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Summary. The electrochemical properties of a widely accepted
six-step reaction scheme for the Na* ,K*-ATPase have been
studied by computer simulation. Rate coefficients were chosen
to fit the nonvectorial biochemical data for the isolated enzyme
and a current-voltage (/-V) relation consistent with physiologi-
cal observations was obtained with voltage dependence re-
stricted to one (but not both) of the two translocational steps.
The vectorial properties resulting from these choices were con-
sistent with physiological activation of the electrogenic sodium
pump by intracellular and extracellular sodium (Na*) and po-
tassium (K *) ions. The model exhibited K */K* exchange but
little Na*/Na* exchange unless the energy available from the
splitting of adenosine triphosphate (ATP) was reduced, mimick-
ing the behavior seen in squid giant axon. The vectorial ionic
activation curves were voltage dependent, resulting in large
shifts in apparent K,,’s with depolarization. At potentials more
negative than the equilibrium or reversal potential transport
was greatly diminished unless the free energy of ATP splitting
was reduced. While the pump reversal potential is at least
100 mV hyperpolarized relative to the resting potential of most
cells, the voltage-dependent distribution of intermediate forms
of the enzyme allows the possibility of considerable slope con-
ductance of the pump -V relation in the physiological range
of membrane potentials. Some of the vectorial properties of
an electrogenic sodium pump appear to be inescapable conse-
quences of the nonvectorial properties of the isolated enzyme.
Future application of this approach should allow rigorous
quantitative testing of interpretative ideas concerning the mech-
anism and stoichiometry of the sodium pump.
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Introduction

In tissues where a large fraction of time is spent
generating action potentials, the net instantaneous
active and passive ion fluxes during these action
potentials must be comparable in magnitude
(Chapman, Kootsey & Johnson, 1979). Although
there have been some attempts to explore theoreti-
cally the physiological consequences of electro-
genic Na* /K™ transport in such circumstances, the
transport models that were used incorporated pur-
ely arbitrary functions to account for the experi-

mentally observed voltage and chemical depen-
dency of the overall transport reaction. Linear de-
pendence on one or more chemical components
has been assumed either on the basis of experimen-
tal data of limited range (Attwell, Cohen & Eisner,
1979 ; Brown, Di Francesco, Noble & Noble, 1980;
Jakobsson, 1980) or on the basis of the assump-
tions of irreversible thermodynamics (Rapoport,
1970; Chapman, 1980). Scriven (1981) made the
ionic dependences nonlinear in accordance with ex-
perimental observation. Chapman et al. (1979) and
Johnson, Chapman and Kootsey (1980) treated the
pump as an ‘elementary-complex’ reaction
(Keizer, 1975). They also included nonlinear ionic
dependences, but constrained them thermodynam-
ically and included the voltage dependence re-
quired by thermodynamics.

It is clear that electrogenic Na*/K ™ transport
plays an important role in the electrophysiology
of muscle and nerve cells. If that role is to be pro-
perly understood, a more accurate description of
the transport process is necessary — preferably, one
based on a knowledge of the actual mechanism
rather than empirical fits or unrealistic treatment
as an ‘elementary-complex’ reaction. Biochemical
knowledge of the details of the reaction mechanism
underlying Na*/K* transport is sufficiently far
advanced to begin to treat the process more real-
istically as a multi-step enzyme reaction. Biochemi-
cal studies give information concerning the number
and chemical nature of the individual steps in the
transport reaction and the value or approximate
magnitude of the rate constants governing these
steps.

An enzyme that catalyzes an electrogenic vec-
torial reaction across a membrane differs from
other enzymes in that the equilibrium constant of
the overall process depends on the transmembrane
potential as well as on the chemical constituents.
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This means that the rate coefficients of at least
one of the individual elementary steps in the
process must be voltage-dependent. Moreover,
most transport processes in membranes perform
chemical work in addition to electrical work since
the activities of the transported species usually
differ on the two sides of the membrane. Should,
then, the kinetic properties of transport enzymes
in their physiological location differ significantly
from those manifested by enzymes in solution?

The present paper attempts to explore this gen-
eral question by examining the physiological be-
havior of a kinetic model of the electrogenic sodi-
um pump in relation to the biochemical properties
of the plasmalemmal Na* K*-ATPasc in isola-
tion. Computer simulations of a six-step sequential
reaction mechanism adapted from a widely ac-
cepted scheme summarized by Guidotti (1979)
have been directed to answering questions such as
the following:

1. Do the magnitudes and ionic dependences
of the active ion fluxes required for physiological
function accord with the turnover rates and ionic
dependences of the isolated Na* K*-ATPase?

2. Is there a clear relation between the concept
of enzyme saturation and the saturation of physio-
logical transport rates as influenced by voltage or
ionic composition?

3. Can the unidirectional flux of sodium (Na™)
or potassium (K *) ions provide a reliable measure
of the rate and stoichiometry of net Na* or K*
transport?

4. Does metabolic blockade of the energy
supply, as distinct from specific inhibition of the
transport ATPase, provide a reliable pharmacolog-
ical tool for determination of physiological rates
of active transport?

These are the kinds of questions that the pres-
ent paper attempts to address using enzymological
modelling methods that extend the approaches al-
ready begun independently by Slayman and his co-
workers (Gradmann, Hansen & Slayman, 1981;
Hansen, Gradmann & Slayman, 1981) and by
Chapman (1982). It is not our purpose in the pres-
ent paper to arrive at a definitive set of states or
rate constants, but only to address general ques-
tions that do not depend on details of the reaction
scheme as yet in question.

The Model

The Sequence of Reactions

The six-step sequential reaction mechanism shown
in Fig. 1 is a vectorial adaptation of the scheme
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Fig. 1. Reaction scheme for the vectorial Na*,K "-ATPase of
the electrogenic sodium pump adapted from the mechanism
summarized by Guidotti (1979). E and E’ refer to conforma-
tionally (translocationally) distinct forms of the enzyme, P,=
inorganic phosphate, ATP and ADP are adenosine tri- and
di-phosphate respectively; Na, Nat,, K, K, refer to intra-
cellular and extracellular Na* and K™, respectively; f;, b; are
the forward and reverse rate coefficients for the i step

published in Fig. 7 of Guidotti (1979). The intra-
cellular and extracellular forms of Na®™ and K*
ions are explicitly identified as Na;’, NaJ,, etc.,
and the model is simplified to neglect reaction be-
tween free enzyme, ATP and Na; . This would
seem to be reasonable since physiologically the en-
zyme is surrounded by sufficient reactants and
products to reduce the quantity of free enzyme to
negligible proportions. As will become apparent
later, this simplifying assumption bears little, if
any, relation to the “saturation” of the enzyme
with respect to physiological transport rates.

Thus, the scheme may be regarded as com-
mencing by reaction between Na;% and enzyme
with ATP already bound (step 1), followed by re-
lease of ADP (step 2). Extrusion of Na* ions is
completed by a conformational change (transloca-
tion) and dissociation of the resulting complex
(step 3). The enzyme is then dephosphorylated by
reaction with K, (step 4), followed by a further
translocation in which the enzyme binds ATP
(step 5). Uptake of K* is completed by dissocia-
tion of the resulting complex (step 6) which re-
stores the original form of the enzyme capable of
reacting with Na; at step 1.

We have deliberately refrained from assigning
any electric charge to the enzyme intermediates
shown in Fig. 1. The charge carried by any inter-
mediate is only relevant in the present context
where a step involves movement through an elec-
tric field, and its implicit charge value will depend
on the kinetic assumptions made in the treatment
of voltage dependence (see below).

Substrate Competition

It is worth commenting at this stage on the kinds
of competition that can occur between the reac-
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tants in the scheme of Fig. 1. It can be seen that
Na;, and K, compete for one form of the enzyme
(E-ATP), and NaJ, and K, compete for another
form (E’—P). In each case, however, the conse-
quences of the competition depend on whether
Na™ or K" succeeds in reacting with the enzyme.
For example, if NaJ, reacts with E’—P, the reac-
tion proceeds backwards through step 3 whereas
if K, reacts then the reaction proceeds forwards
through step 4. There is no possibility admitted
in this scheme for the kind of competition where
either NaJ,, or K} can react backwards in step 3
or forwards in step 4. That is to say, for example,
only K, can dephosphorylate the enzyme. Al-
though no form of the enzyme can display simulta-
neous reactivity towards Na;, and K., or to Na_",
and K}, a kind of competition between intracellu-
lar and extracellular ions can occur because the
total amount of enzyme available is limited. An
extracellular ion present in large quantities can
commandeer the enzyme in such a way as to reduce
(“inhibit ") the rates of other steps requiring reac-
tion between intracellular ions and other forms of
the enzyme. In this manner, it is theoretically possi-
ble for “competitive inhibitory” behavior to be
exhibited by all of the reactants in the scheme of
Fig. 1. The simulations will show that whether or
not such behavior is manifest for any particular
reactant depends upon the choice of rate coeffi-
cients for the individual steps and upon the free
energy available from ATP splitting.

Voltage Dependence

Because the Na*,K*-ATPase transport mecha-
nism is electrogenic, one or more of the elementary
steps in the overall reaction process must be volt-
age-dependent. In the absence of experimental evi-
dence the number and location of the voltage-de-
pendent steps must be decided arbitrarily. It seems
reasonable to presume that the voltage dependence
occurs at one or both of the translocational steps
(i.e., steps 3 and 5) since it is there that movement
of charge may occur. Three possibilities will be
explored:

1. translocation of a trivalent intermediate at
step 3 followed by return translocation of a diva-
lent intermediate at step 5.

2. translocation of a univalent intermediate at
step 3.

3. translocation of a univalent intermediate at
step 5.

The first possibility is conceptually straightfor-
ward and involves the assumption that the 3 Na*
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ions and 2 K™ ions undergo their respective trans-
locations unbalanced by any neutralizing charges.

For the second possibility the 3 Na* ions could
be translocated by symport with two negative ions,
these being returned electroneutrally in association
with K* ion translocation at step 5. Symport of
anions might be achieved by translocation, across
the voltage gradient, of negatively charged binding
sites on the enzyme.

Similarly, the third possibility could arise from
electroneutral translocation of 3 Na™ ions at step 3
by symport with three balancing charges, these
charges being returned in association with K* ion
translocation at step 5, making step 5 equivalent
to the extrusion of one unbalanced positive charge.

For reasons clarified in the results illustrated
in Fig. 3 we are inclined to exclude the first as
a realistic possibility. Of the remaining two we
have chosen the translocation of a univalent charge
at step 5. This choice relates to the history of our
heuristic approach rather than to any requirement
from experimental data.

In either case, the question arises as to the
manner in which voltage influences the unidirec-
tional rate coefficients of the elementary reaction
step. The fundamental law governing charge
transfer reactions is expressed through the Butler-
Volmer electrodic equation for a one-step, single
charge transfer reaction. This equation may be ar-
ranged into a direct, physically representational
form given by:

i=k; ay,exp((1-B)FV/RT)

Ky Gyuy-exp(— BEV/RT)

where i is the current carried by the elementary
process Ay ==Ag,, k; and k, are its forward and
reverse rate coefficients, g;, and a,,, are the respec-
tive chemical activities of A4;, and 4], V is the
electric potential difference between state 4, and
state Aoy, (Vin—Voud); F, R and T have their usual
meanings, and f is the so-called symmetry factor
(¢f. Bockris & Reddy, 1970).

The factor f arises from the fact that the elec-
tric field modifies an already existent potential en-
ergy barrier — the activation energy of the elemen-
tary chemical reaction causing the charge move-
ment ~— thereby imparting voltage dependence to
both forward and reverse unidirectional reaction
rates. The modification is such that only a fraction
(1—p) of the input electrical energy appears as a
change in activation energy for the forward reac-
tion and, hence, in the forward rate expression;
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the remainder (8) appears in the reverse rate ex-
pression. This is in contrast to the situation in a
semi-conductor junction where, in the absence of
an electric field, there is no energy barrier to the
movements of electrons/holes. In the presence of
an electric field, the energy barrier appears as a
‘cliff” with all of the potential energy difference
influencing the movement in one direction and
none in the other.

In earlier publications where we modelled the
electrogenic Na®/K™* pump as an ‘elementary-
complex’ reaction (Keizer, 1975) we were forced
to treat the voltage dependence in terms of such
an energy ‘cliff, with all of the voltage control
on the reverse rate of reaction. This restriction of
voltage dependence to the reverse rate was neces-
sary in order to obtain a current-voltage relation
consistent with the available evidence that the
pump acts as a constant-current source in the phys-
iological range (approximately —100 to 450 mV)
of membrane potentials (Chapman et al., 1979;
Johnson etal, 1980; Kootsey, Johnson &
Chapman, 1931).

In the absence of any experimental evidence
to the contrary, we shall assume a value of 0.5
for the symmetry factor. In the field of electrode
reactions where the Butler-Volmer equation was
formulated, the experimentally determined values
for B are close to 0.5. Indeed, any substantial devia-
tion of # from a value of 0.5 for a supposed elemen-
tary step should best be interpreted as suggesting
that the process is in fact complex, in which case
the apparent value for the symmetry factor may
be expected to be significantly voltage-dependent
(Fried, 1973).

Materials and Methods

Constraints on Initial Choice of Parameters
and Rate Coefficients

The Table lists the normal physiological parameters used as
a starting point for exploring the kinetic behavior of the scheme
of Fig. 1. Values for the electrochemical boundary conditions
were chosen appropriate to cardiac muscle, including the pump
site density per unit area of membrane (Michael, Schwartz &
Wallick, 1979; Daut & Rudel, 1981). The high energy phos-
phate levels were deduced from Hassinen and Hiltunen (1 975).

The choices of unidirectional rate coefficients for the six
elementary steps of the scheme of Fig. 1 were constrained by
the following considerations:

1. The ionic activation curves for the nonvectorial ATPase
activity had to agree in general shape with those reported by
Skou (1957, 1975) for the enzyme isolated from crab nerve.

2. The maximum molecular turnover rate of the enzyme
in the nonvectorial situation was not to exceed 10,000 sec” !
(167 sec™*) (Jorgensen, 1980).
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Table

Parameter Value Units

total [ATPase] 1-25x10713 mol/em?

[Na*];, 9-6 mmol/liter
[Na*Jou 140 mmol/liter

K L 150-4 mmol/liter

K *Tout 5-4 mmol/liter
[ATP] 4-99 mmol/liter

[P 4-95 mmol/liter
[ADP] 0-06 mmol/liter
temperature 310 K

fi 2-5% 1011 liter*mol " 3sec™*
b, 10° sec™!

fa 10* sec™?

b, 10° litermol " *sec™*
7 172 sec™?

by 1-72x 10* liter®mol ~®sec ™!
A 1-5x107 liter*mol " ?sec™ !
by 2x10° litermol ™ sec ™!
fs 2x10° litermol ~*sec™!
bs 30 sec™?!
2 1-15%x 10* sec™!

be 6 x 108 liter>mol " *sec ™!

3. The pseudo first-order rate coefficients for conforma-
tional changes (i.c., translocational steps) or for steps involving
group transfer by covalent bonds were not to exceed 10% sec ™1,
and the pseudo second-order rate coefficients for diffusion-lim-
ited binding steps were not to exceed 108 liter-mol ™ 's™!
(Hammes & Schimmel, 1970; Reynolds & Tanford, personal
communication).

4. The equilibrium constant for the overall pump reaction
(equivalent to the product of all forward rate coefficients di-
vided by the product of all reverse rate coefficients) was fixed
at 238,722 mol/liter equivalent to a standard free energy of ATP
splitting of —31.9 kJ/mo] (Hassinen & Hiltunen, 1975; Veech
et al., 1979).

5. The resting electrogenic pump current, corresponding
to the condition in a quiescent cardiac muscle cell had to be
of the order of 0.1 to 0.2 pA/em? which, with electrical activity,
could rise to values of the order of 1 pAjem?® (Johnson et al.,
1980). The resting pump current is determined quite rigorously
by the fact that the membrane resistance of cardiac muscle
is 20 kQem? (Mobley & Page, 1972; Lieberman et al., 1975)
corresponding to a membrane conductance of 0.05 mS/em?.
If 80% of this conductance is attributable to potassium ions
(i.c., the resting K* conductance is 0.04 mS/cm?) and the
Nernst potential for K* ions is 5 to 10 mV hyperpolarized
relative to the resting potential, then the resting potassium cur-
rent will be 0.2 to 0.4 pAjom?. In an electrochemical steady
state under these conditions it follows that the resting pump
current is 0.1 to 0.2 pAfem? with the passive Na*, passive K*
and active pump currents being stoichiometrically determined
in the ratio —3:2:1 (Chapman et al., 1979).

6. The slope conductance 6f the pump current-voltage (I-
¥) relation had to be small in the physiological range of mem-
brane potentials consistent with the common view that the elec-
trogenic pump operates approximately as a constant current
source in the physiological range (¢f. Chapman & Johnson,
1978; Chapman et al., 1979).
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Reaction Rate Laws

The following mass action rate laws were used for each of
the six elementary steps of the scheme of Fig. 1:

rfy =f1[B-ATP}-[Na™]
rb;=b,[Na,E-ATP]

rfy =f>[Na,E-ATP]
rb,=b,{Na;E~P]-[ADP]
fs =f3[NazE~P]
rby=by[E'—P]-[Na*] 3,
rfa =fa[E' =P} [K*] 2,
rby=b,[K,ET-[P]

1fs =/s[K,E]-[ATP]
rbs=5bs[K,E-ATP]

e =fs[K,E-ATP]
rbg=bg[BE-ATP]-[K*]1Z

where rf;, rb; are the forward and reverse rates and f;, b, are
the forward and reverse rate coefficients of the " step.

The dimensions of the rate coefficients listed in the Table
are those appropriate to yield rates of reaction in mol/cm?/sec.
Given that each mole of overall reaction extrudes one Faraday
of charge, transport rates in the vectorial situation are expressed
as pump current per unit area of membrane. In order to allow
a direct quantitative comparison of nonvectorial with vectorial
results we have expressed all fluxes (unidirectional or net),
transport rates and ATPase activity in the same electrical units.
Net ATPase activity is related to the electrical units by noting
that pump current (A/cm?) is given by the pump site density
(mol/cm?) times the Faraday equivalent times the number of
molecular turnovers per second. Thus, for a pump site density
of 0.125 pmol/cm? or 753 sites/um? (Michael et al., 1979; Daut
& Rudel, 1981) 1 pA/em? of net pump current corresponds
to 82.9 molecular turnovers per second. This means that the
constraint on the maximum molecular turnover rate of the en-
zyme restricts ATPase activity to a maximum equivalent value
of 2.01 pA/cm?.

The set of reactions in Fig. 1 has a total of 12 rate coeffi-
cients, of which 11 are independent since the equilibrium con-
stant for the overall reaction is known. It is possible, in princi-
ple, to determine values for these rate coefficients by fitting
a sufficiently large body of data. In practice and certainly with
the limited data available, such a unique set of rate coefficients
cannot be determined. Our aim was to find one set of rate
coefficients that was consistent with a limited set of experimen-
tal data, recognizing that there are other sets that would have
also fitted the data. Qur findings and conclusions, therefore,
must not be considered exhaustive but preliminary. The experi-
mental data were fitted by eye, the choice of rate coefficient(s)
to be adjusted to improve the fit being made on the basis of
experience.

For voltage-dependent steps, the voltage-dependent rate
coefficients were obtained by multiplying the respective rate
coefficients by functions of membrane potential, assuming a
symmetry factor of 0.5 (see above, The Model — Voltage Depen-
dence).

Steady-state solutions for the concentrations of intermedi-
ates were obtained by Gaussian elimination and used to solve
for the unidirectional rates of each step in the reaction sequence.
All equations were solved on a Digital Equipment Corporation
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VAX 11/780 digital computer with graphical results displayed
either on a Tektronix 4006-1 Graphics Display terminal or on
a Hewlett-Packard 7221 A Graphics Plotter. As a safety check
on the computations a 0.01% tolerance was placed on the re-
quired agreement between the following pairs of quantities:

1. The sum of the computed enzyme intermediates and
the set parameter for total enzyme per unit area of membrane;

2. The overall steady-state rate of reaction defined by
Boudart (1976; and see footnote 1 on page 148) and the steady-
state rate of reaction through step 1;

3. The ratio of the overall unidirectional forward rate of
reaction to the overall unidirectional reverse rate of reaction
and the ratio predicted thermodynamically from the net free
energy dissipation of the overall reaction (Boudart, 1976; Chap-
man & McKinnon, 1978).

Simulations were performed either vectorially (i.e., true
transport across a membrane separating two compartments of
different electrochemical composition) or nonvectorially (i.e.,
isolated enzyme in solution). For the latter case the vectorial
computer programs were used with equal concentrations for
intracellular and extraceliular ionic species and with the mem-
brane potential set equal to zero.

In cases where the effects of varying the ionic concentra-
tions were studied all other electrochemical conditions were
held constant unless otherwise stated.

Unidirectional ionic fluxes were calculated by using the
method of Boudart (1976) to define unidirectional rates of reac-
tion across steps 1 to 3 of Fig. 1 for Na* movements, and
across steps 4 to 6 for K™ movements (¢f. Chapman, 1982).

Results and Discussion

Nonvectorial ATPase Activity

The behavior of the isolated enzyme in the nonvec-
torial situation is independent of the choice of volt-
age-dependent step (see The Model — Voltage De-
pendence) because there is no influence of voltage
comparable to the physiological situation in the
membrane. There is also no distinction between
intracellular and extracellular forms of the ionic
species; the two forms of the enzyme capable of
reacting with each ionic species are therefore ex-
posed simultaneously to the same bulk concentra-
tions of Na™* and K *. Of the available kinetic data
we chose to fit those of Skou (1957; 1975) for
the activation of the Na® K *-ATPase by Na* and
K™ in the presence of saturating levels of ATP.
The resulting simulations are shown in Fig. 24
(Na™ activation), 2B (K * activation), and 2C (si-
multaneous variation of [Na*] and [K*]). These
Figures should be compared with Figs. 6 and 5
of Skou (1957) and Fig. 1 of Skou (1975), respec-
tively. While certain details of Skou’s data cannot
be fitted by our scheme (e.g., the Na™ activation
of ATPase in the presence of zero [K *]), in general
the fit is reasonably satisfactory for establishing
a working set of rate coefficients.
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Fig. 2. Activation of nonvectorial ATPase activity by Na* and
K* ions. 4 (upper panel): activation by Na™ in the presence
of different fixed concentrations of K* as indicated in mm.
B (middle panel): activation by K* in the presence of different
fixed concentrations of Na* as indicated in mM. C (lower
panel): simultaneous activation by Na* and K.* constrained
to sum to 150 mM. All rate coefficients and other boundary
conditions as in the Table. ATPase activity expressed in pA/
cm?; 1 pA/cm?=82.9 molecular turnovers per second

The Pump Current-Voltage Relation

Figure 3 shows the current-voltage (/-V) relations
obtained when the voltage dependence is assigned
to step 3 (4), step 5 (B), and to both steps 3 and
5 (C) as described above (see The Model — Voltage
Dependence). The same set of rate coefficients (see
the Table) was used in each case, the values being
chosen to vield a satisfactory I~V relation for the
case of voltage dependence on step 5 while fitting
the nonvectorial biochemical data on the isolated
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Fig. 3. Pump current-voltage relations for the scheme of Fig. 1
for different locations of the voltage-dependent step(s). A: Volt-
age dependence on step 3; f; =172 exp(FV/2RT)sec™*, by=1-
72 x 10*exp (— FV/2RT) liter>mol 3sec™ . B: Voltage depen-
dence on step 5; fs=2x10%exp(FV/2RT) litermol 'sec™?,
bs=30exp(—FV/2RT)sec™*. C: Voltage dependence on
steps 3 and 5; fy=172exp(3FV{2RT)sec™, by=1-72x
10*exp(—3FV/2RT) liter®mol 3sec™, f;=2x10° exp(FV/
RT) litermol~'sec™'sec™!, bs=30exp(—FV/RT)sec™t. All
other rate coefficients in 4, B and C as in the Table

enzyme (see above). Curves A and B are quite simi-
lar in shape, which suggests that the overall behav-
ior of the model is not critically dependent on
which single step is chosen to be voltage-depen-
dent. On the other hand, with voltage dependence
assigned to both steps, we were unable to find rate
coefficients which produced an /~V relation like
those of curves 4 or B of Fig. 3. All I-V relations
that we could find were of the form shown in curve
C of Fig. 3, where voltage is a strong inhibitor
of transport on either side of a narrow, high con-
ductance region — a relation quite unlike any re-
ported in the physiological literature. Thus, for the
remainder of this paper we have assigned the volt-
age dependence to a single step (5), unless other-
wise stated.

It is worth noting that the assignment of the
entire voltage dependence to a single reaction step
(whichever step is chosen) implies that the entire
membrane potential must appear over the reaction
distance associated with that step. The choice of
0.5 for the electrical symmetry factor is therefore
appropriate (Bockris & Reddy, 1970; Fried, 1973)
and does not require justification on the basis of
the supposed spatial location of the voltage-depen-
dent step in relation to some supposed continuum
distribution of the transmembrane electric field as
is sometimes done for carrier-mediated diffusion
(Lauger & Stark, 1970; Hall, Mead & Szabo, 1973;
Jack, Noble & Tsien, 1975).

It might be suggested that we should have
chosen rate coefficients that would give less slope
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Fig. 4. Pump current-voltage relations with voltage dependence
on step 5 of reaction scheme of Fig. 1 as in Fig. 3B. 4: Control.

B: Rate coefficients adjusted to increase the voltage-dependent
1

reversibility exhibited by curve 4, b,=107 litermol sec™?,
S3=1000sec™, b;=5x10*liter’mol 3sec™!, f,=108 liter?
mol~?sec™?!, b, =133 x 10° litermol "'sec™?, bs—exp (—FV/
2RT) sec™ !, fo=1-91 x 10% sec™?, all other rate coefficients as
in the Table. C: Rate coefficients adjusted to reduce the revers-
ibility;  fs=2x10° exp(FV/2RT) litermol "*sec™!,  fy=
115 sec™?, bs=6x 10° liter’mol ~2sec™!

conductance in the physiological range than evi-
dent in Fig. 3 B. However, there are two interacting
properties to be weighed against each other: the
relative slope conductance in the physiological
range versus the relative reversibility of the pump
beyond the reversal potential. By the latter we
mean the relative magnitude of the pump current
at potentials beyond (more negative than) the re-
versal potential compared to that at potentials pos-
itive to the reversal potential. As is illustrated in
Fig. 4, we found that the condition of less physio-
logical slope conductance (curve B) is associated
with a relatively high degree of voltage-dependent
reversal; conversely, a larger physiological slope
conductance (curve C) is associated with relatively
little voltage-dependent reversal. Although we
have pointed out before that a pump reversal po-
tential must exist on thermodynamic grounds
(Chapman & Johnson, 1978), no significant rever-
sal of electrogenic transport currents has been re-
ported. For this reason we have chosen the com-
promise relation (Fig.44 or 3B) as our control
in subsequent simulations.

Moreover, the choices of rate coefficients yield-
ing the I-V curves of Fig. 4 B and C result in signif-
icant alterations to the nonvectorial activation be-
havior of the isolated ATPase as shown in Fig. 5B
and C, respectively. Although the rate coefficients
for Fig. 4 B fall within the constraints listed earlier
(see Materials and Methods) the maximum turn-
over number of the isolated enzyme has become
unacceptably large in Fig. 5B. On the other hand,

145

ATPase Activity

m—

T T T T T 1
0 25 50 75 100 125 150 [Na’](mM)
150 125 100 75 50 25 6 [K*](mM)

Fig. 5. Simultaneous activation of nonvectorial ATPase activity
by Na* and K™ ions constrained to sum to 150 mM, using
the rate coefficients yielding the current-voltage relations of
Figs. 44, B and C, respectively. ATPase activity expressed in
pAjem?; 1 pAjem? =82.9 molecular turnovers per second
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Fig. 6. Effect of altered chemical conditions on the pump cur-
rent-voltage relation. 4: Control; rate coefficients and parame-
ters as in the Table. B: Effect of reducing [ATP] from 4.99 mm
(control) to 3.0 mM with corresponding increase in [ADP];
other rate coefficients and parameters as in the Table. C: Effect
of increased ionic concentration gradients; extracellular [Na*]
increased to 200 mM and extracellular [K *] lowered to 0.1 mm;
all other rate coefficients and parameters as in the Table. D:
The difference between curve 4 (control) and curve B (reduced
free energy available from ATP splitting)

the rate coefficients for Fig. 4 C produce an unac-
ceptable diminution and change in shape of the
enzymatic activation curve in Fig. 5C. This sug-
gests that the seemingly unlimited freedom in
choosing appropriate rate coefficients for the six
steps of Fig. 1 might become quite restricted when
all known physiological and biochemical require-
ments are taken into account.

Gradman et al. (1981) have suggested that an
I=V curve which exhibits little voltage-dependent
reversal, such as that of Fig. 4 4, reflects the possi-
bility that voltage may be kinetically incompetent
to synthesize ATP. This is not necessarily true:
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by NaJ,. D: Inhibition by K/ . All other rate coefficients and parameters as in the Table

Figure 6 illustrates that such relative irreversibility
totally disappears when the ATP concentration is
reduced (with a corresponding increase in ADP
concentration) from 4.99 (4) to 3.0 mM (B), a con-
dition similar to that in which pump reversal was
first demonstrated in red cells by Garrahan and
Glynn (1967b). As Fig. 6 B shows, under these con-
ditions voltage may become a powerful force re-
sulting in synthesis of ATP. Gradmann et al.
(1981) also suggested that an increased ion concen-
tration gradient might produce more significant
pump reversal than imposition of a voltage gra-
dient. However, this prediction is not borne out
by the behavior of the present model, where simul-
taneous raising of NaJ, to 200 mm and lowering
of K/, to 0.1 mM at normal ATP levels simply
reduces the forward rate of reaction without signif-
icantly enhancing the reverse rate despite a huge
shift in the reversal potential (see Fig. 6C).

The Ionic Dependences of the Transport Rates

Most of the dependences of the transport rate on
chemical composition have been determined under

conditions where the membrane potential was not
controlled. Consequently, the published data are
necessarily confounded by the possible effects of
voltage as well as ionic concentration on the trans-
port rates. Figures 74 and B show the activation
by intracellular Na* and extracellular K*, respec-
tively, at —85 and 0 mV. Similarly, Figs. 7C and
D show inhibition by extracellular Na™ and intra-
cellular K, respectively, at —85 and 0 mV. The
effect of voltage can be seen for all four ionic de-
pendences, altering the K,’s for activation by intra-
cellular Na* or extracellular K, and that for inhi-
bition by intracellular K. It is interesting to note
that, with regard to activation by extracellular K *
voltage here produces the largest shift of the K
but only a moderate change in maximal rate. Since,
in the absence of voltage control, an increase in
extracellular [K*] produces depolarization, one
might expect the experimental activation curve to
shift from the solid line (—85 mV) to the broken
line (0 mV) as the extracellular [K *]is raised.

The sigmoidal relation for activation by intra-
cellular Na* (Fig. 7 A) is consistent with the exper-
imental finding of an approximately first-order ac-
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tivation of electrogenic pump current over the
physiological range of intracellular [Na*] (approx-
imately 10 to 20 mm) in dog Purkinje fibers
(Gadsby & Cranefield, 1979a). Keynes and Swan
(1959) and Mullins and Frumento (1963) reported
a saturating cubic activation by intracellular Na™*
in frog muscle, corresponding to the wider range
of intracellular [Na*] shown in the curves of
Fig. 7A. Similar activation by [Na™],, was found
in red cells by Garay and Garrahan (1973). Brinley
and Mullins (1968) found a linear activation of
unidirectional transport-mediated Na* efflux in
squid axon over a wide range of intracellular
[Na™*], a finding not in accord with Fig. 74. How-
ever, measurement of unidirectional fluxes can be
an unreliable measure of net transport (Chapman,
1982) as discussed below.

A K, of about 1 mm for activation of electro-
genic pump current by extracellular K™ has been
reported by Gadsby and Cranefield (197954) for
dog Purkinje fibers with the membrane potential
held at around —30mV. Garrahan and Glynn
(1967a) found a K, for the extracellular K *-acti-
vated Na® /K" exchange in red cells of just over
1 mm [K*]. These findings accord with the behav-
ior of our model with little or no membrane poten-
tial but not with a membrane potential of the order
of —85 mV (see Fig. 7B).

The relative insensitivity of net Na* /K™ trans-
port to extracellular Na™* is consistent with a wide
range of physiological observations. Lowering ex-
ternal [Na*] has little effect on Na™* efflux from
red cells into normal K *-containing medium (Gar-
rahan & Glynn, 1967a). The absence of marked
hyperpolarization in excitable cells in low [Na*]
media is also in keeping with the relatively weak
influence of extracellular Na* on Na®/K* pump
current. Such insensitivity is one of the more im-
portant differences between the present model and
the one used previously (Chapman et al., 1979).
In that model, transport was treated as an ‘elemen-
tary-complex’ reaction, where an assumed satura-
tion of the reverse rate of reaction by external Na*
forced an inverse third-order dependence of the
forward rate. As a consequence, relatively mild re-
ductions of external [Na™] produced enormous in-
creases in pump current with unrealistic hyperpo-
larizations of the membrane potential.

The strong inhibitory effect of intracellular K *
on net transport (Fig. 7D) is a direct consequence
of fitting the nonvectorial K* activation behavior
to that described by Skou (1957). In the present
model the inhibition by intracellular K* is due
to competition with intracellular Na* for combi-
nation with the E-ATP form of the enzyme. The
reason that extracellular Na™ does not show an
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Fig. 8. Activation of Na*/K* transport by K}, with [ATP]
set at 4.99 mm (4 and B) or 3.0 mMm (C and D) and [Na*],,
set at 140 mM (B and D) or 50 mm (4 and C). All other rate
coefficients and parameters as in the Table with [ATP]+[ADP]
constrained to sum to 5.05 mM

equal inhibitory effect by competing with extracel-
lular K* for combination with the E'—P form of
the enzyme is a consequence of our choices of rate
coefficients for the first three steps which cause
the the model to exhibit little Na*/Na* exchange
at normal ATP levels. Consequently, the behavior
of the present model is unlike that of the sodium
pump of red cells but more like that of squid axon,
where Na*/Na* exchange appears only when the
energy available from ATP is reduced (Caldwell,
Hodgkin, Keynes & Shaw, 1960; see also Fig. 9).
In that case the steps involving Na™ extrusion be-
come more reversible and the model now exhibits
competition between extracellular Na® and K* for
combination with the E'—P form of the enzyme.
Figure 8 shows activation of Na®/K™* transport
by extracellular K™ at normal (B and D) and re-
duced (4 and C) extracellular [Na™], for normal
(4 and B) and reduced (C and D) energy available
from ATP. Reduction of [ATP] by 40% reduces
the maximum rate of transport but also has a strik-
ing effect on the kinetics of activation by K.,
greatly increasing the ‘inhibition’ by NaJ, at low
[ATP].

Unidirectional Fluxes

It has been shown previously that unidirectional
fluxes, such as can be measured isotopically in ra-
pid dialysis experiments, are generally useless for
establishing the stoichiometry of a transport reac-
tion involving a sequence of elementary steps
(Chapman, 1982). Furthermore, the unidirectional
flux of isotope through such a sequence of steps
is not a measure of the steady-state overall unidi-
rectional rate of reaction as defined by Boudart
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(1976)'. This is because the steady-state overall
rate of reaction can only be measured by labeling
a molecule or ion that enters exclusively at the
first elementary step in the sequence and emerges
equally exclusively at the last elementary step in
the sequence. In the scheme of Fig. 1 no such label-
ing is possible for any of the reactants; nor is it
possible to conceive of labeling one form of the
enzyme, since any form of the enzyme can be con-
sumed and generated by both forward and back-
ward progress through the six steps.

Because of these considerations it is to be ex-
pected that unidirectional fluxes of isotope will be
generally uninterpretable without prior knowledge
of the number and stoichiometry of the intermedi-
ate steps in the overall reaction. This is strikingly
illustrated by plots of unidirectional fluxes versus
voltage such as those shown in Fig. 9. Results at
potentials extending beyond the normal physiolog-
ical range are shown in order to illustrate that the
voltage dependence of a unidirectional flux (in this
case K™ influx) can bear no obvious relation to
voltage-dependent ATPase activity or to net Na*/
K™ transport. In this particular example there is
a good correlation between unidirectional Na* ef-
flux and net transport because of the relative irre-
versibility of the first three steps and the absence
thereby of Na*/Na™ exchange (Fig. 94). On the
other hand, when chemical conditions are altered
(e.g., 40% reduction of [ATP]), marked Na*/Na*
exchange appears as shown in Fig. 9 B.

Note that the control peak value of Na* extru-
sion in Fig. 9 is three times the value of the peak
control current in Fig. 3 B owing to the pump stoi-
chiometry of 3 Na* extruded per unit charge
transferred.

It is a corollary of the results of Fig. 9 that
unidirectional flux measurements cannot be used,
via the thermodynamic rate-ratio equation, to esti-
mate thermodynamic quantities such as the free
energy of ATP splitting as had been suggested
earlier (Chapman, 1973). The failure of the rate-
ratio equation to be useful in this context is not
due to a breakdown in the theoretical relation be-

1 The overall steady-state unidirectional rates of forward and
reverse reaction for the scheme of Fig. 1 are, following Boudart
(1976):
rf=”f1'rfz"’f3"'f4'rf5'rf6/d
ry=rby ¥rby rby-rb, rhs rbe/d
where
d=rfytfsrfa-tfs tfe+rbyrf3ytfatfs 1fs
+rbyrbyrfyrfs tfs+rby by rbyrfs rfe
+rbyrhyrbyrhy tfg+rbyrbyrhy by rbs
and the rf;, rb; are the forward and reverse mass action rates
of the i** elementary step of Fig. 1.
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Fig. 9. Unidirectional (isotopic) and net fluxes of Na* and K*
as a function of membrane potential. 4: Control; rate coeffi-
cients and parameters as in the Table; note absence of signifi-
cant Na™/Na* exchange over most of the range. B: Unidirec-
tional and net fluxes of Na™ with [ATP] reduced from 4.99 mm
(control) to 3.0 mM to increase the reversibility of step 2 of
Fig. 1; note presence of large amounts of Na*/Na* exchange.
[ATP]+[ADP] constrained to sum to 5.05 mm; all other rate
coefficients and parameters as in the Table. Fluxes expressed
in electrical units of uA/cm?

tween kinetic and thermodynamic data (Boudart,
1976), but to a failure of experimental methods
to provide a true measure of the unidirectional
rates of active transport.

While not providing a measure of overall reac-
tion rate, unidirectional ion flux measurements do
provide information about the exchange of trans-
ported species through various intermediate steps
of the reaction mechanism. However, the exchange
occurs because of the microscopic reversibility of
each elementary step; it does not represent alterna-
tive modes of enzyme action for the transport
ATPase. Recognizing the essential identity be-
tween vectorial and nonvectorial chemical reac-
tions at the molecular level (Mitchell, 1977), it is
clear that any quantitative discrepancy between the
unidirectional rate and the net rate through a series
of elementary steps under different conditions is
simply a measure of the degree of reversibility of
those steps, not of the number of possible chemical
reactions that the system might catalyze under dif-
ferent conditions. Therefore, it is absolutely neces-
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sary to determine and subtract the pump ‘ex-
change’ fluxes before using unidirectional pump
flux data to estimate overall reaction velocities.

Saturation of Enzyme and Reaction Rates

Since we have assumed, to begin with, that all of
the enzyme is complexed with one or more of the
reactants and products, the nearest analogy to
‘free’ enzyme would be the complex we have desig-
nated ‘E-ATP’. Thus, the fraction of total enzyme
not in the form of E- ATP might be taken to repre-
sent the degree of ‘saturation’ of the total amount
of enzyme available. Figures 104, B and C are
plots of intermediate composition corresponding
to the voltage and chemical dependences illustrated
in Figs. 3B, 74 and 7B, respectively. The depen-
dences of net transport on voltage and chemical
composition are certainly not the result of changes
in the amount of E- ATP available which, for the
parameters yielding these Figures, is negligible at
all voltages and ionic concentrations.

The only other form of the enzyme not com-
plexed with Na™ or K*, i.e., E'—P, shows a de-
cline in concentration as the transport rate is acti-
vated by voltage (Fig. 104) or K}, (Fig. 10C), but
shows an increase in concentration for activation
by Na;! (Fig. 10 B).

In the classic treatment of an enzyme reaction
as a single reversible elementary step to form an
enzyme-substrate complex, followed by an irre-
versible formation of products, saturation of the
forward rate of reaction is identical with, and due
to, saturation of the enzyme. No such simple rela-
tion obtains, however, for a sequence of reversible
clementary steps, such as those of Fig. 1. As the
results of Fig. 10 clearly show, the voltage and
chemical dependences of the reaction rates that are
illustrated in Figs. 2 through 9 arise, not from a
changing degree of saturation of the total amount
of enzyme, but from a shifting balance between
the various enzyme forms represented by the six
intermediates.

Voltage-Dependent Binding of Na*t and K+

The distributions of intermediates shown in Fig. 10
contain information about the proportions of en-
zyme binding Na™ and K™ ions. With all of the
voltage dependence assigned to step 5 of the
scheme of Fig. 1 it follows that no step involving
binding or dissociation between Na* or K* and
the enzyme is directly influenced by voltage. How-
ever, there is a considerable indirect effect of volt-
age on the binding of Na* or K* to the enzyme,
owing to the voltage-dependent distribution of in-
termediates. Figure 11 illustrates how the respec-
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Fig. 10. Distribution of concentrations of enzyme intermediates
as fractions of total enzyme versus membrane potential (4),
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ficients and parameters as in the Table

tive proportions of enzyme to which Na* and K *
are bound change as the membrane potential is
varied.

Free Energy Dissipation and Conservation

The free energy available from the splitting of ATP
is the potential energy difference that drives net
transport of Na™ and K * ions. Some of this energy
1s conserved in the electrochemical work of ion
translocation; the remainder is dissipated in pro-
ducing net reaction at each of the six reaction steps.
For example, Fig. 124 shows how this dissipation
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Fig. 11. Summed distribution of enzyme intermediate forms
binding Na™ and K* versus membrane potential. All rate coef-
ficients and parameters as in the Table

is distributed over these steps as a function of
membrane potential. Most of the energy dissipa-
tion is across steps 2 and 3 at normal physiological
potentials, with significant dissipation occurring at
steps 4 and 5 only at extreme depolarizations. That
is to say, steps 2 and 3 are normally the reactions
most far removed from thermodynamic equilibri-
um. Steps 1 and 6 are very close to thermodynamic
equilibrium at all potentials. The fact that step 2,
one of the essential steps in any possible Na™/Na™*
exchange, is so irreversible (i.e., highly dissipative)
explains why the model with the given rate coeffi-
cients and boundary conditions displays no signifi-
cant Na*/Na™ exchange.

Leaving the rate coefficients unchanged, this
distribution s greatly altered when the level of
ATP is reduced. The resultant increase in the level
of ADP produces backward pressure on step 2, in-
creasing its reversibility as reflected in the energy
curves shown in Fig. 12 B for a 40% reduction of
[ATP].

Note in both graphs of Fig. 12 that the hori-
zontal line representing the summated conserved
and dissipated free energies corresponds to the re-
spective free energy available from ATP splitting.

These curves thus illustrate how the free energy
available from ATP splitting might be partitioned
between conservation in the electrochemical work
of ion translocation and dissipation at the various
elementary steps along the reaction sequence. For
the particular rate coefficients we have chosen,
some of these steps are always close to thermody-
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Fig. 12. Conservation and dissipation of the free energy avail-
able from ATP splitting as a function of membrane potential.
Curves plotted sequentially as the cumulative sum of the follow-
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steps of the scheme of Fig. 1. A: Control. B: [ATP] reduced
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rameters and rate coefficients as in the Table. Note the trun-
cated ordinates and that all free-energy dissipation and conser-
vation terms sum to the corresponding free energy of ATP
splitting. Also, the voltage term becomes dissipative for mem-
brane potentials greater than zero (inside positive) while all
the rate-dependent dissipation terms converge to zero and inter-
sect at the pump reversal potential

namic equilibrium (e.g., steps 1 and 6) while others
are far removed from equilibrium (e.g., steps 2 and
3) and thereby account for much of the free-energy
dissipation.

Electrophysiological Implications

The Steady State. Tt is clear from the
curves of Fig. 4 that, regardless of the choice of
rate coefficients or relative reversibility of the
pump under physiological concentrations of ATP
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and ionic species, there must be a range of mem-
brane potentials over which the pump mechanism
displays considerable slope conductance. The fact
that no reports of such a contribution by the pump
to the total membrane slope conductance exist in
the literature indicates that this range of membrane
potentials lies normally beyond the limits of hyper-
polarization in electrophysiological experiments.
On the other hand, as we have suggested pre-
viously (Chapman & Johnson, 1978), this behavior
might well be brought into the experimental range
of membrane potentials by reducing the free energy
available from ATP splitting (see Fig. 6).

In our previous model (Chapman et al., 1979)
the high degree of pump reversibility immediately
beyond the resting potential (hyperpolarizing) led
to a high pump contribution to the membrane
slope conductance. This was due to two factors:
(a) our use of older values from the literature for
the free energy available from ATP splitting (mag-
nitude less than —50 kJ/mol ATP) and (b) our
forcing all of the voltage dependence on to the
reverse rate of a single ‘elementary-complex’ reac-
tion (see above, The Model — Voltage Dependence).
Using more modern estimates of the frec energy
of ATP splitting (Hassinen & Hiltunen, 1975;
Veech et al., 1979) places the pump reversal poten-
tial around 100 mV more negative than the resting
potential. With our earlier treatment of the pump
as a single ‘elementary-complex’ reaction this
would have removed any possibility of the pump
contributing to the membrane slope conductance
in the physiological range. However, the effects
of redistribution of intermediates in the present
multi-step enzymatic model with changes in mem-
brane potential (Fig. 11) cause the voltage depen-
dence of net transport to be spread to potentials
far distant from the reversal potential.

Indeed, the inclusion of several intermediate
steps in the pump mechanism allows a single volt-
age-dependent step to result in a wide range of
possible 7~V curves of potentially complex shape,
some of which have been explored by Gradmann
et al. (1981) and Hansen et al. (1981). Therefore,
it would seem of paramount importance to our
understanding of the contribution of electrogenic
transport to electrophysiology that the pump -V
relation should be determined accurately. Unfortu-
nately, the geometry and morphology of most cel-
lular preparations make it impossible to control
adequately the chemical composition of intracellu-
lar and extracellular space before and after the
pharmacological or metabolic blockades usually
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employed to separate active Na*/K* transport
current from passive and other transport/exchange
currents.

Moreover, the experimental technique of poi-
soning the ATP supply system is wholly inadequate
as a means of eradicating the contribution of active
electrogenic transport to the membrane I~V rela-
tionship. This is because the pump is likely to
become highly reversible when ATP is depleted
and ADP accumulates, resulting in ‘difference’ /-
V curves (i.e., before and after metabolic blockade)
that have no reversal potential (see curve D of
Fig. 6). While it must be admitted that the adenyl-
ate kinase system, together with deamination of
adenosine monophosphate, would tend to buffer
the accumulation of ADP in poisoned cells (Atkin-
son, 1977), the fact remains that any increase at
all in ADP concentration would enhance the re-
verse rate of electrogenic transport beyond the
reversal potential and thereby render invalid the
subtraction of membrane I-V curves before and
after poisoning.

Transient Responses. All of the simula-
tions presented here have been steady-state solu-
tions of the differential equations describing rates
of changes of enzyme intermediates. Clearly, the
response to a step change in transmembrane poten-
tial will not be instantaneous. Time will be required
for the intermediates to change from one steady-
state distribution to another (e.g., see voltage-de-
pendent distribution of intermediates shown in
Fig. 10 A4). If more than one rate-limiting step ex-
ists in the overall sequence, then the time constants
of those reactions will determine the time-depen-
dence of the pump current in response to a change
in membrane potential. For the normal physiologi-
cal values in the present scheme at a resting poten-
tial of —85mV the pseudo first-order time con-
stants of the slowest steps are 4.6, 0.7 and 0.5 msec
for steps 3, 4 and 5, respectively. For the assumed
pump site density of 0.125 pmol/cm?® the total
charge transferred per unit of membrane ca-
pacitance (1 pF/cm?) amounts to 12 mV per cycle
of overall reaction. Consequently, one might ex-
pect the charged forms of the Na®™ K*-ATPase
to contribute significantly to experimentally ob-
servable charge displacement or pseudo ‘gating’
currents on a time scale similar to those that might
be observed in connection with the fast Na* con-
ductance responsible for the upstroke of the cardi-
ac action potential following steps in membrane
voltage.
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The Molecular Reaction Mechanism

It has not been the purpose of the present paper
to vindicate or support any particular reaction
scheme for the Na* ,K*-ATPase. Our choice of
the scheme of Fig. 1 derives from its unequivocal
stoichiometric formulation which allows detailed
computer simulation of its possible biochemical
and physiological behavior. The scheme is clearly
an oversimplification for we have assumed that the
three Na* ions, or the two K* ions, react with
the enzyme simultaneousty. In our view the litera-
ture presenting proposed mechanisms for the
Na™,K*-ATPase is alarmingly bereft of stoichio-
metric coefficients for Na* and K* at the various
points of entry and exit in the reaction sequence.
The scheme summarized by Guidotti (1979) which
we have adopted with slight modification (Fig. 1)
is explicit in its stoichiometric formulation.

The set of rate coefficients listed in the Table
is certainly only one of many possible sets that
would enable the scheme of Fig. 1 to generate data
similar to those presented here. However, it is clear
from the present work that the constraints listed
earlier do limit the range of permissible values for
the rate coefficients, and there are significant con-
sequences for the biochemical behavior of the
model if the rate coefficients are altered to change
the electrophysiological behavior, and vice versa.

As it stands, the scheme of Fig. 1 falls into the
‘ping-pong’ class of molecular mechanism and so
its behavior conflicts with the kinetic studies of
Hoffman and Tosteson (1971), Garay and Garra-
han (1973), Chipperfield and Whittham (1974) and
Sachs (1977). The question as to whether the true
ATPase mechanism actually occurs according to
this type of ‘ping-pong’ mechanism as distinct
from an overlapping of binding of Na* and K™
to the enzyme (whether sequential or simulta-
neous) is one that can be addressed by the methods
used in this paper.

The speed and availability of digital computers
now permit almost unrestricted quantitative testing
of kinetic schemes and interpretative ideas con-
cerning biological transport processes. Differential
equations expressing the laws governing the behav-
ior of known or postulated components of a given
system can be written and solved without necessary
recousse to tractable analytic expressions evolved
out of necessity in the absence of fast computers.
To this extent there is no longer any need to persist
with simplifying mathematical devices (e.g., idea-
lized Michaelis-Menten schemes, linear nonequili-
brium thermodynamics, ‘elementary-complex’ re-
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actions) to analyze complex biological transport
systems.
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