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The transport of Na+ out of the cell and K+ into the
cell is a fundamental energy-requiring cellular process to
perform physiological functions such as absorption in kidney
and intestine, excitability in nerve and muscle, and the
maintenance of cell volume (1,2). The hydrolysis of ATP
provides the energy for the transport of cations (1,2).

Shou (3) first discovered in the microsomal fraction of
nerve a Mng—requiring adenosinetriphosphatase which was
markedly activated by simaltaneous presence of Na+ and K+.
Since then numerous lines of evidence (4-9) have supported
that this membrane-bound enzyme system, Na+—K+—dependent
ATPase [EC 3.6.1.3.], is involved in the active transport of
Na© and k' in opposite directions across the plasma membrane.

Using x=32P—1abe1ed ATP, several workers’(lg—lg) showed
that Na+—K+-dependent ATPase is phosphorylated in the presence of
ng+~and Na**by the transfeér of the ¥-te¥minal phosphate group of
ATP to the enzyme, and the phosphorylated enzyme is hydrolyzed
when K*'is added. Much evidence (2,10-23) has been accmulated
to show that the phosphorylated enzyme is a reaction inter-
mediate of Na+—K+—dependent ATPase from the steady-state
kinetics.

However, several important points remain to be clarified
to understand in molecular terms how Na+—K+-dependent ATPase
works for the active transport of cations. Fahn, Albers,
and their colleagues (20,21) proposed the following reaction

mechanism, based on studies on the ATP-ADP exchange reaction



catalyzed by the ATPase preparation:

E + ATP = E*ATP =—E~P + ADP—> E

1 2
where E,~P is a high energy phosphorylated intermediate which

-P + ADP —E + Pi + ADP,

can react with added ADP to form ATP, and E,-P is a low energy
phosphorylated intermediate which does not react with added
ADP and which is hydrolyzed in the presence of K'. They
considered that almost all the phosphorylated intermediate is
in the form of E,-P in the presence of high concentrations of

Mg2+, while both E

iVP and Ez—P coexist in the presence of
low concentrations of Mgz+, especially when NEM-treated
enzyme is used. This reaction mechanism was supported by
the subsequent kinetic studies of Post EE al. (22), Post
et al. also suggested that phosphate is bound to the same
site on the enzyme in the two phosphorylated intermediates,
and considered that EvP undergoes an irreversible, Mng—
dependent conformational transition to E,-P. We will
refer to this reaction mechanism as the F.A.P. mechanism.
On the other hand, Kanazawa, Saito, and Tonomura (gi,
25) investigated the partial reactions, i.e., the formation
and decomposition of the phosphorylated intermediate,band
compared their kinetic properties with those of the overall
reaction in the presence of a high concentration of Mg2+

(i.e. I'mM), From the results, they proposed the following

reaction mechanism:

-ADP

2oATP——\ E~] —> E + P; + ADP,

E + ATP-‘___..-—\E *»ATP — E — B,
3

1
step 1 2

4



where the phosphorylated intermediate is a high energy form,
and is in K+—dependent equilibrium with E,* ATP, From the
results obtained by Post et al. (22), it appears that only an

ADP-insensitive phosphorylated intermediate exists in the

presence of I.mM Mg2+. Therefore, the phosphorylated inter-

mediate in the above mechanism is a high energy type with

l'ADP
~p ’

in the paper of Kanazawa et al. (24) . Thus the following

bound ADP, E although the state of ADP is not specified
mechanism may be proposed for Na+-K+—dependent ATPase reaction
under conditions where both the ADP-sensitive and the ADP-
insensitive phosphorylated intermediates are formed:
E + ATP <= E,-ATP &> E,' ATP = ‘QZAM).\:—_L E~P + ADP—>E + P, + ADP,

step ' 1 2 3 3" 4
We will refer to this reaction mechanism as the modified K.S.T,
mechanism.

Criteria to discriminate between the above two mechanisms

can be derived from the following two experiments. One is
the addition of K+ to the EP* formed in the presence of high
concentrations of Mg2+. Based on the F.A.P. mechanism this
will only promote Pi-liberation from EP. .However, according

to the K.S.T. mechanism, rapid ATP-formation will be obserbed

due to a shift of the equilibrium of step 3 toward the

* The abbreviations used are: EP, phosphorylated intermediate;

TCA, trichloroacetic acid; NEM, N-ethylmaleimide; EDTA,

32

ethylenediaminetetraacetic acid; AT "p, F-32P-1abeled ATP.



formation of EZ-ATP, with rapid decay of EP immediately after
the addition of K+, in addition to the promotion of P;-libera-
tion by EP-decomposition. The second experiment is the
addition of ADP to the EP of NEN-treated enzyme in the presence
of low concentrations of Mg2+, resulting in. the rapid decay
of a fraction of the EP, According to the F.A.P. mechanism,
the ADP-sensitive fraction of EP will decrease with time
during the reaction, while accoding to the modified K.S.T.
mechanism it will increase with time to reach a steady-state
level. The first section of the "RESULTS AND DISCUSSION"
describes the results of these two types of experiments,
which strongly sﬁpport the modified K.S.T. mechanism,

It is important to know the effects of Na' and X* on
the elementary steps of Na+—K+-dependent ATPase to understand
the molecular mechanism of active transport of cations.
Although the overall kinetics of Na'-and k*- activation of
the enzyme reaction have been examined by many investigators
(1L,2,23,26733), kinetic analysis of the effects of cations
on the elementary steps has not been studied systematically
because of the difficulty of following of the rapid reaction,
Therefore, wevanalyzed the effects of Na' and XK' on the
elementary steps of the ATPase ¥eaction according to the
modified K.S,T. mechanism in the wide ranges of Na+ and K+
concentrations, Thus, the effects of Na® and K' on the
elementary steps are described in the second section of the

"RESULTS AND DISCUSSION",



The existence of the equilibrium between E,*ATP and

E::SDP (step 3) is one of the characteristic features in the
K.S.T. mechanism, The coupling of the translocation of

cations across the membrane with the step from the enzyme-ATP
complex to the phosphorylated intermediate was demonstrated
(gi,gi,ég) on vesicular sarcoplasmic membrane preparation.
Furthermore, the existence of a similar equilibrium step was
also shown (25,21) in the reaction of myosin-ATPase. In the
case of myosin-ATPase, the second form of myosin-ATP complex,
E,* ATP, is in an equilibrium with the reactive myosin-phosphate-
ADP complex; E%DP. The thermodynamic functions of this
equiliébrium step were recently obtained (31). In view of
the genéral mechanism of the biological energy transducing
processes, it is important to know the properties and the

thermodynamic functions of the step E2 ATP———*E"'ADP in

~p
the reaction of Na'-K —dependent ATPase. Therefore the
thermodynamic parameters of the step 3 in the K.S.T.
mechanism are given in the third section of the "RESULTS

AND DISCUSSION" and they are compared with those of the

myosin-ATPase reaction.

EXPERIMENTAL PROCEDURE

Preparation of Na+-K+—dependent ATPase — Gray matter from

bovin brain was homogenlzed with 10 volumes of 0.32 M
sucrose contalnlngiﬁmM EDTA at pH 7.4 and then centrifuged

at 10,000 x'g for 15=min. The supernatant was then centrifuged



at 20,000 x g for 60 min, The resulting pellet was
resuspended in about 10 volumes of the above sucrose solution
and centrifuged again at 10,000 x g for 15 min, The super-
natant was treated with a high concentration of Nal solution
following the method of Nakao EE éi. (38). The enzyme thus
abtained was washed 4 times with 0.1 M sucrose containing

1. mMEDTA at pH 7.4 to remove NaI, and then once with 0.1 M
sucrose containing I mM Tris-HCl at pH 7.4 to remove traces
of EDTA. All these manipulations were performed at 0°C.
Thé washed enzyme was stored at -20°C in 0.1 M sucrose
containngmM Tris-HC1l at pH 7.4. The ATPase activity was
stable for more than 6 months in frozen suspensions.
Aliquots were slowly thawed and diluted with buffer just

be fore use. After thawing, the enzyme was stable at 0°C
for seVeral'hours in 0.1 M sucrose containgl mM Tris-HCl

at pH 7.4. The concentration of protein was determined by
the method of Lowry et al. (39) with bovine serum albumin

as standérd. |

Preparation of Chemicals — Sodium salt of ATP and ADP were

purchased from Kyowa Hakko Co. and converted to Tris~ATP

by passage through an Amberlite IR—lZO column at pH 7.4 with
Tris-HC1l as solvent. AT32P was prepared by the method of
Glynn and Chappel (40), and used as the Tris-salt. The
specific radioactivity of the preparation obtained was 108

2 cpm/n mole of AT32P. NEM was purchased from Sigma

to 10
Chemical Co. It was dissolved in ethanol at a concentration

of 0.1 M just before use, and diluted with distilled water



to appropriate concentrations. Charcoal was purchased

from Takeda Chemical Co. It was boiled successively for

30 min in 50 and 100 % acetic acid, washed with distilled
water, and boiled again in distilled water for 45 min. The
washing and boiling in distilled water were repeated 3 times,
and then the charcoal was driéd ig Vacuo. It was heated in
a crucible for 2-3 hrs before use. Other reagents were of
reagent grade.

Phosphorylation Reaction — The phosphorylation reaction was
32

started by the addition of AT P to the reaction mixture
containing the enzyme and other reagents under the conditions
given in the "RESULTS AND DISCUSSION". A¥ different times -
after stafting the reaction, it was stopped by addition of

TCA (final concentration of 5 %) containing Pj; (final concent-
ration of 40,uM) and carrier ATP (final concentration of 0.4 -#).
The reaction was followed using the simple mixing apparatus,
which is driven by solenoids, devised by Kanazawa‘gE §l. (24) .
Three ml of ice-cold 4 % perchloric acid containing l.mM carrier
ATP were added to the mixture immediately after stopping the
reaction, and the amount of phosphorylated protein was

determined as described below.

Dephosphorylation Reaction -— After starting the phosphorylation

reéction, it was terminated by addition of EDTA (¥ris-salt,
pH 8.5) or excess unlabeled ATP. At different times after
the addition of EDTA or carrier ATP, the dephosphorylation
reaction was stopped by the addition of TCA containing P; and

carrier ATP. Subsequent prbcédures were similar to those



used for the phosphorylation reaction. The dephosphorylation
reaction was also followed using the simple mixing apparatus.

Determination of Phosphérylated Protein—— After stopping the

reaction, the suspension of denatured enzyme was charged bn

a Millipore filter of 0.8 .u pdre size, and washed twice with

5 ml of 4 % perchloric acid containing 2@mM P; and 1 mM carrier
ATP, and thén 10 times with 5 ml of 4 % perchloric acid
containing 29mM P%{-and finally twice with 5 ml of water.

All the procedures were performed at 5°C. The washed
percipitate on the filtef was heated at 160°C for 2 min in

4 ml of 0.01 N NaOH containing 0.1:#M Pj. In this way
essehtially all the phosphorylated protein was decomposed
liberating 32P§. An aliquot of ﬁhe extract obtained by the

Martin-Doty method (41) was analyzed for radioactivity.

Determination of P; — After stopping the reaction, the

- 32
suspension of denatured enzyme was centrifuged, and Py
in the supernatant was extracted by the method of Martin

and Doty (41l), and its radiocactivity was measured.

Determination of ATP.— After stopping the reaction, the

suspension of denatured enzyme was centrifuged, and 32Pi

i
in the supernatant was extracted by the method of Martin
and Doty (41). The upper phase of isobutanol-benzene

was discarded to remove Pj. This extraction procedure was
repeatéd 4 times, The resulting lower phése was stirred

vigorously with about 10 mg of charcoal in a flush mixer for

5 min, and then filtered through a Millipore filter (pore size
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0.45 1). - The charcoal on the filter was again stirred with

2 ml of NH,OH-ethanol solution (1 % : 50 %) for 2 min in a

4

flush mixer to extract adsorbed nucleotides, and then the
mixture was filtered through a Millipore filter to remove the
charcoal. The radioactivity of a portion of £he filtrate
was measured. Preliminary tests showed that under these
experimental conditions all the radioactivity measured by

the above method was due to AT32P, and that the overall

recovery of AT32§ was about 86 %. This wvalue for recovery

was used in making corrections to obtain the true amout of
AT32P in samples.

Treatment of Enzyme with NEM — An exzyme preparation (0.68 mg/ml

protein) was exposed to I.mM NEM in 0.1 M Tris-HCl, pH 8.4,

at 15°C for 1 hr. Treatment with NEM inhibited Na+-K+-depen—
dent ATPase activity by 80-95 %, but did not inhibit EP-
formation. |

Analysis of Kineti¢ Data-—The kinetic data were analyzed

following Kanazawa et al. (24). The equations employed
in the present study are outlined below. The first order

decay constant of EP-disappearance, kd’ can be estimated

from the exponential disappearance of E32P with time after

addition of excess EDTA or unlabeled ATP to stop E32P—
formatibh. The rate constant of EP—decomPosition at step 4,
kg is given as' the ratio of the rate of ATP-hydrolysis,
Vo' to the BP concentration, [EP], in the steady.-state,

Vb

[EP]

k

+4 = (1) .
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The rate of EP-disappearance after stopping its formation

is given by the equation

ok
- ALER) g epy = o qgp) (2,

at 1 + K3

where L is the reciprocal of the equilibrium constant of

step 3, i.e. the ratio of'the concentration of EzfATP to
that of EP, Hence, K3 is given by
v
Ky = —— -1 (3).
[EP] k

d

If we assume that steps 1 and 3 reach equilibrium rapidly
compared to step 2, the rate of EZ-ATPéformation, Ve, can be

calculated from the obverved rate of EP-formation, Veo, a8

Ve = Ve, (1 + K3) (4) .

RESULTS AND DISCUSSION

Reaction Mechanism of

Na+—K+—dependent ATPase (42,43)

Evidence for a High Energy Phosphorylated Intermediate with

Bound ADP in the Presence of High Mgz+ Concentration

To demonstrate that not all the EP formed in the reaction of

the Na+-K+—dependent ATPase preparation reacted with added

ADP in the presence of high concentrations of Mgz+, the

phosphorylation reaction was started with 10 .uM AT32P in

the presence of 5'mM MgC12, I00mM NaCl and 0.14 mg/ml of
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enzyme at pH 7,5 and 0°C, Then 3,1 mM ADP and 2,7 mM MgCl2
or 50 mM EDTA was added to the reaction mixture 0.2 or 2 sec
after starting the phosphorylation reaction. As shown in
Fig. 1, the time-couse of EP-decay after adding Mg-ADP was

identical with that after adding EDTA both 0.2 and 2 sec after

Figure 1

starting the reaction. '

According to the K.S.T. mechanism, there is a K+—dependent
equilibrium between EszTP and EP; and it rapidly shifts
toward formation of EZ-ATP on adding K+. To see if this was
so, ATP-formation after addition of K+(K+—jump) to EP was
examined by DEAE-Sephadex column chromatography. The
enzyme (3.5 mg/ml) was phosphorylated in the presence of 5 mM
MgCl2 and 100 mM NaCl at pH 8,5 and 15°C using 0.1 uM AT32P
to keep the level of free ATP as low as possible. Under
these conditions, the amount of EP reached a maximum 2 sec
after starting the reaction, and then gradually decreased.
Two sec after starting the reaction, 0.77 mM KCl containing
50 mM EDTA was added, and 0.5 sec later TCA was added. In
the control experiment, TCA was added 2 sec after starting
the reaction. P waé removed from the two samples, using
the method of Martin and Doty (éi). Nucleofides were

absorbed on charcoal, extracted with NH4OH—ethanol solution,
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and then charged on a column, as described in the "EXPERIMENTAL

PROCEDURE",. Figure 2 shows that the amount of ATP increased

Figure 2

after adding xt. Thus, the total amount of ATP after

addition of K' was about 1.7 times that of the control*.

All the radioactivity appeared in the same position as the
absorption of carrier ATP**, Therefore, it was not necessary
to separate ATP by column chromatography and we could follow
the time-course of ATP-formation after addition of k' by direct
measurement of the radioactivity of the sample extracted from
charcoal.

The phosphorylation reaction was performed as for Fig. 2,
except that 150 mM NaCl, 1.63 mg/ml enzyme and 0.05 uM AT32P
were used. As shown in Fig. 3, the amount of ATP formed

9

increased with time, and reached a maximum of 1.2 moles/10° g

protein, 0.6 sec after adding 0.77 mM KC1l and 50 mM EDTA.

* The background count was taken as 16 cpm.
** This nucleotide preparation was usually contaminated with

a small amount of some substance, with absorption at 260 nm.
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On the other hand, the amount of EP first decreased rapidly
after adding KCl and EDTA, and then decreased, following
first-order kinetics. (The amount of EP is plotted as the
ordinate on a logarithmic scale in Fig; 3.) The amount of
EP also decreased, following first-order kinetics after
adding 50 mM EDTA, and the rate constant of the decay in the
absence of K' waé about 70 % of that in the presence of 0.77
mM KT,

The reciprocal of the equilibrium constant of step 3
in the X.S.T. mechanism in the presence of 0.77 mM kt was
calculated to be 0.83-0.93, both from the amount of rapid
decrease of EP after adding KCl and EDTA and from the amount
of ATP formed, when the reciprocal of the equilibrium constant
in the absence of k' was taken as 0.15 according to Kanazawa
EE.EL' (24) . This value for the constant in the presence
of 0.77 mM KCl was almost equal to the value of about 1.0 of
Kanazawa et al. (24) calculated indirectly from the rate
constant of Pi—liberation and the first-order rate constant
of EP-decay in the presence of 0.3 mM KCl.

These results clearly show that EP formed in the

presence of high concentrations of Mg2+ is a high energy

.-+ADP

type with bound ADP, i.e. E'VP .

Evidence for Sequential Formation of Two High Energy Phos-

phorylated Intermediates With and Without Bound ADP ——

In studies on the order of formation of ADP-sensitive and

ADP-insensitive EP, we used the conditions where both types
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of EP coexist in the steady-state, It has been reported by
several workers (20-22,44) that two types of EP coexist in

. . + .
the presence of low concentration of M92 . Figure 4 shows

Figure 4

32

the time-course of E”"P-decay after adding 0.45 mM Mg-ADP,

and that after adding 0.45 mM unlabeled Mg-ATP, in the

32

presence of 5 _uM AT P, 0.156 mg/ml enzyme and 140 mM NaCl

at pH 7.5 and 15°C and in the presence of a low concentration

of Mg2+ of 10 auM, We could observe no acceleration of EP-

decay on addition of ADP even in the presence of 10 uaM Mg2+.
Fahn et al. (21) reported that NEM-treatment accelerates
the ATP-ADP exchange reaction catalyzed by the enzyme;
Accordingly a similar ekperiment was performed using NEM-i:
treated enzyme. NEM-treated enzyme was prepared as described
in the "EXPERIMENTAL PROCEDURE", and phosphorylated by
incubation for 1 sec with 10 uM AT32P in the presence of 10 aM

MgCl2 and 100 mM NaCl at pH 7.5 and 0°C. As shown in Fig. 5,

Figure 5

the rate of EP-decay of the NEM-treated enzyme after adding

1 mM Mg-ADP was considerably faster than that after adding
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50 mM EDTA. The rates of EP-decay after adding EDTA and
ADP under these conditions were rather low, and the time-
courses of EP-decay in the steady-state were nearly linear
with time. Hence, the difference between the linear parts
of the curves obtained on adding EDTA and ADP, respectively,
could be regarded as the amount of ADP-sensitive EP formed
at the time when ADP was added. The amount of ADP-sensitive
EP was estimated as about 56 % of the total EP, 1 sec after
starting the reaction under the conditions used in the
experiments shown in Fig. 5.

The order of formation of the two kinds of EP was
followed. The phosphorylation reaction was performed under
the same conditions as for Fig. 5. At various times after
starting the phosphorylation reaction, 50 mM EDTA or 3.1 mM
ADP containing 2.7 mM MgCl2 was added, and the time-course
of EP-decay was followed. It is clear from Fig. 6 that the

acceleration of EP-decay on addition of ADP occurs after

Figure 6

0.4 sec reaction, not in the initial phase of the phosphory-
lation reaction (0.1 and 0.2 sec). The ratio of the amount
of ADP-sensitive EP to the total amount of EP was estimated
as described above. As shown in Fig. 7, the percentage

amount of ADP-sensitive EP was very small in the initial
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Figure 7

phase of the reaction, and increased with time. It reached
a constant level of about 40 %, 1.5 sec after starting the
reaction. These results clearly show that first the ADP-
insensitive EP, and then the ADP-sensitive EP is formed, at
least under conditions where both types of EP can exist.

The results of the two experiments described above
strongly support the’modified K.S.T. mechanism, but not the
F.A.P. mechanism. According to the former mechanism step 2
is essentially irreversible and step 3' is rate-limiting in

the presence of high concentrations of Mg2+

(24) . On the
other hand, when NEM-treated enzyme is used in the presence

of low concentrations of Mg2+, step 2 is reversible, the
-*ADP

rates of steps 3 and 3' are similar, and both E;,P amd
E~P can coexist in the steady-state. Formation of EP is
known to require both Na' and Mg2+. In addition, it must

be noted that there is a K+—dependent equilibrium between the
enzyme-ATP complex and the phosphorylated intermediate, as
first indicated by Kanazawa et al. (24,25) and confirmed in
this study. Therefore, EP-formation is affected not only
by Na+ but also by K+,;as recently reported by Siegel et al.

(45) and Banergiee‘gg'gl. (46) .
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Effects of Sodium and Potassium Ions
on the Elementary Steps in the Reaction of

Na+-K+-dependent ATPase (43,47)

In this section, the effects of Na' and XK' on the partial
reactions of.Na+—K+—dependent ATPase in the presence of high
concentrations of Mg2+ are described, since the reaction
mechanism at high Mg2+ concentrations is simpler than that
at low Mg2+ concentrations as described in the first sectdon.
As reported by Kanazawa et al. (24,25), step 1, is not
affected by Na+. Therefore, the effects of Na+ and K+ on
the other step, i.e. step 2, 3, and 4, were investigated
employing equations (4), (3), and (1), respectively.

Effects of Nat and K+ on EP-decomposition — About 1 sec after

initiating the reaction by adding ATP to the enzyme, the ATPase
reaction reached the steady-state. The amounts of Pi liberated
and EP formed in the 3 sec - reaction were measured to obtain
the rate constant of EP~decomposition at step 4 as Vb/[EP]

(cf. eg. (1))..

Figure 8 shows the dependence of the value of Vg/[EP]

Figure 8

on the concentration of NaCl in the absence of KCI. The
reaction was performed using 0.29 mg/ml enzyme and 4 .M ATP.

The rate of ATP-hydrolysis, v,, was about 0.55 mole Pi/lo7 g
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protein/sec with 0.5 mM NaCl, and increased with increase in
the concentration of NaCl. It reached a maximum value of
about 1.8 mole Pi/lo7 g protein/sec with 10-20 mM NaCl, and
then decreased with increase in the concentration of NaCl to
a value of about 0.4 mole Pi/lO7 g protein/sec with 400 mM
NacCl. The concentration of EP, [EP], was about 0.5 mole/lO7
g protein with 0.5 mM NaCl, and increased with increase in
the concentration of NaCl. It reached about 0.95 mole/lO7
g protein with 5 mM NaCl and maintained a constant level of
0.95-1.1 molé/lO7 g protein in the range of 5 to 400 mM NacCl.
Accordingly, the rate constant of EP-decomposition at step 4,
calculated as ¥,/[EP], showed approximately a constant value
of 1.3 sec—l in 0.5-50 mM NaCl, and decreased with further
increase in the NaCl concentration to a value of about 0.4
sec_l with 400 mM NaCl.

The dependences of VO/[EP] on the concentration of NacCl

were measured in the presence of 0.1, 0.5, 2.5, and 10 mM KCl.

Figure 9 shows the results obtained in the presence of 2.5 mM

Figure 9

KCl. The reaction was performed using 0.29 mg/ml enzyme
and 40 .uM ATP. As expected, the rate of ATP-hydrolysis in
the presence of 2,5 mM KCl was larger than that in the absence

of KC1 (cf. Fig. 8). As shown in Fig. 9, the value of ¥, was
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about 2.5 moles Pi/107‘g protein/sec with 1 mM NaCl, and
increased with increase in the concentration of NacCl. It
reached a maximum value of about 11.5 moles Pi/lo7 g protein/sec
with 50 mM NaCl, and then decreased with increase in the
concentration of NaCl to a value of about 0.5 mole Pi/107 g
protein/sec with 600 mM NaCl. The dependence of [EP] on
NaCl concentration in the presence of 2.5 mM KCl gave a
biphasic curve. The value of [EP] was less than that in the
absence of KCl, especially at low concentrations of NaCl (cf.
Fig. 8). It was about 0.15 mole/lO7 g protein with 1 mM
NaCl, and increased with increase in the concentration of
NaCl. It showed a plateau of about 0.6 mole/lO7 g protein
in 50-100 mM NaCl, increased again with further increase in
the NaCl concentration, and reached about 0.95 mole/lO7 g
protein with 600 mM NaCl. Accordingly, the rate constant
of EP-decomposition, vb/[EP], showed an approximately constant
value of 20 sec_l in 1-10 mM NaCl, and decreased with further
increase in the concentration of NaCl,. With 600 mM NaCl it
was only about 2 sec_l. The biphasic dependence of [EP] on
the concentration of NaCl was more marked in the presence of
10 mM KC1 than that shown in Fig. 9 in the presence of 2.5
mM.  KCl.

The dependences of the rate constant of EP-decomposition
on NaCl cqncentration at various KC1l concentrations are
given in Fig. 10, At low concentrations‘of NaCl, EP-decompo-

sition was activated markedly even by addition of a low
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Figure 10

concatitration of KCl. The inhibition of EP-decomposition by
high concentrations of NaCl was partially suppresseagby"KCI.
The curves illustrated in Fig. 10 were calculated by the

following equation:

0.043 mM
Vo v 18.4/(1 + ———=")
- (—2yrt= b+ (KT (sec™l)  (5),
[EP] [EP] [Na+] [Na+]
1 b (——)?
130 [K*+] 190 mM

where (Vo/[EP])ij=0 deﬁotes the value of Vo/[EP] in the absence
of KC1l. As seen in Fig. 10, all the experimental wvalues
fitted the above equation well.

The dependence of the value of V,/[EP] at a fixed
concentration of NaCl on the concentration of KCl was also

measured. Figure 11 shows the dependence in the presence

Figure 11

of 10 mM NacCl. The values of Vo/[EPJ with various concent-
rationsc6f KC1 in 10 mM NaCl were similar to those given in

Fig. 10.



22

Effects of Nat and K+'on'the'Equilibrium'Step'betWeen'EQATP

énd EP___Employing the first order rate constant of EP-
disappeérance, Kgq, and V,/[EP], we calculated the value of
1 + Ky as vo/i[EP] kg) » and measured the effects of Nat and
k' on K3, which is the ratio of the concentration of E,ATP

to that of EP (cf. eq. {(3)).

Figure 12 shows the dependence of the value of 1 + K,

Figure 12

on the concentration of NaCl in the absence of KCl. To
measure the value of kd' the ATPase reaction was performed
with 0.29 mg/ml enzyme and 4 .uM ATP in the presence of 0.5-400
M NaCl. Three sec after initiating the reaction, 50 mM
EDTA was added to the reaétion mixture to stovaP—formation.
The wvalue of‘kd was estimated from thé slop of the plot of
the logarithm of the EP—concentratign after addition of
EDTA against time. The value of Vo/[EP] was obtained as
described for‘Fig. 8. The value of k4y was nearly indepen-
dent of the concentration of NaCl at concentrations of 0.5-
400 §M, being about 0.5 sec™ !, although in 50-80 mM NaCl it

had a slightly larger value of 0.65 sec™¥, on the other

1 in 0.5-50 mM

hand, the value of ¥,/[EP] was about 1.3 sec”
NaCl, and decreased with increase in the NaCl concentration

to 0.5 sec ! with 400 mM NaCl. Accordingly, the value of
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1 + K3‘ca1culated as VO/([EP]de) showed an approximately
constant value of 2.8-2,9 in 0.5-10 mM NaCl, and decreased
with increase in the concentration of NaCl to about 1 in 100
-400 mM NacCl.

Figure 13 shows the dependence of the value of 1 + K3

Figure 13

on the concentration of NaCl kn the presence of 2.5 mM KCl.
The reaction was performed using 0.29 mg/ml enzyme and 40 .uM
ATP. As seen in this figure, the value of VO/[EP] was

1

approximately constant at 18-20 sec - in 1-80 mM NaCl, and

decreased with further increase in the concentration of NacCl

1

to about 1 sec ™~ in 400-600 mM NaCl. The value of ky was

about 5 sec'_l in 1-10 mM NaCl, and decreased with increase in

1 with 400 mM NacCl.

the concent;ation of NaCl to about 1 sec
Accordingly, the value of 1 + K3 was about 4 with 1 mM NaCl,
reached a maximum value of about 13 with 90 mM NaCl, and then
decreased to 1 with further increase in the concentration of

NaCl to 400-600 mM NaCl.

" Figure 14 shows the dependence of the value of 1 + K3

Figure 14

on the concentration of NaCl in the presence of 10 mM KCl.
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The reaction was performed under the same conditions as for
Fig. 13, except that the concentration of KCl was 10 mM,
The value of V,/[EP] was approximately constant at 18 sec_l
in 1-50 mM NaCl, and decreased with increase in the concent-
ration of NaCl to about 1 sec”! with 600 mM NaCl. The value

1 in 1-600 mm

of kg was approximately constant at 1-1.3 sec
NaCl. Accordingly, the value of 1 + K3 was 12 in 1-50 mM
NaCl, and decreased with further increase in the concentration
of NaCl to about 1 with 600 mM NacCl.

Figure 15 shows the dependences of the value of 1 + K3

Figure-hl

on the concentration of NaCl in the presence of 0, 0.5, 2.5 and
10 mM KC1. Although the dependence in the presence of 2,5 mM
KCl was complicated; as mentioned above (gﬁ. Fig. 13), generally
speaking, the value of 1 + K3 decreased with increase in the
concentration of NaCl, and increased with increase in the
concentration of KC1,

As shown in Fig. 11, the dependence of the value of
1 + K3 on the concentration of KCl in the presence of 10 mM
NaCl approximately agreed with the results shown in Fig. 15.

A + .
Effects of Na' and K' on E2ATP-formation —The rate of E;ATP-

formation, ¥¢, was calculated as Ve (1 + K3) (cf. eq. (4)),

where the rate of EP-formation, vg', was obtained from the
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amount of EP formed in 0.1 sec after initiating the reaction,

Figure 16 shows the dependence of the value of v¢ on the

Figure 16

concentration of NaCl in the absence of KCl. The reaction
was performed using 0.29 mg/ml enzyme and 40 uM ATP. The
value of 1 + K3 shown in Fig. 15 was used to calculate the
value of vg. The value of v¢ was about 2 moles/lO7 g
protein/sec with 1 mM NaCl, and increased with increase in
the concentration of NacCl. It reached a maximum value of
20 moles/lO7 g protein/sec with 20 mM NaCl, and then decreased
with further increase in the concentration of NaCl to about
2 moles/lO7 g protein/sec with 600 mM NaCi. The solid line
in Fig. 16 was calculated by the equation:
43 9 )
Ve = (moles/10’ g protein/sec) (6).
104 mM [Nat]

1 + = +
[Nat] 31.2 mM

The observed values of Ve fitted the curve approximately.

Figure 17 shows the dependences of v, on the concentration

Figure 17

of NaCl in the presence of 0, 0.5, 2.5, and 10 mM KCl. The
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values of vg at vardours KCl concentrations increased with
increase in the concentration of NaCl, reached a maximum
level, and then decreased with further increase in NaCl
concentration, as already described for the case in 0 mM KC1,
The curves given in this figure were calculated according to

the following equation:

) Ve :
Ve = £ (moles/lo7 g protein/sec) (7).
1+ ba , INat]
[Na+] q5I

The observed values of vg approximately fitted this equation.

As shown in Fig. 18, all the kinetic parameters, Vg, ¢)A, and

Figure 18

(bI’ decreased with increase in the concentration of KCl, and
their dependences of KCl concentration under the conditions

used were given by the following equations:

Ve= 8+ — (moles/lO7 g protein/sec) (8),

(9),
+
1+ B

0.6 mM
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32 mM

and q)l = (10).

(x"3

2,7 mM

1+

But as seen in this figqgure, the experimental values did not
always agree well with the above equations.

Figure 19 shows the dependence of the value of vg on

Figure 19

concentration of KC1l in the presence 6f 10 mM NacCl. The
values of ve at various concentrations of KCl in 10 mM NacCl
were similar to those given in Fig. 17.

The dependence of vg on NaCl concentration was also
measured in the presence of 4 uM ATP, instead of 40 .uM ATP
(Figs. 16-19), since Kanazawa gg él. (Ei) reported that
ATP functions not only as substrate but also as a modulator
for EpATP-formation. Figure 20 shows the dependence of

the value of v§ on the concentration of NaCl in the presence

Figure 20

of 4 aM ATP and absence of KCl. The value of v¢ was about

1 mole/lO7 g protein/sec with 0.5 mM NaCl, and increased with
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increase in the concentration of NaCl, reached a maximum’
value of 10 moles/lO7 g protein/sec with 10 mM NaCl, and
then decreased with further increase in the concentration
of NaCl to about 0.5 moles/10’ g protein/dec with 600 mM
NacCl. This pattern was 'similar to that obtained using 40
M ATP (Fig. 16), though the values of Vg were less.

Figure 21 shows the dependences of the values of Ve

Figure 21

with 4 aM ATP on the concentration of NaCl in the absence of
KC1l and in the presence of 0.5 mM KC1. The value of vg
reached a maximum with 10 mM NaCl in both cases.: The maximum

value in the absence of KCl was about 10 moles/10’

g protein/sec,
and that in the presence of 0.5 mM KC1l was about 7 moles/lO7

g protein/sec. Thus, unlike in 40 uM ATP (Fig. 17), the
maximum value of v¢ in the absence of KC1l was slightly

higher than that in the presence of 0.5 mM KCl1.

Discussion ofi the effect of Na® and K™ on the partial

reactions_ The results on the effects of Na' and k' on the
rate of E,ATP-formation (egs. 17)-(10)) can be interpreted
quantitatively by postulating two kinds of cooperative

cation binding sites, as shown in Fig. 22: E,ATP-formation

Figure 22
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requires the binding of Na' to an Na+—site, of which the
dissociation constant is 10.3 mM. The Na+—binding to this
site induces cooperative K+-binding to a K+—site, of which
the dissociation constant is 0.6 mM, and this K+-binding
decreases the value of Vf to a low level and produces a
decrease in the value of¢h¥ On the other hand, the binding
of Na© to and Na+-site, of which the dissociation constant is
32 mM, inhibits E,ATP-formation. This binding of Na® induces
cooperative K+-binding to a K'-site of which the dissociation
constant is 2.7 mM, and this K+—binding decreases the value of
Q)I. Furthermore, the cooperative binding of ¥t was modulated
by ATP, as shown in Figs. 17 and 21. EpATP-Formation was
accelerated by 0.5 mM KC1l in 40 uaM ATP (Fig. 17), while it
was slightly inhibited by 0.5 mM KCl in 4 uM ATP (Fig. 21).
The dependence on the Na' concentration of 1 + K3 showed
rather a complicated behaviour as the concentration of k! was
varied (Fig. 15), although generally speaking, it increased
with increase in the X' concentration. More detailed studies
are needed to obtain quantitative information on what changes
in the affinity for cations occur when E;ATP changes to EP,
The effects of Na® and Xt on EP-decomposition (eq. (5))
can be interpreted by postulating three kinds of cation binding
site (Fig. 22). The EP~decomposition is accelerated by xt
binding to a K*t-site, of which the dissociation constant is
0.043 mM. It is inhibited by two kinds of Nat binding, one

of which occurs at relatively low Na® concentrations, although
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this Na© binding is competitively inhibited by much lower
concentrations of K+. Two moles of Na+ per ATPase active
site bind cooperatively to the other Na+—site, and the
dissociation constant of this binding is 190 mM, and the
binding is not suppressed by x*,

Figure 22 shows a schematic representation of the
interactions between ATPase and cations obtained from the
kinetic studies on the elementary step. The Na'- and K-
bindings are related to each other. This complicated
interrelation may be the structural basis for regulation of
the Na+—K+-dependent ATPase reaction. Another feature to be
pointed out is that the dissociation constants of Na' at the
step of EP-decomposition are larger than those of E2ATP-formation.
On the contrary, the dissociation constants of kKt at the step
of EZATP—formation are larger than those of EP-decomposition.
It remains to be clarified at which step these shifts in
affinity for cations occur. However, it seems reasonable
to conclude that the shifts in affinity already occur at the
state of E,ATP, since the equilibrium between E,ATP and EP
shifts toward E;ATP on adding low concentrations 6f K+, even
in the presence of high concentrations of Na+.

Properties of the Step from an Enzyme-ATP
Complex to a phosphorylated Intermediate in the

Reaction of Na+-K+—dependent ATPase (48)
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The Equilibrium Step between E2ATP and EP at Low Na+ Concen-

tration——The existence of step 3 was first proposed (24)

from the observations that the ratio of the steady-state rate
of ATP—hydrolysisvto the concentration of EP, vo/[EP], was
largef than the first order decay constant of EP, kd'
According to our reaction mechanism, the reciprocal of the
equilibrium constant, K5, at step 3 is given as vgo/([EP]-kqg)
- 1. The value 6f 1 + K, increased from 1.15 with increase
in the KCl concentrations from 0 to 1 mM (24).

As described in the first and the second sections, the
existence of the equilibrium step between E,ATP and EP in the
presence of high concentrations of NaCl was further demonstrated
(ig,ii,il) by the following four types of experimenfs.

First, the time-course of EP-disappearance was proportional’
to Pj-liberation after stopping EP-formation by adding EDTA,
but the amounts of P; liberated were always larger than those
of decrease in EP, and the ratio was equal to the ratio of
vo/ [EP] to kgr i.e. 1 + Kj. Second, the amount of EP
decreased with increase in the concentration of KCl, but [EP]
(1 + K3), which represents the total phosphorylation site of
the enzyme, was always constant, irrespective to the concent-
ration of KC1. Third, when KCl was added together with EDTA
to EP, a fraction of EP décayed rapidly, and then the remaining
EP decreased following first order kinetices. If we assume
that the initial rapid decay in EP is due to a shift of the

equilibrium toward ESATP on adding KCl, we can calculate
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the value of K, in the presence of KCl. The value of 1 + Kj
thus obtained was in agreement with the ratio of v /[EP] to
kd. Fourth, the most conclusive ewvidence is the formation of
ATP accompanied by thecrinitial rapid decay of EP on adding KCl
and EDTA (42,43). The amount of ATP formed was equal to the
amount calculated from the change in K3 on adding KC1l, which
was obtained by the methods mentioned above.

As described in the second section (47), the values of
1+ K3, deduced as vo/([EP]okd), in the presence of KCl were
much larger in the presence of low concentrations of NaCl
than those in the presence of high concentrations of NacCl.

For example, in the presence of 0.5 or 10 mM KC1l, the value
of 1 + K5 was about 12 at low concentrations of NacCl. This
large value of Kj prompted us to re—examine‘the existence of
the equilibrium at low concentrations of NacCl.

32

Figure 23 shows the time-courses of P;-liberation

Figure 23

32

aHd E”“P~disappearance after adding EDTA or unlabeled ATP

32

to stop the formation of E“P in the presence of 10 mM NacCl

and 0,4 mM KC1. The reaction was initiated by adding 40 .M
aT32p to 0.29 mg/ml enzyme, and 0.3 sec after initiating the
reaction, 20 mM EDTA or 4 mM unlabeled ATP was added to

32 32

stop E”“P-formation. The time-courses of P;-liberation
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and E32P-disappearance after adding EDTA were equal to those

32

after adding unlabeled ATP, The amount of ““Pj-liberation

was always much higher than that of E32P—disappearance.
32

For example, the amount of Py liberated after a 1.5 sec -

reaction was about 8,5 m.oles/lO7 g protein, while the amount

32P was 0.7 mole/lOJ g protein. This suggests

of decrease in E
that the value of 1 + K3 was about 12. However, the
proportionality between Pj-liberation and decrease in EP-
concentration after stopping EP-formation was not satisfied in
10 mM NacCl. The latter reached the maximum level in 0.8 sec,
but the former continued for 1.5 sec.

The rapid decrease in EP during the initial phase after
adding KCl together with EDTA to the reaction mixture was

observed in the presence of low concentrations of NaCl.

Figure 24 shows the initial phases of disappearance of EP

Figure 24

after a KCl-jump in the presence of 5, 40, and 400 mM NaCl.
The reaction was initiated by adding 40 uM ATP to 0.29 mg/ml
enzyme, Three sec after initiating the reaction, 20 mM EDTA
containing 0.5 mM KC1 was added, and the time-course of EP-
disappearance was measured. Figure 24 shows the logarithm
of the relative value of EP plotted against the time after

addition of EDTA-KC1.
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From the value of 1 + K, estimated as Vo/ L [EP] kgq) in the
absence of KCl reported in the second section (47) and the
amount of rapid decay of EP after the KCl-jump given in Fig. 24,
we calculatéd the value of 1 + K3 in the presence of 0.5 mM

RCl. Table I summarized the values of 1 + K3 calculated as

Table T

mentioned above and those calculated as vo/([EP]~kd) with 5,
40, 400 mM NaCl in the presence of 0.5 mM KCl. The values
of 1 + Ky obtained by the two methods were similar. Thus,
the existence of the equilibrium between E,ATP and EP in the
presence of a low concentration of NaCl was supported by the
agreement of the values of 1 + K3 obtained from the three

di f ferent methods.

Figure 25 shows the time-courses of EP-disappearance,

Figure 25

P;-liberation, and the amount of ATP remaining in the reaction
mixture after a KCl-jump. The reaction was initiated by

the addition of 0.11 uM ATP to reaction mixture containg 2,26
mg/ml enzyme and 20 mM NaCl at 15°, Two sec after initiating
the reaction, solutions of 50 mM EDTA with or without 0.8 mM

KCl were added, and the time-courses of EP-disappearance,
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Pj-liberation, and the amount of ATP remaining in the

reaction mixture were measured. As seen in this figure, the
amount of ATP in the reaction mixture increased slightly but
definitely when EDTA containihg KCl was added to EP, but it
decreased when KCl-free EDTA was ddded to EP, The amount

of ATP formed by the KCl-jump was less than the value expected
from the values of 1 + K5 described in the second section (47),
and a larger fraction of EP-decrease was gbserved as Pj-
liberation. It seemed that K' has more effect on EP-decom-
position than on shift of the equilibrium in the presence of
low concentrations of NaCl at 15°¢. This conjecture is
consistent with the result shown in Fig. 23 that EP-disappea-
rance reached a maximum level more rapidly than Pj-liberation
did after adding EDTA~KCL.

Figure 26 shows the time-course of ATP-formation after

Figure 26

a KCl-jump at 0°. At 3.5 sec after initiating the reaction,
50 mM EDTA with or without 0.8 mM KCl was added to EP under
the same conditions as for Fig. 25, except that the temperature
was 0°, The amount of ATP remaining in the reaction mixture
(0.35 mole/10% g protein) after the addition of KCl free

EDTA did not change within 1 sec. On the other hand, a
considerable amount of ATP was formed when EDTA-KCl was

added to EP. The net amount of ATP formed reached a
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maximum value of 0.65 mole/lO8
the KClijump.

Thermodynamic Functions of the

g protein, 0.4 sec after

Step, §3ATP:;5EP~__T0 clarify

the coupling mechanism between

and the enzyme reaction, it is

active transport of cations

very important to know the

~=ADP

thermodynamic functions of the ~p since

step E,ATP:=E

Kanazawa et al. (34) and Sumida et al. (35) showed that

2+

the translocation of Ca ions across the membrane of the

sarcoplasmic reticulum occurs in this step. In the present
study, we measured the temperature dependence of the equilibrium

"1 of step 3 to obtain the thermodynamic

constant, Keq' i.e. K
functions in the presence~of a high concentration of NaCl
and in the absence of KCl. Figure 27 shows the time-courses

of Pj-liberation and EP-disappearance after adding EDTA to

Figure 27

stop EP-formation at 10°, 18°, and 25°, EP~Formation was
initiated by adding 0.18_.uaM ATP to 0.53 mg/ml enzyme in the
presence of 140 mM NacCl. At 0.3 sec after initiating EP-
formation, 50 mM EDTA was added, and the amounts of Pj
liberated and EP were measured. Although results were not
very accurate, the amount of Pi—liberation was more or less
proportional to decrease in the EP concentration after the
addition of EDTA. The curves in the figure were drawn

assuming that the proportional coefficients of P;-liberation/
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Ep-decrease at 10°, 18°, and 25° were 1.8, 1.7, and 1.5,
respectively. We estimated the wvalues of Keq at the three
temperatures using these coefficients, and calculated the
standard free energy change, A4G°, at step 3, as -RT ln Keq‘

Figure 28 shows the temperature dependence of the

Figure 28

value of AG°. From the temperature dependence of AG®, we
estimated the enthalpy change, £{:H°, and the entropy change,
ASs°, of step 3. At 5° both the rates of Pj-liberation

and EP-disappearance were too small to be accurately determined,
while at 30° they were too large to be accurately measured
by the simple mixing apparatus. Therefore, the range of
temperature used was rather narrow (10°-25°), and we could
not accurately determine the values of AH®° andAS°.
However, they were roughly estimated to be + 4--5Kcal mole_l
and + 15 - 16 entropy units mole-l, respectively.

Recently, the existence of a reversible equilibrium
between the second myosin-ATP complex and the reactive myosin-
P-ADP complex was demonstrated (36,37) in the reaction of
myosin-ATPase. In this case, the value of 4 H®° was +3 - +4
Kcal mole_l, and the value of AS° was +15 - +20 entropy units

mole-l(gl). It is well known that phosphorylated enzyme

of an acyl-phosphate type is obtained as an intermediate of

e



reaction, while P; is released by adding TCA to the reactive
myosin-P-ADP complex of myosin ATPase (25). However, the
finding that the thermodynamic parameters of the step in Na't-
Ki—dependent ATPase between the second enzyme-ATP complex

and the phosphorylated intermediate were similar to those of
the step in myosin ATPase between the second myosin-ATP complex
and the reactive myosin-P-ADP complex suggests the similarity
of the chemical and energetic structures of phosphorylated
intermediate in the transport ATPase and the reactive myosin-

P-ADP complex in the contractite ATPase before the addition

of TCA.
SUMMARY

The existence of two kinds of high energy phosphorylated
intermediate, EP, with and without bound ADP, in the reaction
of Na+—K+—dependent ATPase was indicated by the following
results.

l. Only one type of EP, i.e., that for which decay is
unaffected by the addition of ADP, was observed in the presence
of high concentrations of Mgz+é‘ On adding xt (K+—jump) a
fraction of the EP decayed rapidly, and then the time course

of EP decomposition followed first-order kinetics. The
initial rapid decay of EP by a K+—jump was accompanied by

the formation of an equal amount of ATP, The amount of ATP
formed was equal to that calculated on the basis of the
mechanism previously proposed by Kanazawa et al., that the

equilibrium between an enzyme-ATP complex and EP shifts
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toward formation of the enzyme-ATP complex on adding xt.
2. When NEM-treated enzyme was used in the presence of low

concentrations of Mg2+

, two types of EP were observed. One
was sensitive, and the other was insensitive to ADP. The
decay of the former type was accelerated by the addition of
ADP, The percentage of ADP-sensitive EP was zero in the
initial phase of the reaction after adding ATP, and increased
with time to a steady-state level.

3. These two types of experimental results support the

following reaction mechanism for the Na+—K+-dependent ATPase:

-«ADP
—\ - —— —_ N\ AN B .
E + ATP‘c——El ATP_<_E2'ATP E'\, E~P + ADP-——>E + Pj + ADP.

The two types of EP,with and without bound ADP, are both high

energy forms. They are formed via two kinds of enzyme

substrate complex, ElfATP and EZ-ATP, and ER?%DP is in K+-
dependent equilibriumywith E,*ATP,

On the basis of the reaction mechanism mentioned above,
the effects of Na' and X' on the elementary steps in the
reaction of Nat-Kt-dependent ATPase were investigated in
0.5-600 mM NaCl and 0-10 mM KCl at a fixed concentration (1 mM)
of MgCl,, and the following results were obtained:

4, The rate of EysATP-formation, vg, increased with increase
in the Nat concentration, reached a maximum level, and then

decreased further increase in the Na+ concentration at

. + . .
various K concentrations. The value of v¢ was given as



WhiéYe Ve = 8+ 48[K+] (moles/lO7 g proteih/sec),
L+ 56 m
10,3 mM 32 mM
4)A = , and qu = "
+
1+ K1 1+ 1K ]
0.6 mM 2.7 mM °

5. The reciprocal of the equilibrium constant, Kj, of the

.--ADP
~p

Nat was larger than that in the presense of high concentrations

step El-ATP:;éE in the presence of low concentrations of
of Na+, indicating that the equilibrium shifted markedly toward
E,+ATP at low concentrations of Nat. The relation of K4 with
Na' concentration was rather complicated on varying the
concentration of KT, However, generally speaking, it
increased with increase in thek' concentration.

6. The EP-~decomposition was markedly activated by even low
concentrations of K+, and inhibited by high concentrations

of Nat. The inhibition by Nat was partially suppressed by

kt. The rate constant of EP-decomposition, vy/[EP], was given

by
0.043 mM
v, v, 18.4/(1 + T R
TeeT = (TEeik+dh ; (sec™)
14 NaTl o, Nat] '
130 &1 ‘Too mv
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where (Vo/[EP])K+=0 was the value of vg/[EP] in the @absence of

k'

Next, some kinetic and thermodynamic properties of the
step EZ-ATP:;ﬁ-E&ngP were investigated, and the following
results were obtained:
7. The existence of quasi-equilibrium between E,* ATP and
E%f%DP in the presence of low concentrations of Na® was suggested

from the fact that the values of the reciprocal of the equili-

* ,O'ADP .
brium constant, K,, of the step E,"ATP = EXL obtained by
the following three methods were almost equal. a) The value

of 1 + K3 was estimated as the ratio of vo/[EP] to kd' where

Vo, was the rate of ATP-hydrolysis in the steady-state, and kg
the first order rate constant of EP-disappearance after stopping
the EP-formation. b) It was calculated from the ratio of the
amount of P; liberated and that of decrease in EP after

stopping the EP-formation. ¢c) The value of K3 was also
calculated from the initial rapid decrease in EP on adding k'
and EDTA, assuming that the rapid decrease was due to shift

of the equilibrium toward E,+«ATP on adding k. Although
ATP-formation due to shift of the equilibrium toward E,*ATP

by a K+—jump in the presence of a low concentration of Nat was
observed at 0°C, the amount of ATP formed by a K+-jump at 15°C
was less than the value expected from shift of the equilibrium.
8. The values of QH® and &5° of the step E,¢ATP ==tEz 3""
were estimated in the presence of a sufficient amount of Nat
and the absence of K'. They were + 4 - 5 Kcal mole™t and

15-16 entropy units mole—}, respectively.
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Table I Comparison of Values of 1 + L Determined as
vo/ ([EP]4ky) with Those Estimated from Rapid Decay of EP after
Adding K'.

The reaction was performed using 0.29 mg/ml enzyme and
40).1Mb’—32P—ATP in the presence of various concentrations of
NaCl under the conditions described in text. Three sec after
initiating the reaction, TCA was added to the reaction mixtupe-
and the values of v, and [EP] were measured. Three sec after
initiating the reaction, 20 mM EDTA containing 0.5 mM KCl was
added to the reaction mixture, and the wvalue of kd and the
amount of rapid decay in EP during the initial phase were

measured (cf. Fig. 24)

L.+ Ky
NaCl (mM)
vo/ ([EP] kg Rapid decay of EP after adding K-EDTA
5 11.3 8.5
40 3.1 3.0

400 1.4 1.7
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LEGENDS FOR FIGURES

Fig. 1. Effect of ADP on decay of EP formed in the presence

of a high concentration of Mg2+. The phosphorylation reaction

was started by addition of 0.05 ml of 0.2 mM AT32P to 0.85 ml

of reaction mixture, to give final concentrations of 5 mM MgC12,
1000 mM NaCl and 0.14 mg/ml enzyme at pH 7.5 (30 mM histidine
buffer) and 0°C. Two and 0.2 sec after starting the phosphory-
lation reaction, 0.1 ml of 6.5 M EDTA-Tris (pH 7.5) (X , %)

or 31 mM ADP containing 27 mM MgCl, (pH 7.5 with Tris) (O, ®)

was added. The final volume of the reaction mixture was 1 ml.

Phosphorylation time: Q ,X, 2 sec; @, ¥+, 0.2 sec.

Fig. 2. Formation of ATP on adding K" to EP formed in the

presence of a high concentration of MV2+. The phosphorylation

32P to

reaction was started by addition of 0.05 ml of 2 _uM AT
0.85 ml of reaction mixture, to give final concentrations of

5 mM MgCl,, 100 mM NaCl and 3.5 mg/ml enzyme at pH 8.5 (100
mM Tris-HCl) and 15°€, Two sec after starting the phosphory-
lation reaction, TCA was added, or 0.1 ml of 0.5 M EDTA-Tris
containing 7.7 mM KC1 (pH 8.5) was added first, and 0.5 sec
later TCA was added. The final volume of the reaction
mixture was 1 ml. The two samples were centrifuged and P;
was removed from the supernatants by the method of Martin

and Doty. Nucleotides were adsorbed on charcoal, extracted

with NH4OH-ethanol (1 % : 50 %), and charged on a DEAE-

Sephadex column (1.8 x 18 cm). The column was eluted with
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a gradient of 0 to 0.5 M KC1 in 0.1 M Tris-HCl (pH 8.3).
Fractions of 5 ml were collected. --~--- , optical density at
260 nm; — « —, radiocactivity of sample without added K+;

, radioactivity of sample with added K+. The background

count was not subtracted.

Fig. 3. Time-course of ATP-formation after adding k' to EP
formed in the presence of a high concentration of Mgz+. The
phosphorylation reaction was performed as described for Fig. 2,

except that final concentrations of 0.05 _uM AT32

P, 150 mM
NaCl and 1.63 mg/ml enzyme were used. Two sec after starting
the reaction, 0.1 ml of 0.5 M EDTA-Tris (pH 8.5) (X) or 0.5 M
EDTA-Tris containing 7.7 mM KC1 (pH 8.5) (Q,@®, 4) was

added. The amounts of EP and ATP formed weré measured as

described in the text. X , (O, amount of EP. & , amount of

total ATP. ,, amount of ATP formed.

Fig. 4. Effect of ADP on the decay of EP formed in the
presence of a low concentration of MgZ+. The phosphory-
lation reaction was started by addition of 0.05 ml of 0.1 mM

aAp32

P to 0.85 ml of reaction mixture to give final concent-
ration of 10 _uM MgClz, 140 mM NaCl and 0.156 mg/ml enzyme
at pH 7.5 (30 mM histidine buffer) and 15°C. One sec
after starting the reaction, 0.1 ml of 4.5 mM Mg-ADP (@)
or Mg-unlabeled ATP (pH 7.5 with Tris) (O) was added. The

final volume of the reaction mixture was 1 ml.
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Fig. 5. Effect of ADP on the decay of EP with NEM-treated
enzyme in the presence of a low concentration of Mg2+. The
enzyme (0.68 mg/ml) was exposed to 1 mM NEM for 1 hr at pH 8.4
(0.1 M Tris-HCl) and 15°C, The phosphorylation reaction was
started by addifg 0.05 ml of 0.2 mM AT °P to 0.85 ml of
reaction mixture to give final concentrations of 10_uaM MgCljy,
100 mM NaCl and 0.135 mg/ml enzyme at pH 7.5 (30 mM histidine
buffer) and 0°C. One sec after startng the reaction, 0.1 ml
of 0.5 M EDTA-Tris (pH 7.5)(X), 0.5 M EDTA-Tris containing

1 mM KC1 (Q) or 10 mM Mg-ADP (@) was added. The final

volume of the reaction mixture was 1 ml.

Fig. 6. Effects of ADP on EP-decay at various time after
starting the phosphorylation reaction with NEM-treated eniyme i
in the presence of a low concentration of Mg2+. The phos-
phorylation reaction was performed as for Fig. 5, using
NEM-treated enzyme. At intervals after starting the reaction,
0.1 ml of 0.5 M EDTA-Txis (pH 7.5) (QQ) or 31 mM ADP

containing 27 mM MgCl, (pH 7.5 with Tris) (O) was added (V).
The final voiﬁme of the reaction mixture was 1 ml. @ ,

amount of EP formed; O, , amount of EP after adding Mg-ADP

(O) or EDTA (X).

Fig. 7. Time-course of formation of ADP-sensitive EP with

NEM-treated enzyme in the presence of a low concentration

of Mg2*.  The ratio of the amount of ADP-sensitive EP, [EP]app
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s
to the total amount of EP, [EP]total’ was calculated a
described in the text from the results shown in Fig. 6, and
is plotted against time. @, amount of total EP formed; 4,

ratio of amount of ADP~sensitive EP to that of total EP.

Fig. 8. Dependence of the rate constant of EP-decomposition
on the concentration of NaCl in the absence of KCl. 0.29 mg/ml
enzyme, 4_aM ATS?P, 1 mM MgCl,, 0.5-400 mM NaCl, 100 mM Tris-HCI,
pH 8.5, 15°., The reaction was stoppéd after 3 sec by adding
TCA, and the amounts of P; liberated and EP formed were measured.
@® , concentration of EP; O, rate of ATP-hydrolysis, vgi X

rate constant of EP-decomposition calculated as v,/ [EP].

Fig. 9. Dependence of the rate constant of EP-decomposition
on the concentration of NaCl in the presence of 2.5 mM KCl.
Experimental conditions were as described for Fig. 8, except
that the concentrationcof KCl was 2,5 mM and that the concent-

ration of AT32

P was 40_uM, @ , concentration of EP; O, rate
of ATP-hydrolysis, vg; ¥ , rate constant of EP-decomposition

calculated as vy/[EP].

Fig. 10. Dependences of the rate constants of EP-decomposition
on the concentration of NaCl at various concentrations of KC1l.
Experimental conditions were as described for Fig. 8, except

32P was 40 _uM and that the concent-

that the concentration of AT
rations of KCl were 0 (X), 0.1 (Q), 0.5 (@), 2.5 (&), and

10 mM (4).
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Fig. 11. Dependence of the reciprocal of the equilibrium
constant, K,, at the step EZATP‘ﬁE:;'%DP on the concentration
of KC1 in the presence of 10 mM NaCl. Experimental conditions
were as described for Fig. 8, except that the concentration of
AT32p was 40 uM, [J, first order decay constant of EP, kg;

X , rate constant of EP-decomposition calculated as vo/ [EP};

————— , 1+ K.

Fig. 12, Dependence of!the reciprocal of the equilibrium
constant, K;, of the step E,ATP ;— E: PPP on the concentration

~ P

of NaCl in the absence of KCl. Experimental conditions were
as described for Fig. 8. i1, kqs X Vo/[EP) ;=2e, 1 + K.
Fig. 13. Depéndence of the reciprocal of the equilibrium
constant, K;, of the step EZATP;&. E{'SDP on the concentration

of NaCl in the presence of 2.5 mM KCl. Experimental conditions
were as described for Fig. 8, except that the concentration of
AT32P was 40 aM. ], kd; X, vo/[EP]; ————— , 1 + K3.

Fig. 14. Dependence of the reciprocal of the equilibrium
constant, K3, of the step EZATP@E:\:"SDP on the concentration
of NaCl in the presence of 10 mM KC1, Experimental conditions
were as for Fig. 8, except that the KCl concentration was 10 mM
and the concentration of ATP was 40 .M. [, kd; X ’ Vo/ [EP];

_____ , 1+ K.
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Fig. 15. Dependences of the reciprocals of the equilibrium

ADP
P

of NaCl at various concentrations of KCl. Experimental

constants, K3 of the step EZATP;gﬁ:E{f on the concentration

conditions were as for Fig. 8, except that the ATP concentration

),

was 40 .uM and that the concentrations of KCl were 0 (

0.5 (—===), 2.5 (—+—-#and 10 mM (5.,

Fig. 16. Dependence of the rate of EZATP-formation on the
concentration of NaCl in the absence of KCl. 0.29 mg/ml

enzyme, 40_uM ar32

P, 1 mM MgCl,, 1-600 mM NaCl, 100 mM Tris-HCI,
pH 8.5, 15°, The ATPse reaction was stopped by adding TCA

at 0.1 sec after initiating the reaction. @ , observed rate of
EpP-formation, vgu; O, rate of E,ATP-formation, vg, calculated

as ver (1 + Kj).

Fig. 17. Dependences of the rates of EZATP-formation on the
concentration of NaCl at various concentrations of KCl. Experi-
mental conditions were as described for Fig. 16, except that the
concentrations of KCl were & (Q), 0.5 (@), 2.5 (A), or 10 mM
(a), |

Fig. 18. Dependences of the kinetic parameters of the rate
of EZATP—formation on the concentration of KCl. The dependence
of the rate of EZATP—formation, Vgr ON NaCl and KCl concentrations

was given by vg =

Ve
(moles/lo7 g protein/sec).
ot
1+ D a , INa ]

[Na*t] q; T




X, Vf; O ¢A; ', 4)1.

qj . 10.3 mM
A= and Cb I
L [kh]
+
0.6 mM
Fig. 19.

concentration of KCl in the presence of 10 mM NacCl.

mental conditions were as described for Fig.

54
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Curve are Vf = 8 +
[K*] ,

1 4+ —
0.6 mM

[K+] , respectively.

2.7 mM

Dependence of the rate of EZATP-formation on the

EXperi-

16, except €hat

the values of Vgr were measured at various concentrations of

KCl and at a fixed concentration of NaCl (10 mM).

@ , observed

rate of EP-formation, Vers O, rate of E2ATP—formation, Vee

Fig. 20.

Dependence of the rate of E2ATP-formation on the

concentration of NaCl in the absence of KCl at a low concent-

ration of ATP,

except that 4 _uM AT32

formation, Veri

Fig. 21.

Experimental conditions were as for Fig. 16,
P was used. @, observed rate of EP-

O, rate of EZATP-formation, Ve

Dependence of the rate of E2ATP-formation on the

concentration of NaCl in the absence of KCl and that in the

presence of 0.5 mM KCl at a low concentration of ATP/

Experimental conditions were as for Fig.

AT32

16, except that 4 uMm

P, and 0 (Q) or 0.5 mM KC1 (@) were used.
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Fig. 22, Schematic representation of cation sites of Na't-

K+—dependent ATPase. For explanation see text.

Fig. 23. Time-courses of Pi—liberation and EP-disappearance
after adding EDTA-KC1l to EP, 0.29 mg/ml enzyme, 40 pM

ar3?p, 1 mM MgCl,, 10 mM NaCl, 0.4 mM KC1, 100 mM Tris-HCL,

pH 8.5, 15°C. At 0.3 sec after initiating the phosphorylation
reaction, 20 mM EDTA ( 4 ,A) or 4 mM unlabeled ATP ( ® ,O)
was added to EP. & , ® , EP-decrease; A , Q , Pj-liberation;

—-—.wtime-course of EP-disappearance calculated assuming

that EP disappeared in parallel with Pi-liberation.

Fig. 24. Initial rapid decay in EP after adding EDTA-KC1l.
0.29 mg/ml enzyme, 43XfT32P, 1 mM MgCl,, 100 mM Tris-HCI,

pPH 8.5, 15°. Three sec after initiating the phosphorylation
reaction, 20 mM’ EDTA containing 0.5 mM KCl was addéd to EP.

Concentrations of NaCl: O, 5 ; @, 40; X , 400 mM.

Fig. 25. ATP-Formation accompanying decrease in EP by a KCl-
jump in the presence of a low concentration of NaCl at 15°.

2.26 mg/ml enzyme, 0.11 M AT32

P, 1 mM MgCl,, 20 mM NaCl,

100 mM Tris-HCl, pH 8.5, 15°, Two sec after initiating the
phosphorylation reaction, 50 mM EDTA containing 0.8 mM KC1

(O ,®,/ ) or KC1 free EDTA ([1) was added. () , concentration

of P,-liberated; ® , concentration of EP; A, I , concent-

ration of ATP.
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Fig. 26. ATP-Formation from EP by a KCl-jump in the presence
of a low concentration of NaCl at 0°. Experimental conditions
were as described for Fig. 25, except that the temperature was 0°.
EDTA~-KCl (A) or RCl free EDTA ([J) was added to EP at 3.5 sec

after initiating the phophorylation reaction.

Fig. 27. Time-courses of P;-liberation and EP-disappearance
after adding EDTA at various temperatures. 0.53 mg/ml enzyme,

0.18 uM AT32

P, 1 mM MgCl,, 140 mM NaCl, 100 mM Tris-HC1l, pH 8.5.
At 0.3 sec after initiating EP-formation, 50 mM EDTA was added
and the time-courses of Pi—liberation and EP-decrease were
measured. Temperature of EP~decrease: @, 10°; &4, 18°; a2,
25°.  Temperature of P,-liberation: O, 10°; A, 18°; OO, 25°,

Curves were drawn assuming that Pi-liberation was proportional

to EP-decrease.

Fig. 28, Temperature dependence of the standard free energy
change of step E,ATP = E{f%DP. The equilibrium constant,
Req, was calculated from the proportionality of Pi—liberation
and EP-decrease shown in Fig. 27, and & G° was obtained as
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