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Steady-state kinetic analysis of the Na*/K *-ATPase.
The inhibition by potassium and magnesium
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At micromolar ATP, low (<5 mM) concentrations of K* activate the Na* /K *-ATPase to an extent that is
substantially reduced compared to that observed at more physiological concentrations of the nucleotide. At higher
concentrations of K, activation is replaced by partial inhibition. Inhibition is not due to the displaczment of Na* by
K™, its main causes being a decrease of the V,, of the high-affinity component and the increase in the apparent K, of
the low-affinity component of the substrate curve of the Na* /K *-ATPase. The apparent affinity for inhibition by K*
is highly dependent on Mg2*. In the presence of an excess K *, Mg** decreases towards zero the ¥, of the high-affinity
component and acts as a dead-end inhibitor of the low-affinity component of the substrate curve of the Na* /K *-ATPase.
These results can be explained assuming that binding of an additional K * to the E, conformer of the Na* /K *-ATPase
allows low-affinity binding of Mg2* with the formation of a dead-end complex. in the case of Na*-ATPase activity and
for concentrations of ATP within the range of the substrate curve of this activity (0-2.5 uM), Mg?* in concentrations
up to 60 mM has no effect on ATPase activity at high (100 mM) {[Na*]. At lower [Na*}, Mg2* becomes a low-affinity
inhibitor of Na*-ATPase. Inhibition follows a pattern that is different from inhibition of Na* /K *-ATPase activity and

is consistent with a mechanism in which Mg2* acts both as a dead-end and as product inhibitor.

Introduction

It is currently believed that at low concentrations of
ATP, K* inhibits the Na*/K*-ATPase through the
same mechanism which at more physiological con-
centrations of ATP leads to activation [1,2]. The first
experiments of this paper reexamine this question com-
paring Na*-ATPase activity with the high-affinity com-
ponent of the Na'/K*-ATPase activity. The resuits
indicate that activation by K* albeit drastically reduced
is still present at low conentrations of ATP and that
inhibition by K* is the expression of a different mecha-
nism than that which leads to activation.

Experiments in this paper also analyze the inhibition
by excess K* of the low affinity component of the
substrate curve and the effects of Na*, Mg?* and ATP
on this phenomenon. A partial inhibition by excess K*
is described. The inhibition is independent of Na™
concentration, highly dependent on Mg’* and sur-
mountable by ATP. Finally inhibition of excess Mg?*
of Na*-ATPase activity is also studied.

Correspondence: P.J. Garrahan, IQUIFIB, Facultad de Farmacia y
Bioquimica, Junin 956, 1113 Buenos Aires, Argentina.

Materials and Methods

These as weil as the procedures used fc. the analysis
of the results and their limitations have been described
in the first paper of this series [3].

Results

The effect of K * on the initial part of the substrate curve
of the Na* /K *-ATPase

The experiment shown in Fig. 1, compares the re-
sponse of the ATPase to very low concentrations of
ATP in media with either 0, 2.5 or 30 mM K. The data
were obtained at the same time and on the same enzyme
preparation. It can be seen that even at the lowest ATP
concentration tested (0.034 M), the activity in media
with 2.5 mM K™ was higher than that in the absence of
K* (Na*-ATPase). In contrast with this in media with
30 mM K* the activity was less than Na*-ATPase
activity at ATP concentrations below 1 oM ATP and
lower than the activity in media with 2.5 mM K™ at all
ATP concentrations tested.

While Na*-ATPase activity follows Michaelis-
Menten kinetics, the substrate curve of the Na*/K*-
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Fig. 1. A plot of ATPase activity as a function of the concentration of

ATP in media containing 130 mM NaCl, 0.3 mM MgCl; an ! cither 0

(0), 2.5 (®) or 30 (a) mM KCl. The ionic strength was kept constant

at 160 mM with choline chloride. The continuous lines are the

graphical representation of either a Michaelis-Menten equation (O) or

of Ean. 3 (@, a), for the values of the parameters given in Table 1.
Notice that the concentration scale changes at 1 pM.

ATPase is biphasic and can be described by a rational
expression of degree two in [ATP] (see Ref. 4 and Eqn.
14 in Ref. 5). As we have shown in detail elsewhere [6] it
is mathematically equivalent to convert the rational
expression into the sum of two Michaelis-Menten equa-
tions or into:
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¥ TX K3 /IATPI(1 + Koy /IATP]) M
A physical interpretation of Eqn. 1 in ierms of the
Albers-Post model is given in the first part of Discus-
sion. The relationship between Eqn. 1 and the sum of
two Michaelis-Menten equations can be easily grasped
if we realize that both become rational expressions of
degree two in [ATP] when their right-hand side terms
are added by taking common denominator.
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TABLE I

Comparison between the best-fitting values of V,, and K,, for the
Na*-ATPase and V,,; and K,,, for the high-affinity component of the
Na*/K *-ATPase obtained from the data in Fig. 1

Values given as means +S.E.

IK*1 Viana OF Vi Kona of Koy Slope (V2 /K 2)
(mM)  (pmol-mg™'  (pM) (pmol-mg™*
-min~") -min~'.pM™1)
9 0.480 + 0.029 0.253+£0.024 -
2.5 0.439+0.013 0.189 1+ 0.009 0.074 4+ 0.003
30 0.279+0.011 0.191 £ 0.012 0.069 +0.003

Since K, is around 200 pM, no significant error
will be incurred in the experiment in Fig. 1 by omitting
[ATP]/K,,, from the first term and the first ‘1’ from the
second term of the right-hand side of Eqn. 1. This
allows to rearrange Eqn. 1 as the sum of a Michaelis-
Menten equation and a linear function of [ATP), i.e.:

Vet = Vo2 Kot /K 2
1+ K., /[ATP]

v= + (V2 /Km2) [ATP] &)

The data in the presence of K* were adjusted by
Eqn. 2 and those in ;he absence of K* by a Michaelis-
Menten equation. The best-fitting values of the parame-
ters are given in Table L. It can be seen that at 2.5 mM
K*, V., was slightly lower than V,,, and K, was
significantly less than K _,,. The weighted average of
the ratio V., /V, na, calculated from the experiment in
Fig. 1 and two additional independent experiments, was
1.058 4+ 0.127 indicating that there was no significant
difference between these parameters at 2.5 mM K*.
This together with the fact that K, is less than K,
and that the linear term in Eqn. 2 is always present,
makes it clear that at 2.5 mM K*, Na*/K*-ATPase
activity will surpass Na*-ATPase activity at any [ATP].
Table 1 also shows that, in the media with 30 mM K,
V4 is about 40% less than V,,, explaining why under
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Fig. 2. A plot of ATPase activity as a function of the concentration of K* in media containing 130 mM NaCl and either 0.020 mM ATP and 0.3
mM MgCl; (0.285 mM free Mg2* ) (A) or 3 mM ATP and 3 mM MzCl ;2 (0.470 mM free Mg2* ) (B). The ionic strength was kept constant at 151
mM with choline chloride. The continuous line for 0.020 mM ATP is the graphical representation of Eqn. 1 for the best-fitting values of its

parameters. These (+S.E.) were: Vy, =0.27+0.03 (pmol P)}-mg ! min~ !,

Vox = 1.30£0.50 (pmol P,)-mg~"-min"!, ¥, = 0.38 +0.07 (amol

P)-mg~'min"", K,=097+0.79 mM, K, = 2574273 mM.



these conditions the activity was lower than those in
media with either 0 or 2.5 mM K™,

It would seem therefore that even at very low ATP,
K™ activates at low concentrations and that inhibition
only becomes manifest at higher concentrations of the
cation.

The inhibition of the low-affinity component of the sub-
strate curve by K *

In the expenments shown in Figs. 2A and B,
Na*/K*-ATPase activity was measured as a function
of K* concentrations in a 0-20 mM range, in media
with either 0.02 or 3 mM ATP. In the media with 0.02
mM ATP (Fig. 2A), the effect of K* was clearly bi-
phasic: activity first raised over that of the Na*-ATPase
and then decreased passing through a maximum. The
following equation described the results:

o= VKoK + Vo KK 1+ VK" 1
K K+ K[K*]+[K*F

3)

where K, and K, are apparent dissociation constants
for activation and inhibition, respectively, V, is the
activity in the absence of K* (Na*-ATPase), V, x the
maximum effect of K™ if there were no inhibition and
V. the activity when [K *] tends to infinity. The best-fit-
ting values of these parameters are given in the legend
of Fig. 2. It can be seen that ¥, was significantly larger
than zero strongly suggesting that K™ is only a partial
inhibitor. Confrontation of the results in Fig. 2A with
those of Fig. 2B show that at 3 mM ATP activation by
K* over Na*-ATPase activity was much larger and
inhibition by excess K* was almost absent.

To study in more detail the effect of ATP we mea-
sured Na*/K*-ATPase activity as a function of ATP
concentration in a 0.090 to 0.760 mM range in media
containing from 2.5 to 50 mM K™*. In all conditions
[ATP] > K_,, so that no appreciable error is committed
if the terms: K, /[ATP] in Eqn. 1 are canceled. Taking
into account that (1 + [ATPl/K,,) '=1~-(1 +
K,./[ATP])"! the equation can be rearranged to ap-
proach the sum of a constant term and a Michaelis-
Menten equation, i.e.:

v = Vs + (Via = Vi ) /(1 + Ky /[ATP]) 4

Notice that at non-limiting [ATP] the activity will be
independent of }7,,. in Fig. 3 the best-fitting values of
Vo Vo and K, for each curve are plotted vs. [K*).
It can be seen that V,, first increased and then de-
creased, a result which is the expected from the experi-
ozent in Fig. 1, whereas V,, and K|, increased along
curves that reached saturation at 5 and 20 mM K*,
respectively. The increa:e of both parameters at low
'"K™*] expresses the activating effect of the cation [7].
vhe rise in K, after ¥, has reached saturation will
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Fig. 3. A plot of the best-fitting values ( + S.E., vertical bars) of ¥,
(m), V., (®), and K, (O) (Eqn. 4) vs. the conceatration of K*. The
data were obtained measuring Na*/K *-ATPase activity as a function
of the concentration of ATP in a 0.090 to 0.760 mM range, in media
containing 100 mM NaCl. enough MgCl, as to keep free [Mg?*})
constant at 0.4 mM and either 2.5, 5. 20 or 50 mM KCI. The ionic
strength was kept constant at 151 mM with choline chlonde.

cause an ATP-surmountable inhibition of the low-affin-
ity component of the substrate curve. The inhibition
will be only partial since K, tends to a finite value
instead of growing indefinitely as [K ™) increases.

Figs. 4A and B show the results of an experiment in
which Na*/K*-ATPase activity was measured as a
function of the concentration of K* in media contain-
ing from 0.005 to 0.04 mM ATP (Fig. 4A). Eqn. 3 was
adjusted to the data and the best-fitting values of K|,
V.x and V, were plotted vs. [ATP] (Fig. 4B). It can be
seen that K; was an hyperbolic and that V, and V,
were approximately linear functions of [ATP). The re-
sponse of K, was the expected if inhibition by K* were
exerted through a saturable increase in K, (see experi-
ments in Fig. 3). On the other hand since [ATP] < K ;.
and at non-limiting [ATP] inhibition disappears: V,x
V., and V., should have the same value and the slopes
of the approximately straight lines that fit V. and };
will approach the ratio V,,,/K,,. Therefore the fact that
the slope of ¥, vs. [K*] is considerably less ‘han that of
Vi v i implies that when [K*] tends (o infinity
K.» acquires a finite value which is larger than that
obtainable at optimal concentrations of [K*]. This is
also in agreement with the observation of the experi-
ment in Fig. 3. Therefore the experiment in Fig. 4
provides independent evidence that K* at high con-
centrations 1s partial inhibitor acting on K,,.

The effect of Na* on inhibition by K *

In the experiment shown in Fig. SA Na* /K *-ATPase
activity was measured as a function of the concentra-
tion of Na* in media containing 20 puM ATP and either
2.5 or 20 mM K™. It is clear from the constancy of the
ratio between the activities at 20 and at 2.5 mM KCl
(inset to Fig. 5A), the degree of inhibition by K* is
independent of the concentration of Na*. In the experi-
ment shown in Fig. SB ATPase activity was measured as
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Fig. 4. {A) A plot of ATPase activity as a function of the concentration of K* in media containing 130 mM NaCl, 0.3 mM MgCl, and either 0.005

(@), 0.10 (v), 0.20 (m) or 0.040 (0) mM ATP. The ionic strength was kept constant at 170 mM with choline chloride. The continuous lines for each

ATP concentration are the graphical representation of Eqn. 1 for the best-fitting values of the parameters. (B) A plot the best-fitting values for K;
(O), Vux (@) and V; (@) (£ S.E,, vertical bars) as a function of the concentration of ATP.
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Fig. 5. (A) A plot of Na*/K *-ATPase activity as a function of the concentration of Na* in media containing 0.020 pM ATP, 0.3 mM MgCl, and

either 2.5 (0) or 20 (@) mM KCl. The ionic strength was kept constant at 171 mM with choline chloride. Inset: A plot of the ratio between the

activities at 20 and at 2.5 mM KCI. (B) ATPase activity as a function of the concentration of K* in media containing 0.010 mM ATP, 0.3 mM
MgCl, and either 50 (), 100 (& ; or 150 (a) mM NaCl. The ionic strength was kept constant at 191 mM with choline chloride.

a function of the concentration of K* in media with 10
#M ATP and either 50, 100 or 150 mM Na™*, It can be
seen that the K; for K* (Eqn. 3) is independent of the
concentration of Na*,

The results in Fig. SA and 5B make it evident that
neither the degree nor the apparen: affinity for inhibi-
tion by excess K * is affected by Na*. This allowed us to
exclude displacement of Na™ by K* from its activating
sites as the cause of this phenomenon.

TABLE Il

The effect of Mg’ ™ on the inhibition by K *
Na*/K*-ATPase was measured as a function of the
concentration of K* in media with 0.010 mM ATP and
either 0.02, 0.3 or 5 mM free Mg?* (Fig. 6). Notice that
that the inhibitory effects of free Mg2* are especially
conspicuous at concentrations of Mg2™* at which practi-
cally all the ATP will be as MgATP, which makes it
unlikely that the observed effects are caused by varia-
tions in the ratio between free ATP and MgATP. Eqn. 3

The effect of Mg”* on the best-fitting values obtained from the regression of Eqn. 3 to the data in Fig. 6

Because of the distribution of experimental points as [Mg2* ] increased the precision of the estimates of K; and ¥, increased and that of X,
decreased. Notice that for 0.3 and 5.00 mM [Mg2" ] the K; values are considerably smalier than 40 mM (the highest [K* ] tested in Fig. 6) which
explains why for these concentrations ¥, is similar as the observed velocities at 40 mM [K.* 1. This is not the case for the experiment at 0.02 mM
[Mg2* ] in which K; is much larger than 40 mM. For this reason in this case ¥, is much smalier than the velocity at 40 mM [K™* ]. Values are given

in pmol-mg~'-min~', K values are given in uM.

[MS: M } VNa VrnK Vr K a K i

(pM)

0.02 0.46 +0.02 1.09+0.04 0.35+0.90 019+ 0.09 93 +169
0.30 042 4+0.02 1.30+0.12 0.70+0.04 0.55+ 021 67+ 36
5.00 0431001 1.50+3.0 0.28+0.01 9.7 £327 06+ 19
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Fig. 6. A plot of ATPase activity as a function of the concentration of
K* in media containing 130 mM NaCl, 0.010 mM ATP and either
0.02 (0), 0.3 (@) or 5 (v) mM free Mg2*. The ionic strength was kept
constant at 170 M with choline chloride. The continuous lines for
each Mg?* concentration are the graphical representation of Eqn. 3
for the values of the parameters given in Table I1.

was adjusted to the data, the best-fitting values of its
parameters for each Mg?* concentration are given in
Table II. It is appareni that as {[Mg2*] rises ¥y, and
V. change little, ¥ first rises and then declines and
K, increases continuously. However, the most conspicu-
ous effect of Mg2* seems to be the modification of K
for [K*]i.e.: as [Mg2*] goes from 0.020 to 5 mM, K,
declines from values high enough as to make inhibition
negligible to around 1 mM. These results suggest that
the cause of the dependence on Mg?* of inhibition by
[K *] lies mainly in the effect of Mg?™ on the K, for K*
and to a much lesser extent on its effect on the maximal
inhibition by K *. The findings in the experiment in Fig.
6 were confirmed by an independent experiment in
which inhibition by K* was tested in media with either
0.3 or 20 mM free Mg2* (results not shown).

In spite that regression of three curves in Fig. 6 gave
similar standard deviations, Table II shows that the
standard error of K; was very large for the curve with
0.02 mM [Mg2*]. Although this probably expresses the
uncertainties of the estimation of a parameter whose
value is much higher than the highest [K*] tested, it
raises doubts about the significance of the value and
hence about the soundness of our conclusions. For this
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Fig. 8. A plot of Na*/K*-ATPase activity as a function of the
conceniration of ATP in media containing 130 mM NaCl, 40 mM K *
and either 0.3 (), 1 (W), 2.5 (a), S (@) or 20 () mM free Mg?*. The
ionic strergth was kept constant at 230 mM with choline chloride.
The continuous lines are the graphical representation of Eqn. 4 where
V¥, and K, are the functions of the concentration of Mg?* given in
Eqns. 5 and 6, respectively, and where each parameter was replaced
by its best-fitting value. These ( +S.E.) were: V,, 4 = 0.76 £ 0.08 (pmol
P)emy " min~!, ¥, =16.13+£0.29 (pmol P,)-mg™"min"', K g
=291+ 18 uM, K, =33+ 4 mM, K, =1.15+0.06 mM.

reason we tried to find independent experimental evi-
dence that inhibition by K* depends on Mg2*. To do
this we started from the prediction that if this were so,
then K* would be required for inhibition by Mg?2*.
This was explored in the experiment shown in Figs. 7A
and B in which Na*/K*-ATPase activity at high (3
mM) [ATP] was measured as a function of K* con-
centration in media withk either 0.3 or 20 mM free
Mg?*. It is clear that with 20 mM Mg?* Na*/K*-
ATPase activity was slowed down. When plotted as a
function of [K*], the extent of inhibition, measured as
the ratio between the activities with 20 and 0.3 mM
Mg?*, decreased along a function that started at near 1
(no inhibition) and tended to about 0.4 (Fig. 7B), show-
ing that the inhibitory effect of high [Mg?*] was strictly
dependent on K*.

We obtained further information on the kinetics of
inhibition by Mg?* by measuring Na*/K *-ATPase ac-
tivity as a function of ATP concentration in a 3£-960
M range, in media containing 40 mM K* and from 0.3
to 20 mM free Mg?* (Fig. 8). The whole set of data was
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Fig. 7. (A) A plot of Na*/K *-ATPase activity as a function of the concentration of K* measured in media with 3 mM ATP, 130 mM NaCl and
either 0.3 (O) or 20 (@) mM free Mg?*. The ionic strength was kept constant at 230 mM with choline chloride. (B) A plot of the ratio between the
activities at 20 and at 0.3 mM free Mg2* from experiment ir (A) against K* concentration.
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Fig. 9. A plot of Na*-ATPase activity as a function of the concentra-
tion of free Mg?* in media containing 0.01 mM ATP and either 1
(). 5 (a). 10 (D). 25 (@) or 100 (W) mM NaCl. The ionic strength was

kept constant at 280 mM with choline chloride.

adjusted by multiple regression using [ATP] and [Mg**]
as the independent variables. Best fit was obtained
using Egn. 4 with V,, independent of [Mg®*] and:

Ve = Vo K /({Mg?* ]+ K,)) 5)
and
Koy = Ko (1+[Mg** 1/K ;) (6)

These results indicate that increasing [Mg2*]
decreased V,, hyperbolically towards zero and that
Mg?* acted as a dead-end inhibitor on the low-affinity
component of the substrate curve of the ATPase in-
creasing linearly K ,.

The inhibition by Mg’* of the Na *-ATPase

In the experiment shown in Fig. 9, Na*-ATPase
activity was measured as a function of the concentra-
tion of Mg?* from 0.3 to 60 mM, in media containing
from 1 to 100 mM NaCl and 0.01 mM ATP. It can be
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seen that in media with 100 mM Na™* inhibition was
absent and in media with 1 mM Na* inhibition was
practically complete at 60 mM Mg?*. Lack of inhibi-
tion at high [Na*] in media without K* is congruent
with the experiments presented above.

We studied the kinetics of the inhibition by Mg?* at
low [Na™] measuring Na*-ATPase activity as a func-
tion of ATP concentration in media containing 10 mM
Na* and either 0.3, 10, 25 and 50 mM free Mg2* (Figs.
10A and B). A Michaelis-Menten equation was fitted to
each individual curve and the values of V,,\, and K,
thus obtained were plotted vs. the concentration of free
Mg?*. This gave the following expressions for the ef-
fects of free Mg2* on these parameters.

VmNa= m()/(1+[Mgz+ ]/KIV) (7)
and

1+IMg?" 1 /K +[Mg2* /Ko
1+[Mg?* | /K,

KmNa=Km0 (8)

Eqns. 7 and 8 allowed us to adjust the whole set of
data by means of multiple regression using [ATP] and
[Mg?*] as the independent variables (continuous lines
in Figs. 10A and B). The same parameter (K,,) was
used in the denominators of ¥,y and K, because
when two independent parameters were adjusted their
values became not significantly different and the stan-
dard deviation of the regression increased.

It is clear therefore that the kinetics of inhibition by
Mg?* of Na*-ATPase activity is substantially different
from that of the Na*/K*-ATPase activity. In addition
comparison of the values of K, K, and K, (legend
to Fig. 10) with K, and K, for inhibition of
Na®/K”*-ATPase (legend to Fig. 8) shows that the
apparent affinity for Mg?* as inhibitor of the Na*-
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Fig. 10. (A) A plot of Na*-ATPase activity as a function of ATP concentration in media containing 0.3 (0), 10 (W), 25 (0), or 50 (®) mM free

Mg**, 10 mM NaCl and enough cholinc chloride as to keep the ionic strength constant at 170 mM. The continuous lines are the graphical

representation of a Michaelis-Menten equation where Vena and K, are the functions of the concentration of Mg2* given in Eqns. 7 and 8,

respectively, and where each parameter was replaced by its best-fitting value. These (+S.E.) were: Vo = 0.10210.003 (pmol P,)-mg ' min~?,

Ko =00731£0.09 uM, K, =62+12 mM, Koy =13+7 mM, K5, =101 +22 mM2, (B) A plot of the best-fitting apparent values (+ S.E., vertical

bars) of V., (0O) and K. (®) for each concentration of Mg?* in (A) as a function of the concentration of Mg2*. The continuous lines are the
graphical representation of Eqns. 5 and 6 for the values of the parameters given in (A).



ATPase is considerable less than that for inhibition of
the Na* /K *-ATPase.

Discussion

Pctassium activates at low ATP concentrations

Inhibition by K* of Na*/K™*-ATPase activity in
media with micromolar concentrations of ATP has been
reported by several authors (see Ref. 1 and 8). On the
basis of the Albers-Post model this phenomenon was
interpreted, by Post et al. [1] as an evidence that ATP
activates with low affinity the E,K — E,; + K" reaction
(see Ref. 5) so that at sufficiently low [ATP] accelera-
tion of dephosphorylation by K* is more than offset by
the slowdown of the E,K — E, + K* transition. Notice
that since this conjecture involves the same effect of K*
in activation and inhibition, it necessarily implies that
at constant [ATP] the effect of K* will be either con-
tinuous activation, lack of effect or continuous inhibi-
tion, depending on the level of the nucleotide In con-
trast with this results in this paper show that at suffi-
ciently low concentrations K* activates even at the
smallest [ATP) tested, inhibition being only apparent at
higher [K*]. A biphasic response to K™ is also apparent
in the data of Post et al. which show that in media with
0.9 uM ATP, as [K*] raised activity first increased and
then dropped (Fig. 1 in Ref. 1).

Since a single effect cannot explain the biphasic
response to K7, it seems that a more fitting explanation
of the effects of the cation at low [ATP] is to propose
that the level of ATP only regulates the extent of
activation and that activation and inhibition by K* take
place through two different mechanisms.

The turnover of the ATPase at low ATP. The assign-
ments that the Albers-Post model makes for the effect
of cations [5] on the Na* /K *-ATPase imply that at th:
concentrations of Na* and Mg?* used in the expzr:-
ments reported here the E; —» E; and the E,ATP —»
E,ATP transitions will be virtually irreversible. Taking
this for granted, it is east to show (Rossi and Garrahan,
unpublished) that the first term of Eqn. 1 will measure
the rate through of the pathway that does not use the
E,ATP — E,ATP reaction and that ¥, and K, will
be very close to the ¥, and K, of an enzyme with the
reaction mechanism as the Na*/K*-ATPase but lack-
ing the ATP-dependent pathway. This makes it
meaningful to compare the kinetic parameters of the
Na™-ATPase with those of the high-affinity component
of the Na*/K*-ATPase. Hence the fact that in media
with 2.5 mM K*, the values of ¥, and K, are very
near to those of V, and K..n,, would mean that the
rate-limiting steps of the Na"-ATPase and of the
Na*/K*-ATPase in the absenc: of the E,ATP -
E,ATP transition will have similar magnitude. Pub-
lished data based on measurements of partial reactions
at room temperature give for the rate constant for
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dephosphorylation in the absence of K*, i.e.; the limit-
ing step of the Na*-ATPase a value (2.5 s ', [9]) which
is ahout 10-fold higher than that for the E, — E, transi-
tion (0.26 s~' [10]), ie.: the limiting step of the
Na®’/K*-ATPase in the absence of activation by ATP,
If these differences persisted at 37°C, then. in contrast
with the experimental observations in this paper, V,,
and K, would be ten times lower than V,, and
K unae As it is improbable that rising the temperature
will increase more than ten times one rate constant with
respect to the other it seems that the estimated values of
one of the rate constants is wrong. Since the mentioned
value for the rate constant of dephosphorylation allows
a correct estimate of K, [6], it would seem that the
reported value of the rate contant for the E.K - E, +
K™ transition is an underestimation.

A mechanism for the inhibition of the Na* /K *-ATPase
by K* and Mg"*

The inhibition by K" described in this paper was not
caused by displacement of Na*. The possibility that K*
acted as product inhibitor reversing the reaction that
releases it from the ATPase can be ruled out since it
would have given total instead of the observed partial
inhibition.

The low-affinity component. The featu-es of the in-
hibition by K* and Mg?* of the low-affinity component
of the substrate curve are predicted by the scheme
shown in Fig. 11. Its basic assumption is that K * acting
at sites different from those from which it activates
(activation is not shown in Fig. 11) enables Mg?* to
form a ternary complex with K* and the enzyme
{EKMgj) that is unable to bind ATP. The solution of the
scheme, assuming rapid-equilibrium and lack of interac-

Ks p

E + ATP ==—F EAIP ——>
+ +

K* L

JIMK ”de

KS Kp

EK+ATP T——— EKAIP —>
Mg2*

“KlMg
EXMg

Fig. 11. A kinetic scheme for inhibition by K* and Mg?*. Activation

by K* is considered to be independent from inhibition an is not

shown. Except for kp (the rate constant for catalysis), the other

constants are equilibrium dissociation constants of the corresponding
steps. Notice that neither kp nor K, are modified by K *.
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tions for the binding of the ligands, gives for initial
velocity:

v K, [Mg?* )K" '
Voo [” AT [“ Km.(lx*lwdx)” @
and for K ,,, for inhibition by K* (K¢ ):
K Kax K (1 +{ATPI/K,) 10)

- [Mg?* 1+ Ky (1 +{ATP|/K,)

where Ky and Ky, are the equilibrium constant for
the dissociation of K* and Mg?*, respectively.

In agreement with the experimental results, Eqns. 9
and 10 predict that: (i) inhibition needs both K* and
Mg?2*, (ii) neither K* nor Mg?* will affect ¥, (iii) as
[K*] goes from zero to infinity, the apparent value of
K,, rises hyperbolically (iv) the apparent value of K
rises linearly with [Mg?*], (v) the activity decreases
with the concentration of K* along an hyperbola tend-
ing to a level that will depend on the concentrations of
ATP and of Mg?*, (vi) as [Mg?*] inceases from zero to
infinity K x decreases from Ky to zero, and (vii) as
[ATP] increases from zero to infinity K;x rises hyper-
bolically.

To incorporate the scheme in Fig. 11 into the version
of the Albers-Post model shown in Fig. 5 of Ref. 3 we
assumed that E,(K) can exist associated with either ‘n’
or ‘n+1 K* and that the state with ‘n + 1> K* binds
Mg?* forming a dead-end complex. The effect of the
(n+ 1th K* can be included in the overall equation
multiplying the rate constants of the transitions of
E,(K) (k¢ and k) by the fraction ( f) of this state that
does not bind the inhibitory Mg?*, i.e.:

f={1+[Mg?* JIK* 1/ Knig(K* 1+ Ka)]} "

The fraction (g) of E,P with either 2 or 3 K* bound
will be:

(1)

g=[3(K*/Ke ) +(K* /K )] /Q+K* /K ok )’ (12)

The above considerations permitted us to express the

W ﬁ
T e e

Q

) 1
4
[K'] (mM)

effect of K on dephosphorylation and on the E,P to
E,P transition multiplying &, by g and k_, by (1 +
K*/Ka) >

Eqns. 11 and 12 allowed us to generate the simulated
curves in Fig. 12 (A and B). Fig. 12A shows that the
model qualitatively predicted the observed response of
Na*/K*-ATPase activity to [K*] at low ATP and at
different concentrations of Mg2* (cf. Figs. 8 and 12A).
Fig. 12B shows that, in compliance with the experimen-
tal results (cf. Figs. 3 and 12B) as K* concentration
increases V,;; and K, increase along curves that tend
to saturation but that for K, this effect is reached at
higher concentrations of K* so that the ratio V, /K,
decerases as [K™*] increases. This effect might seem to
be inconsistent with the simulations of Fig. 7A of the
preceding paper of this series [S]. However, the dis-
crepancy is only apparent since in the preceding paper
we only simulated the activation effects of K*.

To the best of our knowledge there is no experimen-
tal evidence against our idea of the binding of an
additional K* to E,P. Since K* binding to E,P is
usually assumed to take place on extracellular sites, it is
interesting to point that in a preliminary communica-
tion Beaugé et al. [12] reported that in red cell ghosts
containing low [ATP] activation by external K* is fol-
lowed by inhibition at higher concentrations of the
cation. The lack of sideness of our preparation did not
allow us to pursue further this analogy.

As judged by its apparent affinity, the site at which
Mg?* inhibits is either different from that at which
Mg?* activates the Na* /K *-ATPase or is the same site
on a different conformation of the enzyme. It is tempting
to identify the inhibitory site with the site that releases
Mg?* during a hydrolysis cycle. This is supported by
experiments that show that Mg?* is discharged from the
pump during dephosphorylation [13] and by work by
Pedemonte and Beaugé [14,15] on the kinetics of the
interactions between Mg2* and inorganic phosphate
during inhibition of the Na*/K*-ATPase by Mg?*. In
this case also a more thorough examination of this point
would require a ‘sided’ preparation.

800 . T 80 nos
8 T
K -
2 .
R m 4 i 3
2
A~
400 -1 40 n ~A004 o
Ven? ¥ m2 ~- =‘E
)E ~
| v - N-
oL L. i i 1 0 o
¢] (3]
x] (mm

Fig. 12. (A} A simulation of the effects of K* on Na*/K "-ATPase activity in media containing 1 uM ATP, non-Lmiting concentrations of Na*
and the concentrations of free Mg2™ given at the right of the graph. Na*-ATPase activity was not considered. (B) A simulation of the effects of K*
on Vy,, Ky, and the ratio V, /Ky, for free [Mg?* ] =1 mM. Ky and Ky, were taken as ? and 1 mM, respectively.



Measuring the effect of ATP on the rate constant for
the release of Rb* from E,(Rb) at different concentra-
tions of Mg?*, Forbush [11] observed that Mg?* de-
creased both the apparent affinity and the maximum
effect of the nucleotide. Qur results agree with these
observations in what respects the effects on apparent
affinity but do not reproduce in the overall reaction the
reported action on the maximal effect of ATP. The
inhibitory effects of Mg?* on red cell Na* pump have
been examined recently by Sachs [16,17]. This author
proposed like us that E, is the species involved in
inhibition. Sachs found that Mg?* increased K, and
decreased ¥, for MgATP. The effect on K, is in
harmony with our results. Whether the discrepancy with
our results in what regards the effect on V,, is genuine
or is caused by the different preparation and/or the
concentration variable used remains an open question.

The high-affinity component. Our results show that
excess K™ decreases both ¥, and K|, and that in this
condition high concentrations of Mg?* diminishes V,,
towards zero. These findings are compatible with the
model we have just analyzed, since this assumes that
after binding Mg2*, E, not only becomes unable to
combine with ATP but also of undergoing that E, —» E,
transition. Hf we identify the high-affinity component
with that part of the Na*/K*-ATPase which does not
occur through the E,ATP —» E,ATP pathway, inhibi-
tion of the E, — E, transition would not be surmounta-
ble by ATP, thus explaining the effect on V,,.

Inhibition by Mg’ ™ in the Na *-ATPase

At high (130 mM) concentrations of Na* inhibition
by Mg?* needs K*, but when the concentration of Na*
decreases, Mg?* becomes able to inhibit in the absence
of K*, albeit with much less apparent affinity and
following a different kinetic pattern than in the pres-
ence of the cation. Inhibition by Mg?* of Na*-ATPase
activity at low Na™ concentration has also been re-
ported by Beaugé and Campos [18].

To understand the physical meaning of the effects of
Mg?* on V., and K,_n, described in Results, we
solved the currently accepted Kkinetic scheme of the
Na*-ATPase (Fig. 13) as a function of the concentra-
tion of ATP. The steady-state rate equation in the
absence of ADP and P, preiicts Michaelis-Menten be-
haviour with:

Vo=ky/D {13)
Kp=lka/ky(1+k_s/ks)(1+k_y/k3)]/D (14)
where:

D=1+k,(1/ky +1/ky 4V fhg)+k_3/ky (15)

If Mg?* reacted with one or more enzyme forms to
yield dead-end complexes then the rate constants that
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E2 E1ATP

Pi

k-}
P T EIP
k3
Fig. 13. A reaction scheme for the Na™-ATPase activity.

govern the transitions of the affected states would be
multiplied by (1 + [Mg**]/K ). so that their recipro-
cals would be linear functions of [Mg?>*]. Hence if &,.
k, or ky depended in this way on [Mg?*], the de-
nominators of V,, and K, {Eqns. 14 and 15) would be
the same linear function of the concentration of the
cation. The reciprocals of k, and k, are also present in
the denominator of the Eqn. 14. Therefore if k.., or
k _s were linear functions of [Mg?*], the numerator of
K., (Eyn 14) would become a parabolic function of
[Mg?*). The linear dependence of a reverse rate con-
stant with (Mg”*] implies that the cation is acting
through product inhibition. This would occur if Mg?*
were cyclically added and released during hydrolysis, a
fact that is supported by current experimental evidence
(13}

It seems therefore rezsonable to conclude that in the
absence of K* and at low [Na*], Mg2* seems to inhibit
acting both as a product and as a dead-end inhibitor.
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