of K% on ay that was found by Sachs.

AIIIL Kinetics when multiple occupancy states of the external site are included

The kinetics are now described by the following scheme (assuming k., = k_3 = 0):

k k
Si~—_ Sim—r_
K T "‘2/ k3 T/Sz
—2
Scheme V. Scheme I.

In Scheme V, S, and S} refer to the different occupancy conditions of state B (Fig. 4)
and the corresponding state C, respectively. For each occupancy state, there are a differ-
ent set of rate constants k5, and k}. The solution to Scheme V is based on relating it to
Scheme I as follows. Deﬁne.

Slg =Pi52 5 S!; =qiS3 (?-SA)
Also:
kyS, = (k3 + k_z)Sg) =85;= =MS,

where
M = k2 o~ —k_z_

ky+tk, k.,
KiSh = (k) + kip) S5 = 4= MiSh = MipiS: ==, S5 (26A)
Comparing Eqns. 25A and 26A:

M

In general, the rate of K transport into the cell (Jk) is described by:
Jk = Eniki St =S5 Znikhq; (28A)
From the solution to Scheme I:
S3 __k;__ ~ M (29A)

S katk, 1M
Substituting Eqns. 29A and 27A in Eqn. 30A, the final expression for Ji is obtained:

nkh p; M;
g = PP (30A)
Ix/ 1+M
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The occupancy conditions of state B (Fig. 4) are related to cach other through the fol-
lowing state diagram:

KK
KNN K KK;\/YS
K K we 3
Sr\.}‘_\__ L N N o K&« (\l/\)
ok SNt mSiT
Dt KK‘.:{I*SKN
KNK

The K terms are equilibrium constants which can be related to the probabilities (p;) of
being in the different states:

po=1id: pr=Kgag/1: prk = KeKkrak/d o pry=RKxKgkanag/d  (32A)
pn=Knanit o pen=KnKnnak/4 0 pug = KnKnkanag/1

The expression for A is determined from the condition:

Ipi=1 (33A)

and is theretore equal to the sum of the numerators in Eqn. 32A. The main assumption of
the model is that dephosphorylation (k,) cannot occur if an Na® is at the central site.
Thus. &5 and M; are zero for the states SV, SN and S¥¥. To simplity the discussion, the
K* flux (Eqn. 30A) will be examined for various concentration regimes.

ALA. High [ Na'], varving [K)
High [Na'] means that Knay >> 1 and therefore the only terms that contribute to
Egn. 30A are:
A :I\’f\’a.\' ¢ I\-KI\'KK(I%(
M= ‘\"‘IIIPI 211IKK‘I)KK

kS RpriMik KRR K rMgiak

e (34A)

L+ Mgkpkk  Knan * KRl My ak

Lgn. 34A has the sigmoid dependence on the external K concentration (ay) that has
been well established experimentally.

AUIB. Zero extemal [ Na™| with varying external [K*/
For these conditions:

M=Mopy + Mypy Mgk @ F = 2688 K /(R Kary)

A4=1 +”KKK+a%(KKKKK (.

v
N
>

—

KEMUK (1 + Eag)
IS = ) LR KL_ aglag ’ -
(M) + (1 + My Kgag + (1 + M) Kk Kkak

Egn. 35A for Jx is of the same general form as that derived by Sachs [33]. Sachs showed
that, depending on the relative values of the constants, this dependence of the flux on the
external [K'] could be a sigmoid. anti-sigmoid or a rectangular hyperbola, in agreement
with experimental observations.
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ANIC. Flux as a function of the external [ Na'/

For the original model of Sachs, a plot of J§' vs. the external {Na*] (ax) should be lin-
ear. Sachs showed that this was found experimentally at moderate levels of external K*.
However, Cavieres and Ellory [35] showed that at very low levels of external K*. this plot
tended to bend towards the horizontal (ay) axis. The model proposed here can also
explain this curvature. For the general case, Jg' can be written in the form:

JK' = [Flag) + Glak) an/[H(ag) + I{ak Yax] (36A)

The second term in the denominator of Eqn. 36A arises from the state S¥N for which one
K" and one Na" are transported into the cell per cycle. This is a new feature of this model.
At moderate values of [K'], this term is negligible compared to H(ak) and the plot is lin-
ear in an. However, at very low K* concentrations, this term becomes significant and the
plot tends to level off, as is observed experimentally.
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