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ABSTRACT: Kinetic models are presented that allow the'a"-ATPase steady-state turnover number to

be estimated at given intra- and extracellular concentrations bf iKig and ATP. Based on experimental
transient kinetic data, the models utilize either three or four steps of the AlPext scheme, that is,E

— E;, E; — EP (or B — E;P and EP — E,P), and EBP — E,, which are the major rate-determining
steps of the enzyme cycle. On the time scale of these reactions, the faster binding stepskof,Nad

ATP to the enzyme are considered to be in equilibrium. Each model was tested by comparing calculations
of the steady-state turnover from rate constants and equilibrium constants for the individual partial reac-
tions with published experimental data of the steady-state activity at varyinghth K" concentrations.

To provide reasonable agreement between the calculations and the experimental data, it was found that
Nat/K* competition for cytoplasmic binding sites was an essential feature required in the model. The
activity was also very dependent on the degree btfilkduced stimulation of the reverse reaction&

E.. Taking into account the physiological substrate concentrations, the models allow the most likely potential
sites of short-term NgK™-ATPase regulation to be identified. These were found to be (a) the cytoplasmic
Na" and K" binding sites, via changes in Nar K* concentration or their dissociation constants, (b)
ATP phosphorylation (as a substrate), via a change in its rate constant, and (c) the position,ofthe E

E; equilibrium.

The Na ,K*-ATPasé was the first ion pump to be
discovered 1), and it is one of the most fundamentally
important enzymes of animal physiology. The electrochemi-
cal potential gradient for Naions, which the enzyme
maintains, is used as the driving force for numerous
secondary transport systems. Examples include thé Na
channels in nerve, which allow the action potential to be
produced, the Na—glucose cotransporter, which is respon-
sible for glucose uptake in cells, and the'laa?t exchanger
in heart, which plays an important role in muscle relaxation.
The Na ,K*-ATPase, furthermore, contributes to the osmotic qnstants and 2 equilibrium constants, and the simulations
regulation of cell volume and is a major determinant of body \ere performed by the numerical integration of 15 separate
temperature. Because of these many important functions, itsdifferential rate equations. The aim of Heyse et &).4nd

activity in the cell must be under tight metabolic control. subsequent work by the same grod) was to dissect the

Before one can begin to understand the mechanisms of : : ; ;
! . Albers—Post le to try to identi reaction actin
Na",K"-ATPase regulation, however, the mechanism and the bers—Post cycle to try to identify a reaction acting as a

rylated enzyme, extracellular Naelease and K binding,
dephosphorylation, a conformational change of the unphos-
phorylated enzyme, and finally cytoplasmi¢ kelease. Over
the years, many groups have been involved in the determi-
nation of rate constants and equilibrium constants for the
individual reaction steps of the cycle. The first complete
kinetic model of the whole reaction cycle, which allowed
simulations of steady-state activity and transient experiments,
was published by Heyse et al3)( The model used an
expanded AlbersPost scheme containing 32 different rate

kinetics of the enzyme’s complex reaction cycle must be
understood.
The sequence of reaction steps that the',Na-ATPase

power stroke, in which the energy of ATP hydrolysis is
released to drive ion transport.

The present paper also involves simulations of" {d-

undergoes and the stoichiometry of its substrates are nowATPase steady-state activity, but its aim is very different.

well established?). They are generally described by the

Here we shall describe the identification of possible regula-

Albers—Post scheme, which describes a cyclic sequential tory mechanisms of the enzyme based on a consideration of

mechanism comprising cytoplasmic Nand ATP binding,

phosphorylation, a conformational change of the phospho-
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the kinetics of its partial reactions. For this purpose we are
of the opinion that it is not necessary to consider the kinetics
of every individual reaction of the AlberdPost cycle but
only the rate-determining steps, since only the rates of these
steps determine the overall turnover number of the enzyme
cycle. Apart from the difference in the aim of the work and
the approach to kinetic modeling, the kinetic models
presented here also contain revised values of some of the
most important rate constants. Of major importance is the
correct identification of the rate-determining steps of the
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enzyme cycle, which are most likely to be involved in
physiological regulation. According to the model of Heyse
et al. @), both the conformational change of unphosphory-
lated enzyme (E— E;) and that of the phosphorylated
enzyme (EP — E,P) have rate constants of 22'sat
saturating ATP concentrations and Z0. There is, however,
now convincing evidence that the E> E; transition is the
major rate-determining step of the entire enzyme cyb)e (
and that the B> — E,P transition is an order of magnitude
or more faster than Heyse et al.’s value of 22(§). Because

of this error in the assignment of the rate-determining steps,
no reliable conclusions on the mechanisms of regulation of

the Na ,K™-ATPase can be reached on the basis of the model

of Heyse et al. J).

To obtain a reliable set of rate constants and thus to
identify its most important rate-determining steps, over

Kong and Clarke

Kinetic Modeling

On the basis of numerous kinetic studies by ourselves and
others, three major rate-determining steps of the K&
ATPase have been isolated: (a) the conformational change
of unphosphorylated enzyme, E> E; (ki), (b) the phos-
phorylation reaction, E— E;P (k;), and (c) the dephospho-
rylation reaction, BP — E, (ks). Let us consider first the
phosphorylation and dephosphorylation reactions. The phos-
phorylation reaction requires the presence of intracelluldr Na
ions and ATP and thus plays a particularly important part in
rate determination at low intracellular Nar ATP concen-
trations. The dephosphorylation reaction is induced by
extracellular K ions and is hence the major rate-determining
step at low extracellular K ions and in the N&Na'
exchange mode of the enzynis( 16). If all substrates are
present at saturating concentrations, the major rate-determin-

several years we have been investigating the kinetics of thejng step of the reaction cycle is the conformational transition

individual partial reactions of the enzyme. The majority of
the experiments were performed on purifiedN¥a-ATPase
membrane fragments using the stopped-flow technique in
combination with the voltage-sensitive probe RH421, but the

results were also compared with independent measurement

using other techniques, for example, quenched-flow, ATP
concentration jump after photolysis of caged-ATP, and
frequency-dependent capacitance measuremesitsl 2.

Now that the most important rate-determining steps have

been isolated and their rate constants determined, this allows

us to simplify the AlbersPost scheme by considering
differential rate equations for the rate-determining steps
alone. All other steps can be considered in equilibrium on
the time-scale of the rate-determining steps. In an earlier
paper b), we published a preliminary model, which did not

include substrate dependence of the observed rate constant$

of unphosphorylated enyzme; £ E;, which is responsible

for the release of boundKions to the intracellular fluid.
This reaction, although it does not necessarily require any
substrates, has been found to be accelerated by intracellular

ATP (7, 9, 17—-19) and extracellular Na(or ionic strength

in general) 12, 20—22). The conformational transition of
phosphorylated enzyme;E— E,P (ks), has been found to

be very fast and to occur immediately following phospho-
rylation without requiring any additional substrates. (It

IS, thus, not a major rate-determining step of the enzyme
cycle. Nevertheless, at high extracellularN@ncentrations,
stimulation of the reverse reaction ,fE— E;P) could
contribute to an overall drop in turnoveR3). All other
reactions of the enzyme, that is, ion binding and release
actions as well as ATP binding, ADP release, and inorganic

and was hence only applicable at saturating substratePhosphate release, are assumed to be in equilibrium on the

concentrations. Here we describe more complete models,

which include substrate concentrations and, furthermore,
distinguish between extra- and intracellular concentrations.

time scale of the three rate-determining reactions above.

Rather than start modeling with a fully expanded Albers
Post scheme including all possible reactions the enzyme can

One of the models has recently been successfully applied toundergo, we have applied the principle of Occam’s razor
the analysis of steady-state whole-cell patch-clamp data, andand reduced the scheme to its bare minimum by considering

the interpretation of the results obtained in terms of the
enzyme’s partial reactiond §). Here we shall describe the

initially the above three rate-determining steps alone with
all substrate binding steps as equilibria. We have then

complete models and the assumptions involved and dem-extended the model where necessary by taking into account
onstrate their application in simulating steady-state enzyme more transient experimental data to obtain better agreement
activity. Based on comparisons between the simulations andwith the enzyme’s steady-state behavior. Apart from being

experimental activity data, likely mechanisms of enzyme |ogically sound, this approach has the advantage that it
regulation will be identified. enables one in the process to identify important features in

the enzyme’s mechanism that play a role in determining its

behavior under physiological conditions.

Computer simulations of the protein’s steady-state hydro- Model 1: Complete Irreersibility, No Competitionin the
lytic activity were performed using the commercially avail- first instance, all reactions are assumed to be irreversible,
able program Berkeley Madonna 7.0 via the variable step and no competition between substrates is considered. The
size Rosenbrock integration method for stiff systems of basic scheme (model 1) is shown in Figure 1. To test the
differential equations. The simulations yield the time course success of each model, we have chosen to compare values
of the concentration of each enzyme intermediate, as well of the turnover number obtained from the simulations to
as the concentration of inorganic phosphate. On normaliza-published experimental data on the steady-state activity of
tion to unitary enzyme concentration, the rate of phosphatethe enzyme at a constant ionic strength of 150 mM but at
production is equivalent to the enzyme’s steady-state turnovervarying ratios of N& to K* ions. This type of experiment
number. If required, the turnover number can then easily be was first performed by Sko24) using enzyme isolated from

METHODS

converted into a steady-state activity (in mol afgPof
protein/s) by dividing by the molecular weight of ef# unit
of the Na' ,K*-ATPase of 147 000 g mot (14).

both rabbit brain and kidney. He subsequently extended these
studies to investigate the effects of varying ATP concentra-
tion and pH, using enzyme isolated from ox bra2,(26).
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ko is known to contain a mixture afs, o, ando; isozymes of
E,(Na'); ——— E,P(Na'); the enzyme, whereas the experlmental data on the part|e_1l
. reactions used for the simulations were measured predomi-
SNk kS nantly on enzyme isolated from rabbit kidney, which is
N thought to consist predominantly of the isozyme 27).
k" N Second, the temperatures at which the steady-state and

Ex(K"), transient experiments were carried out were different. Skou
Ficure 1. Simplified reaction scheme of the N&K*-ATPase  performed his experiment at 3T, whereas the majority of
showing only those reactions considered to be rate-determining.the measurements on the partial reactions were carried out
Model 1 considers all reactions shown with solid arrows only. at 24°C. This difference in temperature might be expected
Model 2 considers all reactions shown with solid arrows and h ) h lati | fth - f
includes competition between Nand K* for two cytoplasmic 0 change the relative values of the various rate constants o
binding sites on E Model 3 is a further extension of model 2 the pump cycle, particularly if they have very different
including K*-stimulated conversion of o E,, indicated by the activation energies, and this could affect the shape of the
dashed arrow. Please note that, for simplicity, ATP has not been activity curve. Such considerations could, thus, easily account

explicitly included in the reaction scheme. ATP is, however, . . )
naturally required for the phosphorylation step(()s — E,P- for any relatively small deviations between Skou’s data and

(Nah);), and it can also act on a low-affinity site to accelerate the the simulated values of steady-state activity.

Ex(K*), — Ei(Na"); transition. The differential rate equations describing model 1 are as
follows:
K]/ mM
150 120 90 60 30 0
: : i , — d[E
| | ' | | T — ome ) - e (1)
100 | e . dt
= e o\\
— \0“ d[E,P]
80 |- [ 2
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2 ©
82 wf 1 o - kS"TE,P] — KS"E,] 3
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S8 2| 1 d[P,
g ” ! o ey (4)
b ] t
ol 4
P T All of the rate constants given in egs—4 are termed
90 120 150 obsewedrate constants, since they are actually pseudo-first-
[Na’] /mM order rate constants, which only reach their maximum values

E;;Fy?ig:ac%t/fﬁ;tocf)fth'\éa;\l gnrgﬁ'r(l';l:;eJrTﬁ; d=at1a5(()sgl1i'(\:i/l)li r?g) tr?:ve when all the appropriate substrate concentrations are saturat-
been reproduced from Skoa) (®, pH 7.4, 37°C, [ATP] = 3 ing. The observed rate constants are thus functions of the
mM). Also shown are the results of computer simulations using concentrations of the relevant substrates. The exact form of
kinetic models +4 (dashed lines). The sums of the squares of each function can be derived by applying the theory of
the residuals between the experimental and simulated data pointgelaxation kineticsZ8—31) as described in earlier publica-
were 10 168 (model 1), 5519 (model 2), 5280 (model 3), and 4256 tions (7, 8, 12).

(model 4). For each curve the 100% of optimum activity values . .
correspond to turnover numbers of 37-8 gmodel 1-3) and 30.9 The expressions relating the observed rate constants to the

s71 (model 4). substrate concentrations are as follows:

Skou’s data have been reproduced in Figure 2. The majorkgbs:
features of his data, which should be noted when comparing
to the results of the simulations, are significant drops in K2+ kJ[Na'] /K + K[ATP)/K, + KINa'] [ATPI/(KSK,)
activity at high Na concentrations and low Kconcentra- n
tions and a sigmoidal increase in activity at low Na (1+ [NaT]/KR)(L + [ATPY/K,)
concentrations and high“Kconcentrations. Because of the )
characteristic shape of the curve, it is often referred to as [ATPJIK:
Skou’s “Napoleon hat” experiment. obs _ A

The aim of the modeling presented here is to describe the 2 21+ [ATP)/K),
overall shape of the activity data using the simplest possible [Na+]-3/(K 2 )
kinetic model and without changing any of the values of the N N2
rate constants or equilibrium constants determined directly 2[Na‘], [Na']?  [Na']?
from studies of the partial reactions. That is, no fitting of 1+ K 2 2
the model to Skou’s data has been carried out, since this N1 K™ (Kuo'Kyo)
would allow almost any reasonable model to agree with the
data. Exact agreement between the simulated data and Skou'’s obs _
experimental data would, however, not be expected for two 4 =
reasons. First of all, Skou used enzyme from ox brain, which

(6)

KoL+ [K1/KRy) + KK 11,2/ (KR, KR,)
1+ [K/KRy + [KTT(KRLKR,)
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Table 1: Values of the Rate and Equilibrium Constants Used for
the Simulations

parameter reaction value fef
kel‘ E, — E, EEKY — E; + KT, and 23x102s1 60
E2(K+)2 g E1 + 2K+b
Ko ENat — E;Na, 08st 9
E:NafK+ — EjNat + K,
and ENa"(K*), — EjNa" + 2K*b
Ke E,ATP — E,ATP, 11s? 12
! EXKTATP — E,ATP + K+,
and B(KM),ATP — EJATP + 2K ™
kff E.NatATP — E;Na"ATP, 70st 5
E:NatK*ATP — EjNa*ATP + K™,
and ENa"(K™),ATP —
EiNaATP + 2K™
' E1 — Ep, EsNa" — EoNat, 59x 102%s! 60
Ei(Na")> — Ex(Na"),
Ei(Nah)s — Ex(Nat)s,
EiNa*K* — EpNatK™,
and BK* — EK*¢
b E1(K)2 — Ex(K™)2 550 st 45
ko Ei(Nah)sATP — E,P+ 3Na" + ADP 180 st 7
ks EiP(Na"); — E;P(Na')s 225st 46
k—3 EzP(Nw)g - E1P(N$)3 401 st 46
9 E,P— E; and BEPK' — EK* 45t 8,61
k‘h1 E2P(K+)2 nd Ez(K+)2 312std 8
Ka E,ATP = E; + ATP and 71uM 9
E,NarATP = ENa* + ATP?
Ky E:ATP=E; + ATP and 8.0uM 9
EiNaATP = E;Na* + ATP?
KS E;Na* == E; + Na', and 31 mM 12
ENarATP = EATP + Na* P
Kn1 microscopic dissociation constant 8 mM 9
for the first 2 Na ions to &
Knz Ei(Nah); = Ei(Na"), + Na" and 1.8 mM 9
Ex(Nat)sATP =
Ei(Na"),ATP + Na*
KSp E,P(Na"), == E;P + 2Na* 400 mM 46
K2, E,PKt = EoP + K+ 8 mM 8
KS, E,P(KH) == EoPKT + K+ 0.6 mM 8
KiK microscopic dissociation constant 10 mM 62

for the first 2 K+ ions to &

Kong and Clarke

The results of simulations based on model 1 (egg)}1
are shown in Figure 2. The starting condition of the
simulations was chosen such that all of the enzyme was
initially in the E; state, that is, [§ = 1, [E2P] =0, [E;] =
0. After a short pre-steady-state induction period (generally
<1 s), the system reaches a steady state and the inorganic
phosphate concentration increases linearly with time. The
enzyme turnover number is then given by the value of]d[P
dt. To compare the results of the simulations with the data
reported by Skou205), the turnover numbers have been
normalized to a percentage of the maximum activity with
optimum Na and K" concentrations (Figure 2). Comparison
of the simulations with the experimental data shows that,
although the sharp drop in activity at high Nand low K"
concentrations is reasonably well reproduced by the simula-
tions of model 1, the increase in activity at low Na
concentrations displayed by the simulations is virtually
hyperbolic rather than the experimental sigmoidal behavior.
It is thus obvious that this model must still be lacking some
important feature or features of the enzyme’s kinetic
behavior. Skoul5, 25) proposed that the sigmoidal activa-
tion of the enzyme by Namay be because more than one
Na' ion must bind before phosphorylation can occur. Model
1 already incorporates, however, the idea that phosphoryla-
tion requires three bound Naions. It would appear,
therefore, that an additional property of the enzyme may be
responsible for the marked sigmoidicity experimentally
observed.

Model 2: Complete Irreersibility, Nat/K+t Competition.
Based on numerous experimental studigg @2, 32—37),
it now seems clear that two of the cytoplasmic transport sites
are relatively nonspecific and that Nand K" can bind in
competition to one another to the €onformation. The third
cytoplasmic site appears to be, however, quite specific for

aThe temperatures utilized in the each of the studies cited were 24 Ng* ions. On the basis of this, it is reasonable to expect that

°C (5,7, 8,9, 12), 21 °C (60, 61), 25 °C (45), and 37°C (62).*In
each of these reactions,"Kelease is assumed to occur immediately
following the conformational change if Kions were initially bound
(9). The bound Na ions in the case of these reactions refers to
extracellularly bound Naon allosteric sites not transport sitek2).

the high K" concentrations present at the beginning of the
activity curve should suppress the kinetics of the phospho-
rylation reaction and that this could enhance the sigmoidicity
of the curve. In our second kinetic model, we therefore

Mg?*" also appears to have a small accelerating effect on this reaction.jnclude competition between intracellular Nand K* for

¢ The measurements of Bugnon et d5)indicate that the binding of

two Kt is necessary to observe a dramatic increase in the rate constan

of the & — E; transition. Therefore, although the value of 0.06 s
measured by Apell et al6Q) actually refers to conditions in the absence

{he first two binding sites on £ In this case, all of the

equations remain the same as those for model 1, except for
eq 6, which requires the addition of further terms to account

of both N&” and K ions, we have made the assumption that the same for the competitive inhibition of phosphorylation by"KThe

value applies when up to three N#ons are bound, one Kion is
bound, or one K and one Naion are bound? Kane et al. 8) measured
experimentally the sum of the rate constants for-dtimulated
dephosphorylation plus rephosphorylation via ATP to be 386Ehe

rate constant for K-stimulated dephosphorylation has, therefore, been

estimated by subtracting the rate constant for the transitia B TP

— E;Na*ATP (the rate-determining step for rephosphorylation), of 54

s from this value.

Equations 5, 6, and 7 have been adapted from Humphrey

et al. 12), Kane et al. 7), and Kane et al.g), respectively,

new expression fok* then becomes

obs [ATPJ/K},
¢ TRy,
[Na+]i3/(KN12KN2)
+2[Na*1i Nal?  [Na']®  2[Na] K], 2[K'],  [K')?
Kz KN12 (KN12KN2) (KNlK:() KiK (Ki<)2
(6a)

Simulations using model 2 are also shown in Figure 2.

by excluding all terms relating to backward reactions and The simulated curves are now much more sigmoidal in the
converting all association constants into dissociation con- jow Na* concentration range, and the calculated activity has

stants. [Nd], and [K], refer to the extracellular concentra-
tions of Na" and K, repectively. Similarly, [N&]; and [K"];
refer to the intracellular concentrations of Nend K'. [ATP]

decreased at low Naconcentrations in comparison to the
results of model 1. The agreement with the experimental data
of Skou @5) is now much improved (see Figure 2), but the

is the intracellular concentration of ATP. The meanings and calculated activities are still much too high in the lowNa
the values of all the rate and equilibrium constants in egs concentration range and the sigmoidicity of the simulated

5—7 are given in Table 1.

curve is still too low. There must, therefore, be still another
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effect of either Na or K* ions that is responsible for the
sigmoidal behavior.
Model 3: B—E; Reversibility, Nat/K*t Competition.So

far both models used have assumed complete irreversibility

of all three enzyme reactions. It is well-known, however,
that an equilibrium exists between the Bnd the k
conformations, which can be shifted by changing the solution
composition §, 35, 38—42). It is very likely, therefore, that
K* ions not only compete with Naions for sites on the £
conformation but when they bind they also drive the enzyme
back into the Econformation. Direct kinetic evidence for a
K*-stimulated & — E; transition has indeed been found by
several groupsl@, 19, 35—37, 43—45). In our third model

of Na",K*-ATPase kinetics, we have, thus, included the
backward reaction, £~ E,, and an additional rate constant,
k% for this reaction (see Figure 1). The set of differential
equations describing this model are as follows:

o) ) kE] ®
d[izP] KPYE,] — KOPIE,P] ©9)
%:kngEzp] KI"TE +kTE]  (10)
Bt.] KOYE,P] (11)

Again, assuming that Naand K" compete for two sites on
E; and that two K are required to bind to stimulate the E
— E; transition,k®;is related to the Naand K* concen-
trations by

KoS=I2,(1— A) + KA (12)
where
B [K*12(Ki)?
12 T + + +12 +13
(H[Ki]i) LN AN, N N
Kk Kz (KNlK ) Kni (KNlKNZ)
(13)

Simulations using model 3 are also shown in Figure 2. It
can be seen that the experimentally observed sigmoidicity
at low Na" concencentrations is now further enhanced and
the overall agreement of the simulated curve with the data
of Skou @5) is better than that obtained with either model
1 or 2. Differences between the simulated and experimental
curves are, however, still apparent. Model 3 appears to
increase the sigmoidicity too strongly at low Neoncentra-
tions such that the rise in activity is too rapid. Furthermore,
all three models predict too steep a drop off in activity at
low K* and high N& concentrations. This could be explained
by Naf/K* competition on the extracellular face of the
enzyme in addition to that on the cytoplasmic face. High
Na" concentrations may in fact inhibit dephosphorylation
of the enzyme by competing with"Kions and driving the
enzyme back into the ;P(Na"); state 23, 46. To include
this effect, the model must be extended by explicitly taking

Biochemistry, Vol. 43, No. 8, 2004245

kzabs
E:(Na"); —— EP(Na);
k]obs] lk_lolas k_jobs' ] l kjob,\'
Ey(K"), «—— E;P

k4r)bs

Ficure 3: Reaction scheme of model 4 showing only those
reactions of the NgK*-ATPase considered to be rate-determining.
As for Figure 1, please note that, for simplicity, ATP has not been
explicitly included in the reaction scheme. ATP is, however,
naturally required for the phosphorylation stepl(tﬂiaﬁ)?, —
E,P(Na")s), and it can also act on a low-affinity site to accelerate
the B(K™), — Ey(Nah)s transition.

into account the P — E,P transition rather than including
it in the phosphorylation reaction.

Model 4: B—E; Reversibility, E;P—E,P Resersibility,
Na'/K* Competitionin this final model, the reaction scheme
has been extended from a three-step cycle to a four-step cycle
(see Figure 3). Both the forward {E — E,P) and the
backward (EP — E;P) conformational transition of phos-
phorylated enzyme have been included. The forward reaction,
which involves the release of Naons to the extracellular
fluid, is fast and is not a major rate-determining stép At
high extracellular Naconcentrations, however, the backward
reaction, EP — E;P, is accelerated, leading to an inhibition
of the overall turnover of the enzyme. This effect could at
least in part counteract the accelerating effect of extracellular
Na'" ions on the E — E; transition and intracellular K
release.

The set of differential rate equations describing model 4
are as follows:

d[dtﬂ kE,] — kPE] — K®E]  (14)

d[iip] = KE,] — kOYE,P]+ K™EP]  (15)

d[d2 L e P - ke R - KTER )

% = k"JEP] — kSJE,] + k°JE,]  (17)
[ |] __1,0b

5 = KPIEP] (18)

k3™ is here simply the rate constant for thePE—~ E,P
transition, which is assumed only to occur when threé Na
ions are bound. It has a constant value, independent of any
substrate concentrations. At 2€ and pH 7.4, Babes and
Fendler 46) determined its value from stationary electrical
relaxation measurements to be 225 $rom an analysis of
measurements at different Neaoncentrations, they suggested
the following expression to explain the dependence of the
observed rate constant for the backwasB £ E;P transition

on the extracellular Naconcentration:
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obs [Na] was found that model 4 best explains the enzyme’s behavior.
3= Kg—— 5 (19) This model (see Figure 3) involves irreversible phosphory-
[Na'] + Kyp lation (E, — E;P) and dephosphorylation {E— E,) steps,

but reversible conformational changes of unphosphorylated

whereK{ is the apparent Nadissociation constant of the  gpq phosphorylated enzyme (B> E; and BP < E;P).
E;P conformation (i.e., the Naconcentration at which the  Another important feature of the model is competition
Na* sites are 50% occupied). between N& and K* for two of the three cytoplasmic ion

In model 4, both the phosphorylation and the dephospho- pinding sites.
rylation steps are still considered to be irreversible. The \jodel 4 still does not incorporate many of the reactions
justification for these assumptions needs some considerationof the enzyme observed in vitro under steady-state and pre-
Under nonphysiological conditions, it is known that ADP is  steady-state conditions, for example, back-door phosphory-
able to stimulate the reverse of the ATP phosphorylation |ation by inorganic phosphate, ADP-induced dephosphory-
reaction, which involves the synthesis of ATP, that i®?E  |ation, andp-nitrophenylphosphatase activity. Furthermore,
+ ADP — E; + ATP (23). However, under physiological it does not take into account the enzyme's pH dependence,
conditions of high excess of ATP over ADP, it is unlikely yojtage dependence, or temperature dependence. Neverthe-
that this reaction plays a significant role and that the |ess, as demonstrated in Figure 2, it does provide estimates
assumption of an irreversible phosphorylation step is justified. of the enzyme'’s activity and its dependence on intracellular
Ghosh et al. 47) showed, for example, in the case of ang extracellular concentrations of Ne&K*, and ATP. As
pancreas cells, that there is a 100-fold excess of ATP overjong as one sticks to conditions close to the physiological
free cytoplasmic ADP. The assumption of an irreversible case model 4 then provides a framework for the discussion
dephosphorylation also requires some consideration. Phosyt the enzyme’s regulation in vivo.
phorylation of the enzyme by inorganic phosphate in the  Now let us consider the physiological conditions of the
presence of Mg ions has been observed under unphysi- enzyme. The normal intracellular Nand K+ concentrations
ological conditions, that is, in the absence of'Nend K" are 16-20 mM and about 120 mM, respectively. The normal
ions @8). In contrast to ADP, the physiological cytoplasmic extracellular concentrations are about 4 m¥aad 140 mM
concentration of inorganic phosphate is considerable. Ghoshngr (15). The typical intracellular ATP concentration is-&
et al. @7) measured concentrations in the range5amM, mM, depending on the type of celg). With the use of
which is in the same range as the ATP concentration. these typical concentrations ([Na= 15 mM, [Na'], = 140
Cornelius et al.48) showed, however, that the rate constant muy, [K+]; = 120 mM, [K*]o = 4 mM, [ATP] = 3 mM), it
for phosphorylation by inorganic phosphate is at least 100 s possible to calculate from the models the expected turnover
times slower than that of dephosphorylation in the presencenymper of the enzyme at physiological concentrations. For
of saturating concentrations of extracellular.KUnless one  mqdels 1, 2, 3, and 4 this yields values of 34, 14, 3.9, and
is considering unphysiological conditions of submillimolar 3 g 51 The lower values calculated for models 2, 3, and 4
extracellular K concentrations, the assumption of an ir- 516 due to the inhibitory effect of the high internat K
reversible dephosphorylation step would, therefore, also seem;oncentration, which has been assumed to compete with
justified. _ _ intracellular N& in model 2 and furthermore to accelerate

The results of simulations based on model 4 (eqgs 5, 7, 6a,the back reaction from o E, in models 3 and 4. Each of
and 12-19) are shown in Figure 2. Although there are still e values refers to a temperature of around®@4 since
differences between the simulated data and the experimentajnis was the temperature used in the determination of the
data of Skou 25), the agreement is significantly improved  majority of the rate constants used in the models (see Table
over model 3, particularly at high Neconcentrations. The 1). At 37°C, the turnover numbers would be expected to be
differences that still exist could easily be accounted for by significantly higher.
variations in the rate or equilibrium constants of individual  The 100% values at optimum Nand K* concentrations
reactions due to species differences or to the different o each model correspond to turnover numbers of 38 s
temperatures used for the steady-state and the transienfyodels 1-3) and 31 s! (model 4). Again these values all
kinetic measurements. Since model 4 predicts all the essentiafefer to a temperature of around 2&. Comparing these
fgatures_ of the activity curve, we shall use _it as a basis fo_r maximum turnovers to those given above for physiological
discussion of the pump’s short-term regulation under physi- concentrations, we can calculate the percentages of maximal
ological conditions. activity of the enzyme to be 91%, 38%, 10%, or 12%
DISCUSSION according to model 1, 2, 3, or 4, respectively. The final value,

calculated with the most complete model, agrees well with

Four mathematical models of the NK™-ATPase steady-  that of 16-15% reported by Skoubs(). It is, thus, clear, as
state activity have been presented. Within each mathematicalSkou already pointed out, that the enzyme has under
model, the major rate-determining steps (phosphorylation, physiological conditions a large reserve power and is hence
dephosphorylation, and the E- E; conformational change)  capable of acute regulation at the molecular level, for
have been described by differential rate equations, which areexample, automatically by changes in substrate concentra-
solved numerically, whereas the faster binding steps 6f Na tions or via changes in its kinetic or equilibrium constants.
K*, and ATP have been considered to be in equilibrium on  With use of the kinetic model 4 presented here, it is now
the time scale of the rate-determining steps and have hencepossible to investigate likely modes of regulation of the
been described by analytical expressions. By comparisonenzyme. To identify the most likely potential mechanisms
with published experimental data of the enzyme’s steady- of regulation, the tactic we have followed has been to
state activity at varying Naand K" concentrations25), it independently vary the physiological concentrations of Na
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Table 2: Effects of-10% Variations in the Substrate enzyme cycle%). The dependence dd, (the rate constant
Concentrations and Rate and Equilibrium Constants on the Turnover for the reverse reactiomE~ E; under saturating intracellular
Number of the Enzynfe K* concentrations) can also be easily understood, because
percentage changes an increase in its value has a direct inhibitory effect on the
parameter in turnover overall rate-determining conversion of enzyme from the E
varied +10% —10% state into the Estate. The relatively strong dependence of
[Na']; +33.2 —27.9 the turnover on the value &% (the rate constant for ATP
[Na*]o +0.99 -1.20 phosphorylation under saturating intracellularMancentra-
[Et]i zic?)'fl +2(2)-§35 tions) is perhaps somewhat surprising considering that the
{AT]F;’L 1017 022 phosphorylation reaction is more than twice as fast as the
+7.33 —766 E, — E; conformational change (i.e., the valuekef= 180
kél —6.61 +7.64 s 1 whereas that ok! = 70 s'%). However, at the physi-
ka +8.81 —9.02 ological intracellular concentrations of Naand K, the
Ka —0.18 +0.18 cytoplasmic ion binding sites are far from saturated by Na
i@ :2:(1)36 i(l) %2 and hence the observed rate constant for ATP phosphoryl-
Ky —156 +198 ation, k3* is far less than its maximum value of 180's
Knz —11.6 +15.0 Using eq 6a, one can calculate that the valudx%?under
Kk +20.3 —18.9 physiological conditions should only be approximately 21

a All calculations have been based on model 4, that is, including s™. For comparison, at the same substrate concentrations,
Na'/K* competition for two of the cytoplasmic ion binding sites and  the observed rate constant for the & E; transition,k‘l’bs,

reversibility of the B — E; and EP — E,P transitions. The percentage : :
changes in turnover are relative to a value of 3.83 shich was can be calculated from eq 5 to be 58.4Jnder physiological

calculated using physiological substrate concentrations of][Na15 conditions, therefore, both the; E~ E; tranSit_ion and the
mM, [Na*], = 140 mM, [K*]; = 120 mM, [K*], = 4 mM, and [ATP] phosphorylation of the enzyme by ATP are important rate-
= 3 mM and the values of the rate and equilibrium constants gLven in determining steps of the cycle and hence any changes in their
C . . . . .
Table 1. The values of the parametégsky, Ki, K'y, ks, k-a, K, ki, maximum rate constants is a likely mechanism for regulation

Kier Kiy, andKg, were also varied by=10%, but their effects onthe  of the enzyme’s steady-state activity.

turnover were all found to be less than 1%. Now looking at the effects of changing the enzyme’s
dissociation constants for its various substrates, one can easily

K*, and ATP, as well as all of the rate constants and see that the turnover number is most strongly affected by
equilibrium constants included in the model. We then changes in its dissociation constants for intracellular,Na
determined the percentage change in turnover produced by, andKy,, and intracellular K, KiK_ Ten percent changes
the change in each parameter. The results of these calculaiy these parameters cause changes in turnover number of
tions are shown in Table 2. between 12% and 20% (see Table 2). By comparison,

The calculations show that the enzyme turnover is changes caused by variations in any of the other dissociation
relatively insensitive to changes in the extracellular idad constants are relatively insignificant. The dependence of the
K* concentrations and the intracellular ATP concentration. turnover number ofy1, Knz, andK‘K can be explained by
This is because the physiological concentrations of thesethe competition of Naand K for cytoplasmic binding sites
substrates generally already far exceed their relevant dis-on the enzyme and their effects on the rate of ATP
sociation constants, so the enzyme'’s binding sites are veryphosphorylation and the;E~ E, conformational transition.
close to being saturated in each case. In contrast, the turnoveFrom eq 6a, it can be shown that under physiological
is very sensitive to changes in the intracellular concentrations conditions the N4 sites necessary for phosphorylation are
of Na" and K". Changes in their concentrations by 10% yield only approximately 12% saturated. Any decrease in the Na
turnover number changes of between 17% and 33%. Changeslissociation constant&y; andKy, would therefore lead to
in the intracellular Na and K* concentrations are, therefore, an increase in the occupancy of the cytoplasmic Nites
a very likely mechanism of direct self-regulation of the and a consequent increase in the observed rate constant for
enzyme. The strong dependence on intracellular el K* phosphorylationk$™, and hence in the overall turnover.
can be explained by their competition at cytoplasmic sites Simijlarly, an increase in the microscopic dissociation
of the enzyme and by their inhibition (in the case of'lNa  constant for K will lead to decreased competition fromK
and stimulation (in the case of i) of the reverse reaction  for the cytoplasmic sites, resulting in a greater occupancy
of the enzyme, E— E. by Na* and hence a higher value &£** and the turnover

If one inspects the dependence of the turnover shown in number. The competition between Nand K" also affects
Table 2 on the values of the rate constants, it can easily bethe degree of inhibition of the enzyme’s turnover via the E
seen that the enzyme is most sensitive to the valuég,of — E;, conformational transition (cf. eqs 12 and 13). Decreases
k°,, andk,. Ten percent changes in the values of these ratein the Na dissociation constant&y, andKyg, will hinder
constants yield changes in the turnover number of betweenthe occupation of the cytoplasmic sites by l&nd hence
6.6% and 9.0%. In comparison, the turnover shows negligible reduce the observed rate constant of thesimulated &
dependence on the values of all other rate constants. The— E; transition k%, thus enhancing the enzyme’s turnover
dependence oh‘l‘ can easily be understood, since it is the in the forward direction. A decrease in the inicroscopic
rate constant for the £~ E; transition under conditions of  dissociation constank,, would enhance the observed rate
saturating extracellular Naand intracellular ATP, which has  constant of the K-stimulated & — E; transition, leading to
been shown to be the major rate-determining step of theinhibition of the enzyme’s turnover number. Based on the
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K1/ mM determining step and the assumption of the model of an ATP
150 120 20 60 30 0 binding equilibrium would break down. At an ATP concen-

T T T T T T T T T T T

tration of 1uM, however, we have carried out simulations
of the steady-state activity to determine whether under these
conditions other possible sites of regulation might become
. active. The Na and K" concentrations used for the simula-

: tions were as in the previous ones (i.e., {IlNa= 15 mM,

i [Nat]l, = 140 mM, [K*]; = 120 mM, [KT]o = 4 mM). In

this case, it was found that 10% positive and negative
variation in the cytoplasmic ATP concentration caused a
change in activity of+14.6% and—13.8%, respectively.
Similar variations in the high-affinity ATP site’s dissociation
constantK},) caused changes 6f8.1% and+9.7%. If one
varies the low-affinity ATP site’s dissociation constaidi],

. the changes are4.9% and+6.0%. Under conditions of low
Y Y S — blood flow and low ATP concentrations (micromolar range),
0 30 60 %0 120 150 as could occur in the kidney, it can, thus, be seen that the
_ ) [N’} /mM enzyme’s activity becomes much more sensitive to variations
FIGURE 4:  Simulations of the effect of Naand K™ (Na” + K* = in the cytoplasmic ATP concentrations and in its ATP

150 mM) on the catalytic activity of the Na&K*-ATPase at : o i
cytoplasmic ATP concentrations of 3 mM (curve a) 42 (curve dissociation constants. These could then become additional

b), and 1uM (curve c). For each curve, the 100% of optimum POssible sites of regulation under such conditions.
activity values correspond to turnover numbers of 3093 mM When the in vivo hormonal regulation of the NK*-

ATP), 6.56 s* (10uM ATP), and 1.34 s* (1 uM ATP). ATPase is discussed, three levels of regulation are generally
considered §3). Sustained long-term changes in pump
calculations shown in Table 2, therefore, changes in the activity can come about via changes in gene expression,
affinities of the cytoplasmic binding sites for Nand K* resulting in an increase or a decrease in the total number of
are very likely mechanisms of N&K*-ATPase regulation.  available pump units in the membrane. A second level of
Up to now we have been considering the most common regulation has been proposed involving the translocation of
physiological conditions under which the NK™-ATPase pump units from intracellular storage compartments to the
operates. Significant variations in physiological conditions plasma membrane. In this paper, we have concentrated on
can, however, occur in different tissues of the body. One acute short-term regulation in pump activity, which occurs
particularly interesting case is in the kidney, where the at the level of individual pump units and involves a change
Na",K*-ATPase forms the Na concentration gradient in the steady-state activity of each affected pump molecule.
necessary for the reabsorption of nutrients into the blood- Summarizing the results given in Table 2 reveals the major
stream. Blood flow to different parts of the kidney is known effects that could lead to short-term regulation involve
to vary significantly 61). Blood flow to the cortex, where  changes in the cytoplasmic Nand K" ion concentrations,
glomerular filtration occurs, is approximately twice that of changes in the cytoplasmic Nand K" ion affinities, and
the outer medulla. As a consequence, the partial pressure othanges in the rate constants for phosphorylation, the E
oxygen in the outer medulla, where the \l@"-ATPase is E; conformational change, and the £ E, conformational
found in particularly high concentrations, is up to five times change. Although it has been found that these are the most
lower than that found in the cortex, that 1s10—20 mmHg sensitive sites in the NaKt-ATPase pump cycle in deter-
in the outer medulla compared 1660 mmHg in the cortex.  mining the overall turnover number and are thus prime
Since the oxygen supply to the outer medulla is so low, the candidates for regulation, it must be pointed out, however,
amount of ATP produced in the cell cytoplasm is also that this does not necessarily preclude the participation of
expected to be much lower than normal. To consider this other steps of the pump cycle in regulation. If a dramatic
particular situation, we have, therefore, carried out a serieschange in a rate or equilibrium constant, which under normal
of simulations of Napoleon’s hat curves using model 4 at conditions has little effect on determining the overall turnover
decreasing ATP concentrations (see Figure 4). It can be seemumber, occurs, then the step involved could still conceivably
that once the ATP concentration decreases into the micro-be involved in regulation.
molar range, there is a significant decrease in the steepness The sensitivity of the enzyme’s steady-state activity to the
of the increase in activity and a shift of the half-maximal cytoplasmic Na and K" concentrations allows it to com-
activity to higher Nd concentrations (or lower Kconcen- pensate automatically for any fluctuations in cytoplasmic ion
trations). This behavior agrees qualitatively with that found concentrations. It could, however, also be involved in
experimentally by Skou2g), who carried out experiments  hormonal regulation. One proposed mechanism of insulin
at ATP concentrations of 3 mM and QuM. Unfortunately action on the NaK*™-ATPase %4, 55) suggests that the
a direct comparison of the simulations with Skou’s data is hormone induces an increase in the cytoplasmic™ Na
not possible in this case, because at an ATP concentrationconcentration, thus leading to an increase in pump activity.
of 0.1 uM it can be calculated from published data on the Another proposed mechanism of insulin activity is via an
kinetics of ATP binding $2) that the pseudo-first-order rate  increase in cytoplasmic Naffinity of the enzyme%6). Both
constant for ATP binding would be expected to be only of these proposed mechanisms of insulin action can be
around 3 s!. Under these conditions, the ATP binding considered feasible on the basis of the calculations presented
reaction would have to be considered as a significant rate-here. Another mechanism of regulation, which has recently

100

Percent of activity with
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been attracting a great deal of attention, is regulation of the ACKNOWLEDGMENT
enyzme via phosphorylation by protein kinase A or C. The
molecular basis of NgK*-ATPase regulation by protein
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