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The expressions for the kinetic constants corresponding to the steady state model for hydrolysis of ATP catalyzed
by (Na' + K')-ATPase proposed recently are analyzed with the object of determining the rate constants. The
theoretical background for the necessary procedures is described. The results of this analysis are: (1) A small
class (four) of rate constants are determined directly by the previously published values of the kinetic constants.
(2) For a somewhat larger class of rate constants upper and lower bounds may be established. For several rate
constants the upper and lower bounds differ by less than a factor 1.6 (for the ‘(Na* + K")-enzyme’, i.e. the enzyme
activity with K* and millimolar substrate concentration) and 1.2 (for the ‘Na*-enzyme’, i.e. the activity at micro-
molar substrate concentrations). (3) Experiments on inhibition by K" of the Na'-enzyme at various Mg®* con-
centrations are reported and analyzed. With the additional assumption that the rate constants governing the
addition to ATP of Mg?" is independent of whether or not ATP is bound to an enzyme molecule, a set of consis-
tent values for all the 23 rate constants in the mechanism may be obtained. (4) The values of some rate constants
lend further support to the contention discussed in a previous paper that the enzyme hydrolyzes ATP along two
kinetically distinct pathways, depending on the presence of K* and on the concentration of substrate, without
the necessity of having more than one active substrate site per enzyme unit at any time. (5) The results show that
while the two enzyme forms, the ‘Na'-enzyme’ E, and the ‘K’-enzyme’ E,K, add substrate with (second order)
rate constants of the same order of magnitude (differing only by a factor of four in favor of the former), the rate
constants for the reverse processes differ by a factor of 100, being largest for the K'-enzyme. This is the main
reason for the large difference in the Michaelis constants for the two forms reported previously. (6) Compatibil-
ity of the model with the well-known rapid dephosphorylation of the phosphorylated enzyme in the presence of
K’ requires the presence, at non-zero steady state concentration, of an enzyme-potassium-phosphate interme-
diate, which is acid labile and is therefore not detected as a phosphorylated enzyme using conventional methods.

Introduction

The work described here is a continuation of pre-
viously published work {1—3] (these papers will
henceforth be referred to as I, II and III, respectively)
on the steady-state kinetic mechanism of (Na' + K*)-
ATPase (adenosine-5"triphosphatase, EC 3.6.1.3). We

shall be concerned with the evaluation of the rate
constants in all the steps of the mechanism proposed
in I1I.

For simple mechanisms it is sometimes possible to
determine the rate constants by simple algebraic
manipulation of the equations defining the experi-
mentally determined kinetic constants. For more
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complex mechanisms, such as the one in question,
this is not directly possible because the number of
independent equations is less than the number of
unknown rate constants. This situation may be
remedied if a sufficient number of rate constants can
be determined (or estimated) directly by other
means.

Clearly a knowledge, or at least an estimate, of
the rate constants in a mechanism provides a deeper
insight into its properties than does a knowledge of
the kinetic constants alone. In particular, it is a neces-
sary prerequisite for a study of the energetics, i.e. the
free energy changes involved in individual steps, and
the concentrations of intermediates at steady state
under a variety of conditions.

In this paper we examine the expressions given
previously for the kinetic constants in terms of rate
constants. These expressions, together with the condi-
tions imposed by detailed balance at equilibrium,
may be manipulated to show that: (i) a small class of
rate constants are directly determined by the values
of the kinetic parameters; (ii) for a somewhat larger
class, upper and lower bounds, differing by less than
a factor of two, may be established, and (iii) the exis-
tence (at appreciable steady state concentration) of
an enzyme intermediate, not directly kinetically
distinguishable by steady state kinetic methods, may
be established. Furthermore, the analysis of the
detailed kinetic experiments on the K*-inhibition (at
[Na] = 150 mM) of the Na'-enzyme (i.e. the enzyme
activity with substrate concentrations in the micro-
molar range) presented, provides estimates of most of
the remaining rate constants. Finally, if in addition to
the above an intuitively reasonable assumption con-
cerning the interaction of Mg?* with the enzyme is
made, all the rate constants in the mechanism may be
determined. From a discussion of these results emer-
ges a strenghtening of the evidence pointing towards
the existence of two completely distinct hydrolysis
pathways for the (Na'+K")-ATPase without the
necessity of having more than one active substrate
site on an enzyme unit.

Materials and Methods

The enzyme preparation and the assay procedures
used here have been detailed in paper I [1] of this
series.

Theoretical background

We showed in I that the simple model presented in
Fig. 1 would provide an adequate description of the
steady state kinetic experiments: for the Na"-enzyme,
if E=E,, the intermediate EM is omitted, and Ex =
E,P + E,P (these latter showing spontaneous dephos-
phorylation with the same rate constant k3), and for
the (Na* + K*)-enzyme (i.e. the enzyme activity in the
presence of K' and millimolar substrate concentra-
tions) if E = E,K and EM (= E,KM) is included.

In drawing the model in Fig. 1 it has been assumed
that, for both enzymes, EMA, the enzyme-substrate
complex is the same whether it is obtained directly
by the addition to E of MA (= MgATP) or by adding
first A (= ATPfyee) and then M (= Mghee). This is the
natural assumption to make, lacking evidence to the
contrary. However, this identity imposes a useful con-
dition for the rate constants.

Consider the model in Fig. 1 at equilibrium.
Because of detailed balance the product of the (first
order or pseudo-first order) rate constants in the for-
ward and reverse direction of the cycle E—EA—
EMA—E must be equal:

(kyAXkaMYk_y =(k;MA) k- k., ¢))
4= [ATPfree]; M= [Mg%:ee ; MA= [MgATP]) .

At the same time we have, because of the chemical
equilibrium Mg?* + ATP ==MgATP that

AM )

KMM_, EMaM

Ex

Fig. 1. The simpie model from paper I (Ref. 1) compatible
with the kinetic experiments for the Na*-enzyme and for the
(Na" + K*)-enzyme. In the former case the intermediate EM is
absent. Double-headed arrows indicate equilibrium.



From Eqn. 1 we then have

— " =Ky — 3
TR (3
Note that all ratios in Eqn. 3 are dissociation con-
stants:

'

—1 = dissociation constant for EA=E + A

k'

k.
k—,2 = dissociation constant for EAM = EA + M
2

I—c'—l = dissociation constant for EMA = E + MA
1

These enzyme dissociation constants are thus con-
nected with Kp, the MgATP dissociation constant,
through Eqn. 3. This equation is satisfied under all
conditions if k.,/ky =k_,/k, and hence k',/k;=
Kt. In thermodynamic terms it means that the stan-
dard Gibbs free energies of ATP and MgATP are
changed by the same amount when adding an enzyme
molecule. This follows from the relation AG®=
—RTInKq, applied to the individual equilibria in the
cycle. We shall refer to this assumption as the ‘Gibbs
energy assumption’,

In paper I we defined and determined the kinetic
constants for the mechanism Fig. 1 for both enzyme

TABLEI

DEFINITION OF KINETIC CONSTANTS FROM PAPERS
I [1] AND HI [3] (LEFT COLUMN) AND EXPRESSIONS
FOR RATE CONSTANTS, USING DETAILED BALANCE
CONDITION AND GIBBS ENERGY ASSUMPTION (SEE
TEXT)

The equations are based on the model in Fig. 1.

r=k3/(ky +k3) ko =Vylr

VMA =rszoEV1 'Eo kl = Vl/(KMA —"KiA)
KMA =r X (k—y +k)/ky Koy =ky XKjs

Ky =7 X (kg +K25)/k} ks =Vy/(—r)

Ka =rkay[ky k1 =V1/Kp
KiA=k'_1/k'1 kl—l=KiA Xk

Kip = kg (kp + k)k okl K = V1/(Ky - rKT)
K1=M - A/MA ki, =k - Ky
Kmm=Kmm/r Kmm =Kmm -7
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forms. These definitions are reproduced in the left
column of Tablel. If we can estimate E,, the total
enzyme concentration, then, using Eqn. 3 and the
Gibbs energy assumption, we can express all the rate
constants in Fig. 1 in terms of V; (= Va/Ey), the
rate constant ratio r, and the kinetic constants, as
shown in the right hand column of Table I. If r is
known or can be estimated, all the rate constants in
Fig. 1 may thus be determined.

The rate constant ratio r. The physical meaning of
r is most easily seen by deriving the expressions for
the steady-state concentrations of the various inter-
mediates in Fig. 1. At large substrate (MgATP) con-
centrations we obtain for [Ex]:

[Ex] _ kaf(ks +k3)
Eo  Kuya/MA +1

(M~ 0)

>kyf(ky tk3)=1—7r 4)

if MA >> Ky . Hence 1 —r is the relative steady-
state concentration of Ex at saturating substrate con-
centrations (and zero Mg?" concentration which, of
course, can only be approximated).

Using Table I, we can obtain an upper bound for
r. Clearly, r <1 by definition, but it turns out (see
below) that a narrower range for possible values of r
is obtained by asserting that since all rate constants
must be positive, we have, from the expressions for
k, and kj:

r <Kwma/Kis or Ky/Ky Q)

whichever is smaller.

This relation (5) may be used to discuss a question
raised in paper I: While it is known that for the Na*-
enzyme the intermediate Ex exists, and is to be
identified with the two phosphorylated intermediates
E,P and E,P, this is not known for the (Na* +K")-
enzyme. In fact, Ex is unnecessary for a qualitative
interpretation of the steady-state kinetic data. If Ex
is omitted for the (Na* + K*)-enzyme, it implies that
r is equal to 1. Our data show, however, (see below)
that r is less than 0.33 for this enzyme, and hence the
intermediate Ex is present at steady state at an appre-
ciable concentration and must be explicitly included
in the model.

The complete model. We shall be concerned with
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EoKA EoKM
Wo 2. N1 Kom
KK %&N / ’ Na
EoKMAM «—MM £ KMA =———F K = k5 «— MM . E MAM
% * -5
ADP,P; ? k) ADP
A2 \\
K-4

Fig. 2. The complete (minimal) model for (Na*+ K*)-ATPase with rate constant assignments. Double-headed arrows indicate
equilibrium. The model proposed previously (paper III, Ref. 3) uses the path E,P — E, K (indicated by the broken arrow) instead
of EoP— E;KP — E; K. To obtain the steady-state rate for this model (or parts thereof, see text) the rate constants, where

appropriate, must be multiplied by ligand concentrations.

the determination of the rate constants for the com-
plete (minimal) model proposed in paper III. This
model is shown in Fig. 2, where we have explicitly
included the intermediate E,KP. Note that the rate
constants in the right hand part of the model (E,-
E,A-E;MA-E,P-E,P, the ‘Na‘-cycle’) are denoted k;,
while the corresponding constants for the left hand
part (E,K-E,KA-E,KMA-E,, the K'cycle’) are
denoted ;. Similarly, the rate constant ratio r will be
denoted p when referring to the (Na* + K*)-enzyme.
Replacing the path E,P-E,KP-E,K by the dotted
arrow E,P—>E,K we obtain the scheme discussed in
paper III,

There are two problems in connection with this
scheme (Fig. 2): (A) How should the rate constants
k;, lil > 4, be evaluated? (B) It is apparently possible
(see paper I) to represent the steady-state kinetics of
the (Na* + K")-enzyme(i.e. at large substrate concen-
trations) by the simple scheme in Fig. 1, which must
then be considered a ‘compressed’ version of the com-
plete model in Fig. 2, such that E in Fig. 1 comprises
not only E;K but also all the remaining ‘Na*-cycle’
states*). What is the relation between the intrinsic
rate constants, k;, in Fig. 2, and the apparent rate

* Note that this ‘compression’ does not necessarily imply
that the concentrations at steady state of the Na*-cycle states
are zero, but merely that the Na'<ycle makes a negligible
contribution to the total activity under these conditions.

constants obtained on the basis of the compressed
scheme, Fig. 1?

ad A: We have shown (paper III) that when includ-
ing the intermediate E,K in the ‘Na"-cycle’, the
kinetic experiments on the K* inhibition may be
accounted for. We shall therefore examine in more
detail to what extent information about the rate con-
stants not determined in Table I for the Na'-enzyme
may be extracted from these experiments.

We consider the scheme E;-E;A-E;MA-E;P-E,P-
E,KP-E,K-E,KM. As before (see paper III) we make
use of the fact that for M >3 mM the pathway E,-
E,A-E;MA makes a negligible contribution to the
total reaction flux (see paper I for details) and hence
we may omit the intermediate E, A provided the Mg?*
concentration is large enough. Under this condition
the complete expression for the steady-state rate (in
double reciprocal formn) may be written:

vt =S(K, M)- MA™' + KK, M) (6)
where
Kua K
SK, M =2 l + — F 7
( ) VMma ( K% KM) O
Kk =ksfk_s; Fxm=1+M/Koy (®)



KK, M)= {(1 +a) Figa + 5 [1 +ar(1+ o + BFicm)
K

-1
+(1 +a)K11'Z—M:H{VMA(1 +a) (1 +D£K)] ©

a=ke/ks (10)
Bo = ka/ks (11)
B =ka/ks (12)
Fym = 1+ M/Kyy (13)
Dy =ks(kq *+kr)/kaks (14)

In deriving these equations it has been assumed that
k_¢ <<kg (as is the case at 1°C (see paper II)), and
has been set to zero, since it will always appear in the
combinations (k¢ + k_g) or (k3 + k_g).

If the intermediate E;KP is not explicitly included
(i.e. its steady-state concentration is very small), the
same formal expressions are obtained, except that the
ratio f is not present in Eqn. 9, and Dy assumes the
simple form

D(])(=k3/k4 (15)

(superscript ‘0’ indicates [E,KP] = 0) where k, is
now the (second order) rate constant governing the
transition E,P ~E,K (k_, and k, are not explicitly
present in the model in this case). We shall see below
that it is possible to distinguish between these two
possibilities on the basis of experimental observa-
tions.

On this basis the data analysis may proceed as
follows: From Eqn. 7 it is seen that S(K M), at fixed
M, is a linear function of K, and, at fixed K, a linear
function of M. Since Kya and Vya are known
(paper I; they are the Michaelis constant for MgATP
and the maximal velocity for the Na*-enzyme, respec-
tively), the constants K% and Kgy may be deter-
mined from the slope and intercept of such a linear
plot of S(KM) vs. K at fixed M. This was done in
paper III, where the values obtained were

K% = 66 mM (16)
Kom = 7.2 mM a7n
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The function I(K,M), Eqn. 9, is more complicated.
The unknown quantities are &, 8, §y, and Dg. If these
can be estimated, then, since k, and k; can be calcu-
lated using Table I, all the remaining rate constants
can be found from Eqns, 10—16.

We define the reduced intercept

IR(KKM) =V - LK M) (18)

and consider first the simplest case, i.e. a model with
a direct transition E,P - E,K (rate constant k,),
B, absent from Eqn. 9, and Dy defined by Eqn. 15.

From Egn. 9 (with 8, = 0) it follows that for large
K (M fixed), K >> Dy, a limiting value of Ig(K M) is
approached:

Ir(K, M)~ IR(M)

_ 1+ ar(1+ BFgm) + (1 + @) M/Kyy
l+a

(19)

From the experiments to be presented below this
property obtains for K >20 mM. IX(M) is a linear
function of M:

1+ar(l+p)

1+«

Ix(M)=

L Ot)/KI;m: +afr/Kom M
«

=a+b-M (20)

which defines @ and b, and Eqn. 8 has been used.
Since r is considered known (see below), the slope
b and intercept a of a plot of I (M) vs. M can be used
to determine « and §. Solving for these, using Eqn.
20, we obtain:

_1—a+(b— (1/Kiu) Kom
a~ 7~ Kou® — 1K)

(21

_ (b~ (1/Kum)) Kom(1+ @)
ra

B (22)

Having thus determined o and f, we can now use
Eqn. 9 at constant M and low values of X to deter-
mine DKZ



236

R=(C-K/DK)+B 23)
1+K/Dx
where
1+ ar(l + BFyp) + (1 + 0) M/K,
Cc= ar(1 + fFgy) + (1 + a) M/Kyy 24)
1+«
B EF{VIM (25)
Eqgn. 23 may be transformed into
Ix-B
=K/D 26
o1, KiPx (26)

Hence the quantity Z = (/g — B)/(C — I) is indepen-
dent of M and, when plotted vs. K, yields a straight
line through the origin whose slope determines D.

If the intermediate E,KP is included the situation
is less satisfactory due to the presence of the two
additional rate constants k., and k,. The analysis
described above now leads to

__ 1—a+@®-(/Kym)Kom
a1+ 6o) - — (1/Kym ) Kom @n

while the expressions for § and Z, Eqns. 22 and 26,
are unchanged, but Dk now has the more compli-
cated form of Eqn. 14. Also, Eqn. 24 now has the
form

o= LT+ Bt fFxm) + (1 + &) M/Kvim
I+a

(24)

For a complete determination of the rate con-
stants two additional pieces of experimental evidence
are necessary: (a) a determination of the relative con-
centrations of E,P and E;P at steady state, when the
phosphorylation is performed at zero K'-concentra-
tions, such as the experiments reported in paper II at
1°C; and (b) determination of the K'-dependent
dephosphorylation, i.e. of kg4, at 37°C, such as has
been described (at 21°C) by Mardh [4]. That these
will suffice is seen as follows:

At steady state, with no potassium, we have

d_[%iﬂj =ke[E(P]s — (k3 +k_¢)[E;P];=0 28

S R (29)

From a determination in this way of «, we calculate
Bo (and hence k,, since k, is known, see below)
using Eqns. 27 and 11. We then obtain, using Dk
(Eqn. 14) a relation between k; and k_, (k5 is con-
sidered known, see below). If k, is determined experi-
mentally, then k_, may be calculated.

ad B: Consider the general sequence of states

C Ca
=Y, = Yo Y3+ (1)
Cy Coy

where the interconversions are governed by the first-
order rate constants C;. If we ‘compress’ this scheme
into
i
=Y, = Y'= (S2)
c

then the resulting rate constant C%;, to be used when
calculating the one-way rate C2; - [Y*], must be less
than C_; because the concentration [Y*] > [Y,] *.

In our case, when studying the kinetics of the
(Na* +K')-enzyme we ‘compress’ the complete
model, Fig. 2, into the simple scheme shown in Fig.
1, i.e. the entire set of ‘Na’-cycle intermediates’ are
represented as the single species E (= E;K). This
means that when using the simple scheme (and Table
I) to calculate k4 (and hence « ), the values obtained
will be smaller (by the same factor) than the actual
values k, and k _; that should be used in the complete
model, Fig. 2 **,

* In particular, if Y, is a transient, i.e. its steady-state con-
centration is very small, we have C_, << C_; + (;, and the
rate constant C*; in this case is [5]:

C-1Cog
Cq1+0

Cfl = < C—l .

** This argument applies to the rate constants x'l and x'_l
as well. We have not, in the results, made corrections in these
constants, since all computations are performed at [Mg2*] =
15 mM, and in that case the flux in the step EoK— E,KA
is negligible compared to the total reaction flux (see paper
I). Hence the computations described are insensitive to
changes in these rate constants.



We shall use a simple computational procedure to
remedy this situation:

(i) Based on an additional assumption (‘the activa-
tion energy assumption’) and using the procedures
described above we first obtain a complete set of rate
constants in Fig. 2. Of these, the values, k? and k2,
for k, and k_;, are to be considered first approxima-
tions.

(ii) The complete set of nine independent differen-
tial equations for the model in Fig. 2 are solved
(together with the mass conservation equation) for
the case of steady state, and the steady-state concen-
trations of enzyme intermediates are used to obtain
the rate of hydrolysis.

(iii) The rate, v, is computed for values of M, K,
and a series of values of MA appropriate for the
(Na" +K")-enzyme. (e.g. M=15mM, K =20mM,
1 mM <MA <10 mM).

(iv) The results are plotted (1/v vs. 1/MA). For the
reasons discussed above, Ky 5, and hence the slope
(proportional to Kpya/Vma) of the double reciprocal
plot (see Table I), will be larger than the experimental
value.

(v) The computations (ii) and (iii) are repeated
with new values k; =f-k9 and k_, =f- k% (Ff> 1),
and the slope of the double reciprocal plot is ob-
tained as a function of f,

(vi) That value of f is chosen (and hence the values
of k; and k_, for the complete model (Fig. 2)) which
corresponds to the slope value obtained experimen-
tally.

Numerical evaluation

Enzyme concentration

To obtain values of the rate constants, a knowl-
edge of the total concentration of enzyme is neces-
sary. Measurements of the specific enzyme activity,
and assuming one ATP-site per enzyme unit, yields
for preparations with 1 mg protein/ml

Eo=33-107M (30)

For use in the present work (where the enzyme prep-
aration contained 2 mg/ml) we then have
yYa = 282 min~! (Na™-enzyme) 3D

VK =7880 min™! ((Na' + K")-enzyme) 32)
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TABLE II

VALUES OF KINETIC CONSTANTS DETERMINED IN
PAPER I [1]

K1 =85 uM.
(Na* + KH-enzyme Na*enzyme

VMmaA (uM - min-1) 5208 186

Kma (M) 224 0.69

Ky (M) 28 11

Kip (M) 39 53

Kijp (uM) 202 0.76

Ka (M) 145 0.16

Kiam (M) 66 000 38 000

Kom (M) 74003

3 The value given for this contant is the average of that deter-
mined in paper I [1] and, from different experiments, in
paper I [3].

where the values of Vs determined earlier and
presented in Table II have been used.

From the expressions for k7 and k", (Table I) we
note that these are completely determined by the
steady state kinetic parameters. We thus have

k1=18-10°M™! - min™! (33)
k', = 1340 min™! (34)

for the Na'-enzyme, and

K, =54-10"M™ - min! (35)
k' =1.1-10* min™! (36)
for the (Na* + K*)-enzyme.

We now turn to a consideration of the ratio r
(denoted by p when referring to the (Na®+K")-
enzyme). From TableI, since we must have ki,
k3 > 0, r must satisfy the conditions
r <KMA/KiA =0.908 (37)

and

r<Ku/Ky=0.129 (38)
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TABLE ilI

UPPER AND LOWER LIMITS FOR RATE CONSTANTS IN Fig. 1

Rate constant (Na* + K*)-enzyme 2 Na*-enzyme Na‘-enzyme (symmetry assumption)
(units)

r 0-0.326 0-0.129 0.118-0.129
k5 (min1) (=-2.4) - 104 (=-2.2) - 103 (2.4-2.2)-103
ky(M™! - min™!) (3.5-5.6) - 107 (4.1-4.8) - 108 (4.7-4.8) - 108
k. (min-1) (7.1-10) - 103 (3.1-3.6) - 102 3.6 - 102
k3(min1) (7.9-12) - 103 (2.8-3.3) - 102 (3.2-3.3) - 102
ki(M™1 . min71) 54-107 1.8 - 109 1.8 - 109

k. (min~1) 1.1-104 1.3-103 1.3-103
kM1 - min-1) (2.8—8300) - 108 (2.6-810) - 107 (2.8-81)- 108
k., (min~1) (2.4-7100) - 104 (2.2-680) - 103 (2.4-68) - 104

a These values are obtained using the ‘compressed’ model, Fig. 1, also for the (Na* + K*)-enzyme, see text.

whence the allowable range for 7 is
0<r=<0.129 39)

The corresponding conditions for the (Na'+K")-
enzyme are

p < 1.109 (fulfilled by definition) (40)
and

p <0.329 (41)
and hence

0<p<0.329 42)

is the allowable variation.

Recalling that 1 — p is the relative concentration
of the intermediate Ex under optimal conditions, i.e.
saturating substrate concentration and M ~ 0, we
have

Eﬁbﬂ:l—p>05n (43)
Eo

Though, as mentioned in paper I, the intermediate Ex
is not necessary for the qualitative interpretation of
the steady state kinetic experiments, the values ob-
tained for the kinetic parameters, resulting in the con-
ditions presented in Eqns. 41 and 42, necessitates its
inclusion in the model.

It is interesting that with the conditions for r,
Eqn. 39 and p, Eqn. 42, rather narrow ranges for
several of the remaining rate constants may be ob-
tained. Thus, as seen in Table III *, first and second
column, respectively, k,, k_;, and k3 are determined
within a factor less than 1.6, and k,, k_,, and k3
within a factor less than 1.2. As expected (see Table
D), for k, and k, only lower bounds are determined,
and the possible ranges for k3 and k_,, as well as for
k3 and k_,, are rather large.

On the other hand, the fact that the ranges for k,
and Kk, are only partially overlapping suggests a pos-
sibility for a closer determination of r: if we assume
that the enzyme-ATP complexes E,KA and E;A in
Fig.2 for the (Na'+K%)-enzyme and the Na*-
enzyme, respectively, behave ‘symmetrically’ towards
Mg?*, i.e. that the rate constants for Mg?"-addition
and k3 should be equal, it follows that the lower
bound for k3 is 2.8 - 108 M™! - min™! and the upper
bound for k5 is 8.1:10°M™ -min~!, Using the
expressions (Table I) for these rate constants we then
obtain

0.118<r<0.129 44)

* It should be noted that the values in Table III for x; and
k_y are the ‘apparent’ values for these rate constants, i.e.
they are the values obtained when the complete mechanism,
Fig. 2, is ‘compressed’ into the simpler scheme in Fig. 1 to
represent the kinetic data for the (Na* + K*-enzyme.



0<p<0318 (45)

While the range of possible values for p is practically
unchanged, that for r is considerably narrowed,
resulting in the rate constants for the Na'-enzyme
presented in the third column of Table III.

The range for the r variation, Eqn. 44, is actually
sufficiently narrow to estimate r to within less than
10%. As seen from Eqns. 20 and 24, the quantities
a, b, and C, to be used in the data evaluation below,
are not very sensitive to the precise value of r. Cer-
tainly a variation of less than 10% is of no conse-
quence, since the experimental error in the deter-
mination of @ and b will be of about this magnitude.
Hence we can, using a value of r within the range
given in Eqgn. 44, obtain good estimates of the rate
constants K4, k_4, ks, k-5, and k¢ (see below).

Clearly a precise value of r implies a precise value
of k3, and, when the ‘symmetry assumption’ dis-
cussed above is imposed. a specific value of k5 and
hence of p is obtained. This in turn leads to precise
values of all the rate constants for the (Na"+K")-
enzyme.

An intuitively attractive choice of k3 (and k3) is
obtained as a special case of the ‘symmetry assump-
tion’, namely if we assume that the rate constant
governing the addition to ATP of Mg®" is indepen-
dent of whether or not ATP is bound to an enzyme
unit. This seems a reasonable assumption to make
since it is known [6], for several cases in which
MgATP or MgADP are substrates, that the enzyme-
substrate complex is a ‘substrate-bridge’ complex, i.e.
the nucleotide forms a bridge between the enzyme
and the metal. Hence, if the addition of the enzyme
to the ATP ion results in only small changes in that
part of the nucleotide to which Mg?" adds, the above
assumption is obtained. In terms of the transition
state theory, this assumption is concerned with equal-
ity of activation energies. Consequently, we shall
refer to this assumption as the ‘activation energy
assumption’.

The rate constant k for the process

Mg?* + ATP™ 5> MgATP ™ (S3)
has been measured directly at 26°C by Diebler et al.

[7]. The value obtained was k=1.2-10"M™ -5s71 =
7.2 -10¥M™! - min™!. The activation energy for the
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process is not available, nor is a value at 37°C. We
shall assume that

k(37°)=4 X k(26°)=2.8-10°M™! -min!  (46)

The value Q;0 =4 is of course somewhat arbitrary,
but calculation shows that, apart from the rate con-
stants directly involved (k4 and k), the constants ob-
tained with Q¢ = 2 are changed only a few percent.
With Eqn. 46 the values obtained for r and p are

r=0.128 47
p=0.296 (48)

These values have been used in the analysis to follow.

In the previous section (Theoretical background)
we indicated a possible route for the determination,
on the basis of kinetic experiments on K" inhibition
of the Na'-enzyme, of the remaining rate constants in
the Na'-cycle. Knowledge of these is necessary prior
to a determination of the actual (rather than appar-

005

1 {nanomol-mi mir!)!

0.04

003

Q02

Qo1
[Mgfg,) = 12 mM

(UM MgATP)!

1 [l 1 1.

1 2 3 4
Fig. 3. K* inhibition of the Na'-enzyme. Double-reciprocal
plot. [Na'] = 150 mM; [Mg%:'ee] =12 mM. 30 mM histidine
buffer, pH = 7.4, 37°C. [K']: 0 mM (X); 5 mM (¢); 10 mM
(2); 20 mM (0); 30 mM (+).
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ordinate intercept
(nanomol-m~ min )
15 %1073}
10x1073}
5x 1073
, MMK*

1 i
10 20 30
Fig. 4.- Ordinate intercepts, /(K,M), from lines as in Fig. 3,

vs. {K'] at constant [Mg?*'] =12 mM. The curve is drawn
through the experimental points as an ‘aid to the eye’.

ent) values of k, and k_,, in the K-cycle of Fig. 2,
as also described in that section.

Experiments at constant [Mg?*]=12mM and
various K* concentrations are presented in double
reciprocal plots in Fig. 3. In Fig. 4, a secondary plot
of the ordinate intercepts I(K,M) vs. [K"] is shown.
As mentioned above, the slope vs. [K"] variation was
used in paper III to determine K§ and Kopm. Note
that, in accordance with Eqn.9, I(K,M) rises and
approaches a limiting value as K is increased to about
25 mM. Similar experiments, not shown, were per-
formed, each at seven different values of K,at M =6
mM (two runs), M=9mM (two runs), M=15mM
(three runs).

As indicated in the previous section, the analysis
of these experiments proceeds in two stages: (i) a
consideration of I°(M) (Fig.4b) (i.e. the limiting
value of I(K,M) at K =25 mM), vs. M to obtain «,
B, and if necessary, fo; and (ii) a determination of
Dy (see Eqns. 23-25) from I(K,M) at low (<20 mM)
values of K and at fixed M.

The quantity (M) determined from the experi-
ments at K =25 mM is plotted vs. M in Fig. 5. A
weighted linear regression analysis yields

K =a+b-M with

Mg2*] (mM)
| ] | 1

il L
3 5 7 9 1 13 15

A

Fig. 5. The ({_reduced) intercept I%(M) at large (25 mM)
[K*] vs. [Mg%ree]. The line is the least squares regression line:
I% = 1.54 + 0.109 [Mg2*].

a=154%0.19 (49)
b=0.109 0014 (50)

where the standard deviations are indicated. We con-
sider first the simplest case, obtained when E,KP
is suppressed. The quantities a (=kg/k;) and 8
(= k,/ks) may then be calculated, using Eqns. 2122,
We obtain

a=0.09=ks=0ak; =0.09 -324=292min"? (51)
B=57=ks=ky/f=2210%/57=38.6 min! (52)
and hence (see Eqns. 8 and 16)

ks =ks/Kg=7 -10*M™ - min™ (53)

For the next stage the data treatment proceeds as
follows: From the data at a fixed value of M, the
reduced intercept /g (K,M) is calculated for each value
of K. Using the values obtained for & and 8 above, the
quantities C and B are computed using Eqns. 24 and
25, and the quantity Z (Eqn. 26) is calculated. This
calculation is performed for each value of M. For
each value of K the average Z is obtained by simple



TABLE IV
EXPERIMENTAL VALUES USED FOR DETERMINATION OF Dk (SEE TEXT)
Ir = Reduced ordinate intercept. Averages are indicated by bars. ZE(IR - B)/(C - Ip).
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[K*] [Mg?*]=6mM [Mg2*] = 9 mM [Mg?] =12 mM [Mg2*] = 15 mM zZ
(mM) C=2.19,B=1.16 C=252,B=1.24 C=2.85,B=1.32 C=3.18,B=1.40
Ir Ir Z Iy I V4 IR Tr zZ Ip Ir zZ
0 114 1.29 1.32 1.37
1.16 0 123 -0.008 1.37 0.03 155 151 007 0.2
1.18 1.17 1.42 1.60
5 186 1.94 2.32 2.02
1.80 1.64 1.93 1.17 2.30 1.78 257 236 117 144
1.73 191 2.28 2.48
10 2.06 2.25 2.68 2.27
1.92 281 2.10 2.05 268 8.0 294 261 212 375
1.77 1.93 2.67 261
15 198 227 2.64 225
190 255 2.23 341 272 108 289 270 270 487
1.82 2.19 2.80 2.96
20 221 2.56 254 2.43
2.10 1044 2.33 5.75 2.68 8.0 303 276 283 675
1.99 2.09 2.82 2.81

algebraic averaging of the individual Z values. These
calculations are shown in Table IV, In Fig. 6 is shown
a plot of Z vs. K. Linear regression yields

Z=0.02+0.34K (54)
whence

D% =294-102M (55)
Using Eqn. 15 we thus obtain
kq=ks/Dk=1.1-10°M7" - min™! (56)

This completes the calculation of rate constants,
assuming the essential absence of E,KP at steady
state.

However, we note the very low value of a. At 1°C
(recalling that & may be determined as the ratio of
the steady state concentrations of E,P and E,P with
no K' added (see Eqn.29) a~1.5 (see paper II),
and estimates on the basis of Mardh’s data [4] yields
a~2.5 at 21°C. In addition, estimates by Mardh

[4] based on K'-dependent dephosphorylation of the
phosphorylated enzyme indicate that

k4 - [K'] > 14000 min~!

z
10

[K*] (mM)
& 1 1 1 ]
5 10 15 20
Fig. 6. The average, Z, of the quantity Z = Ur - B)(C-1IR)
from Table IV vs. [K"]. The vertical lines indicate the stan-
dard deviations, which are (expectedly) rather large because
Z is a ratio of differences between quantities of the same
order of magnitude. The large standard deviations of Z are

not representative of the experimental error in determining
IR, which, as seen from Table IV, is rather small.
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and, since [K*] was 0.01 M,
k4(21°)>1.4-10°M™! - min™! (57)

Thus the value obtained above is too small at least by
a factor of 185.

These considerations lead us to propose the exis-
tence at steady state of the intermediate E,KP at
non-zero concentration. To account for the rapid
dephosphorylation in the presence of K observed by
Mardh [4], we must then assume that E,KP is acid
labile and is therefore not detected in phosphoryla-
tion experiments such as those, in which the amount
of phosphorylated enzyme is measured by acid pre-
cipitation.

In this case we have three unknowns, a,8, 8, but
only two equations, Eqns. 27 and 22. With Eqn. 27
we can establish an upper bound for 8, and hence a
lower bound for k,. Since @ >0 we have, with the
values for a, b, derived from the data above, that the
numerator is positive and hence

r(1+Bo) <a— (b~ (1/Kypm))Kom = 0.92 (58)
which leads to
Bo <6 =k;>367 min~ (59)

We can now make use of the fact that Eqn. 27
contains only @ and f,. Lacking evidence regarding
the value of « at 37°C we can, as an example, assume
that it is close to the estimate at 21°C, a ~2.5 [4].
Solving for 8 and 8, we then obtain

Bo=592=k;=372 min~} (60)
B=6.59 = ks =334 min™? (61)
which in turn leads to

k_s=5060M7! min~! (62)
With these values of a, §, and §, we must now repeat
the evaluation of Dk from the data, since C (Eqn.
24') contains these quantities. It turns out that C is
practically unchanged by this procedure, so the same

value of Dy is obtained.
We now consider Egn. 14, using the value of Dy

just determined. Since k, and k5 are known, this
results in a relation between k4 and k_,

k
k_4=_7"DK'k4“k7 (63)
k3

=3.4-107 k4 —372
The condition k_, > 0 then yields
ks >1.1-10°M™ - min™! (64)

ie. the value obtained with a model lacking signifi-
cant steady state amounts of E,KP, Eqn. 56, is just
the lowest possible value in the present model, which
is thus capable of explaining a rapid K*-dependent
dephosphorylation.

In view of the lack of experimental determination
of k, at 37°C we are forced to assume a value and
then calculate k_, from Eqn. 63. It turns out that the
steady-state properties of the model are independent
of the choice of k,, provided it is large enough and
satisfies Eqn. 63,

The only remaining rate constant in the Na'-cycle
of Fig. 2 is k_g, which, as discussed above, has been
assumed small. Here we use the estimate at 1°C

(paper IT)
k¢ ~ks-0.05 (65)

The results of the above calculations are presented in
Table V.

With a knowledge of all the Na'-cycle rate con-
stants we can now obtain precise values of k; and
K.y using the iterative procedure described in the
previous section. The value of the experimental slope
in a double reciprocal plot may be calculated using
Table II since (see paper I) for the (Na* + K*)-enzyme
(at M = 15 mM used in the computations)

slope = ViiaKua(l + M/Konm) (66)
The results are shown in Fig. 7, where the slope, com-

puted as described (see Theoretical background), is
plotted against the factor f

K1 =fKj

Ky =fK2



slope x 10%
{mM min)

2+

1+

\exptl. value

[}
i resulting
I‘correction’
 factor

1 1 I’/ S . f

1 2 25 3

Fig. 7. The slope of double-reciprocal plots of computed
(Na* + KY-enzyme activities vs. substrate (MgATP) concen-
tration, as a function of the ‘correction’ factor f (see text).

TABLE V

RATE CONSTANTS OBTAINED BY THE PROCEDURES
DESCRIBED IN THIS ARTICLE

Temperature 37°C. [Na*] = 150 mM.

r=0.128;p=0.296;a=252

ya  28.102 min-1 vK  79.10% min!

k2 22103 min-1 b K2 2.7 - 104 min!

k1 48 -108 M1 . min-1 K1 1.2 -108 M - min-!
koy 3.6 - 102 min™? Koy 2.4 -10% min1

k3 3.2 - 102 min-! K3 1.1 - 10% min-!

ki 1.8 -109 M1 - min™1 K1 54 -107M™! -min!
k.,  1.3-103 min™ x4 1.1 -10% min™

I 28-109M1 -min1 ¢ kb 2.8-109 M1 .min1 ¢
kK., 2.4 -105 min™ k2 24105 min

ka4 1 -107M! -min?d N

k4  3.4-10% mint KMy 49-103Mm

ks 3.3 -102 min™t KSu 20-102M

ks 5.1:103M7! -min!

ks 8.1 - 102 min~!

ks 4.1.101 min™!

kq 3.7 - 102 min™?

a Value estimated on the basis of experiments at 21°C [4].

b The reported experimental value at 21°C, and at [Na*] =
120 mM, is 900013 000 min-! [9].

€ Based on the ‘activation energy assumption’ (see text) and
the reported rate constant at 26°C for M + ATP - MATP
[7].

d Assumed value, consistent with experiments [4].
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where k§ and k°, are the values obtained from the
‘compressed’ scheme in Fig. 1. The experimental
slope value is obtained for f=2.5, and the actual
values of k; and k., for Fig. 2 may now be calcu-
lated. The results are shown in Table V.

Finally, the influence on f of the particular choices
of o and %k, must be examined. For ¢ varying from
1.5 (the vatue found at 1°C, see paper II) to 3.5 the
value of C, Eqn. 24', is unchanged. Hence Dy is the
same in all cases. For each value of & (and the corre-
sponding values of B and B, Eqns. 27 and 22), the
above calculation may be performed (at fixed k,).
The results show that f is independent of the choice
of a. Likewise, for a particular value of a, k; and
hence k_, has been varied over a 32-fold range, with
no change in the value of f. The observed steady-
state properties are thus independent of the partic-
ular values of the rate constants kg, k4, k4, and k_,,
provided, of course, that the values are consistent
with the equations derived for the model. With these
reservations concerning the particular values of the
rate constants kg, k4, k4, kK4, the results presented in
Table V represent the quantitative aspects at 37°C
of the model in Fig. 2.

Discussion

The crucial first step in the evaluation of the rate
constants in terms of the complete model is a deter-
mination of the ratios r and p. Although upper
bounds for both quantities are suggested from the
values of the kinetic parameters (Table II), it was
necessary, in order to obtain precise values, to make
the ‘symmetry assumption’ (which essentially deter-
mines r) and, as a special case, the activation energy
assumption. This appears to us very reasonable, but
it lacks experimental support.

The value obtained for r =~ 0.13 means that under
optimal conditions, i.e. saturating substrate concen-
tration, [Mg?*] ~ 0 and no K*, the relative concen-
tration (at steady state) of phosphorylated enzyme is

[-E%Pi =0.87 67)

[}

It is interesting to note that when estimating the
enzyme activity using phosphorylation sites (i.e.
measuring the amount of (E,P + E,P)), the value ob-
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tained is 80—85% of the activity obtained by mea-
suring ATP binding (i.e. measuring the maximum ob-
tainable E;A concentration) (Klodos, I., personal
communication).

Allowing for differences in the media and the
temperature, our calculated value, Eqn. 67, seems in
good agreement with this result. It therefore tends to
support the assumption on which our calculation is
based.

The values of r and p also allow a calculation of
the intrinsic Mg?*-inhibition constants Ky. The
values are included in Table V. We note that they
differ for the two enzyme forms by a factor of 4. The
intrinsic constant K\, ~ 5 mM indicates that when
phosphorylation is studied without K" in the medi-
um, Mg?" has an appreciable effect while in hydrol-
ysis experiments only the ‘operational’ constant
Kym ~ 38 mM is “felt’.

The value of p ~ 0.30 was shown above to indicate
that significant amounts of the intermediate Ex
would be present at steady state for the (Na* + K*)-
enzyme. However, the nature of this intermediate is
not specified. It is tempting to suppose that it is a
phosphorylated enzyme intermediate, and is identical
to E,KP. That this cannot be the case is seen as
follows: if Ex = E,KP, then the rate constant k; =
k3, where the latter is determined from the kinetic
parameters as described above. Instead of Eqn. 63
we now have

K
kg =;€3-DK-k4—;<3
3

=0.098k, — 1.1 -10* (63)

This again leads to k4 > 1.1 - 10%, which is qualita-
tively satisfactory. However, if k, is large and we
know that at least the inequality given in Eqn. 57
must hold, say k, ~ 107 M™! - min™!, we obtain from
Eqn. 63’

k_4 ~0.1 - k4 = 106 min'l

With K* = 10 mM the pseudo-first order rate constant
governing the transition E,P—>E,KP is k, - 0.01 =
10° min™! while that for the reverse process is 10-
times larger. As a result, even at large (i.e. millimolar)
ATP concentrations, the concentration of E,P at
steady state would not be decreased relative to the

situation at [K'] =0, and hence the Na'-cycle flux
would predominate. In other words, we would not,
even at [K'] = 10 mM and large substrate concentra-
tions, observe an activity of a sufficient magnitude to
be a (Na" + K*)-enzyme activity. This qualitative ob-
servation has been corroborated by computations of
the steady state rate under these conditions (results
not shown). We conclude that E,KP is different from
Ex, whose nature cannot be determined on this basis.
We expect that a detailed kinetic analysis of the inhi-
bition of the (Na* + K*)-enzyme by P; and ADP may
throw some light on this question.

We mentioned above that in order for our model
to explain the apparently rapid dephosphorylation of
the phosphorylated enzyme observed by Mardh [4]
it is necessary to postulate that E,KP is unstable in
the presence of strong acid and therefore is not
precipitated. This means that the observed process is
not necessarily a dephosphorylation but may just
represent a depletion of the acid stable phosphoryl-
ated species when K is added to the medium.

It is worth while reconsidering the property of
two distinct hydrolysis cycles in our model in the
light of the results reported here. Is it for instance
conceivable, as has been implied in the model of Kar-
lish et al. [8], that the enzyme-substrate complex
E,KMA must be converted to E;MA prior to hydrol-
ysis? This would imply that the step E;MA—>E,P
would be common to the two activities. Clearly the
largest possible flux in this step would be obtained if,
at steady state, essentially all the enzyme was present
in the form E{MA. Then

Max. flux =k, - Eo = 1500 uM - min~! (68)

However, the maximum measured flux for the (Na* +
K"-enzyme is

Vhia = 5200 uM - min™" (see Table 1) (69)

which would be obtained at saturating (i.e. milli-
molar) substrate concentrations. Thus the maximum
obtainable flux is too low by a factor 3.5. Further-
more, we saw above that under saturating substrate
conditions, since p ~ 0.3, about 70% of the enzyme
is in the form Ex (which in the case under consider-
ation would correspond to (E{P + E,P)), making the
flux in the step E;MA — E,P even lower. This argu-



ment lends further support to the supposition that
the ‘Na‘-cycle’ and the ‘K'-cycle’ are completely
distinct, with very different kinetic properties, and
that the two cycles are connected by processes involv-
ing the addition of K* to the enzyme.

The second-order rate constants in Table V are all
in the same range (107—10%), somewhat smaller than
would be expected if the processes were only diffu-
sion controlled. Excepted from this is k.5, governing
the transition E; - E;K. The probable reason for this
is that this transition actually consists of two steps

ka K Ky
E, — E;K = E,K (S4)
K_g k_p

If we assume that the first step is at equilibrium (i.e.
ka, k_a >> ky, k_p) we obtain, for the apparent rate
constants ks and k_g in the simple one-step process
used in Fig. 2
kaky

kS _k——b H k—S - m (70)
This possibility has been discussed also by Karlish et
al. [8). Thus the apparent second-order rate constant
k_s may have a small value, even though the actual
second-order constant k, is large, if ky, the rate con-
stant governing the conformational change, is small.
At sufficiently small K'-concentrations (k, K <<
k_a) the psuedo-first order rate constant k_; K is
proportional to K, as found by Karlish et al. [8] for
K <15 mM. The alternative two-step scheme

E,=E,=EK (S5)

is less attractive a priori even though the resulting
pseudo-first order rate constant is strictly proportional
to [K'], because the assumption of rapid equilibrium
in the first step of (S85) implies that the rate constants
governing the conformational change are large com-
pared to those of the second step.

From the values obtained for k; and k; we note
that the probability of adding MgATP is only four
times larger for the (empty) Na'-enzyme E, than for
the (Na* + K")-enzyme E,K, whereas the probability
that E,KMA loses MgATP (to become E,K) is about
100-fold larger than the corresponding probability for
EMA (k_; ~100%_,). This is the feature mainly
responsible for the rather large difference between
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the Michaelis constants (Kpa, see TableI) for the
two forms of enzyme determined in paperl and
shown here in Table II.

The two rate constants most sensitive to assump-
tions in the model are &, and &, since they depend on
r and p in an inverse manner (see Table I). With no
assumptions (leading to estimates of the latter quan-
tities) only lower bounds for k, and k, can be ob-
tained, cf, Table III. An experimental estimate of k,
has been reported by Mardh and Zetterqvist [9]. The
average value obtained was about 11000 min™! at
21°C. This is at variance with our value of 2200
min™! at 37°C. These experiments therefore tend to
indicate that the assumption (the ‘activation energy
assumption’) on which our value is based may not be
valid, On the other hand, if a value of k, at 37°C
could be obtained, it could be used to determine r,
using the expression in Table I for k,, making such
assumptions unnecessary. We note that a large value
of k, (resulting in a small value of 7), would not
affect the argument above (Eqns. 68 and 69), since
in that case almost all the enzyme at steady state
(and at saturating ATP concentrations) would be
present as the phosphorylated species, and the steady
state flux in the step E;MA — E;P would still be too
small to account for the activity with K™ present in
the medium,

The rate constant k4 in Table V has somewhat
arbitrarily been set to 10’ M™! - min~!. As discussed
above the steady state properties are independent of
the particular value chosen. A direct experimental
determination is required. It appears that the time
resolution of existing methods is insufficient to fol-
low the details of the kinetics of depletion of the
phosphorylated (acid stable) enzyme at 37°C. For the
same reason the quantity «, yielding the rate con-
stant k¢ in Table V, has been arbitrarily set to 2.5,
the value estimated at 21°C from the reported mea-
surements of Mardh [4].

The rate constants k3 = 324 min™" and k¢ = 810
min~!, governing the dephosphorylation (to E;) of
the phosphoenzymes E,P and E,P and their inter-
conversion, respectively, can be directly compared to
other estimates. At 1°C it was found (paper II) that
k3=0.13s"'=7.8min™! and k¢ (=k, of paper II,
Table IIT) = 0.21 s = 12.6 min™*. Our value of k _¢
is obtained by assuming that the ratio k¢/k_¢ ~ 20,
at 37°C is identical to the value at 1°C. At 21°C,
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Mardh [4] obtained k3~ 180—240 min~’, so the
trend and order of magnitude of our value of k5 is
consistent with more direct experimental determina-
tions.

In kinetic experiments with the (Na* + K*)-enzyme
at small (< 5 mM) K" concentrations we have noted a
decrease (with increasing K*) of the intercept (i.e. the
reciprocal apparent maximal velocity) of the primary
double reciprocal plot of the data to a limiting value.
Similarly, a slight apparently linear increase * of the
slope with increasing K* is seen. These effects are not
accounted for by the model in Fig. 2.

One possible explanation of these features is that
E;K and E,KMA may add an exira potassium ion,
and that the resulting adduct also has hydrolytic
activity. This is seen as follows:

Consider the general scheme (S6)

E— ESS Products
AN (S6)
EK — EKS - Products

Assuming for simplicity equilibrium except in the
product forming steps, the slope and intercept in a
double reciprocal plot for this mechanism is

g=Km 1TK/K, (70)
kEy 1 +vK/K,
+
I= 1 _I,_K_/Kz_ (71)
kE, 1+vK/K,
y=Kk'/k (72)

where K, and E, are Michaelis constant and total
enzyme concentration, respectively. From Eqns. 70

* This fact would seem to interfere with the determination of
k3 and k_y as described in the previous section. However,
for that computation we have used K = 20 mM because that
was the K'-concentration employed in the previous deter-
mination, in paper I, of the kinetic constants Ky o and Vyga.

and 71 it is seen that the intercept J decreases and the
slope S increases with increasing X if

K,
1<y< =2 73
7<K (73)

1

This question requires further investigation.

We emphasize that all the results reported here,
including the values of the rate constants, have been
obtained at constant Na’ concentration (150 mM).
Nothing can be said, therefore, about the precise
influence of Na* on the kinetics of ATPase. In partic-
ular, since the model in Fig. 2 is used here exclusively
to account quantitatively for kinetic experiments in
vitro and is not a transport model, we do not, at this
stage, associate any ‘sidedness’ (with regard to ion
transport) with the various intermediates in the
model. Work aiming at elucidating this, as well as the
above mentioned problem, is presently in progress.
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