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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 (b;-2-). The hydrolysis of ATP

provides the energy for the transport of cations (l,-2).

Shou (3) first discovered in the microsomal fraction of
nerve a Mg2+--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 2rr-32p-labeled ATp; several workers (10-19) showed

that Na+-K+-dependent ATPase is phosphorylated in the presence

Mg?+ -and Na+' by the transfer ef the.X-temeLnal phasphate greup

ATP to the enzyrne, and the phosphorylated enzyme is hydrelyzed
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 rernain to be clarified
                                      ++to understand in molecular terms how Na                                          -dependent ATPase                                       -K

works for the active transport of cations. Fahn, Albers,

and their colleagues (20r21) proposed the foilowing reaction
                     --
mechanisrn, based on studies on the ATP-ADP exchange reaction

of

of
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catalyzed by the ATPase preparation:

E + ATP r--'kSEeATP.'-,-S',--ElvP + ADPeE2-P + ADP -E + Pi + ADP,

where ElnvP is a high energy phosphorylated interrnediate which

can react with added IU)P to ferm ATP, and E2-P is a low energy

phosphorylated intermediate which does not react with added
ADP and which is hydrolyzed in the presence of K+. They

eonsidered that alrnost all the phosphorylated intermediate is
       'in the form of E2-P in the presence of high concentrations of
  2+Mg , while both El'vP and E2--P coexist in the presence of
                        2+low concentrations of Mg                          , especially when NEM-treated

enzyme is used. This reaction mechanism was supported by

the subsequent kinetic studies of Post et 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 El'vP undergoes an irreversible, Mg2+.-

                                                        'dependent conformational transition to E2-P. We will

refer to this reaction rnechanism as the F.A.P. mechanism.

      On the other handr Kanazawa, Saito, and Tonornura (24,

2.;t) investigated the partial reactions, S.g., the formation

and decomposition of the phosphorylated intermediate, and

compared their kinetic properties with those of the overall
                                                     2+reactign in the presence of a high concentration of Mg
      '(S.g. XimM). From the results, they proposed the following

reaction mechanism:

       '                                 .ADPE + ATPv>El'ATP--"FE2'ATP"v, E'<Lp -E+ Pi + ADP,
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where the pho$phorylated interrnediate is a high energy form,

and is in K+-dependent equilibrium with E2.ATP. Frorn the

                         ttresuZts obtained by Post et al. (22)t it apbears that only an
                        ----- -
N)P-insensitive phosphorylated intermediate exists in the
presence of r.mh Mg2+. Therefore, the phosphorylated inter-

mediate in the above mechanism is a high energy type with

bound ADp, E'.$DP , although the state of ADp is not specified

        ttin the paper of Kanazawa sit g;Z;. (ZltL). Thus the following

mechanism rnay be proposed for Na+-K+-dependent ATPase reaction

under conditi'ons where both the ADP-sensitive and the ADP-

insensitive phosphoryZated interrnediates are formed:
E + ATP <i=lb El' ATP' Fl5 E2' ATP eE':DDP s'r-- EvP + ADP '-E + Pi +

                            '                                            '

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. mechanisrn this

will only promote P.l-liberation from EP. .However, according

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

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

ADP.

t The abbreviations used are: EP, phosphorylated interrnediate;

TCA, trichloroacetic acid; NEM, N-ethylmaleindde; EDTA,
ethylenediaminetetraacebic acid; AT32p, 'if'-32p-iabeied ATp.
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formatiob of E2' ATP, with rapid decay of EP immediately after

the addition of K+ , in addition to the promotion of Pi-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.

rnechanism it wilZ increase with time to reach a steady-state

level. The first section of the "RESULTS AND D:SCUSS:ON"

describes the results of these two types of experiments,

which strongly support the modified K.S.T. mechanism.
      :t is inportant to know the effects of Na+ and K+ on

the elementary steps of Na+-K+d-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

(;,2,2pt3.,a6e3.-3->, 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, we analyzed the effects of Na+ and K+ on the

elementary steps of the ATpase eseactton 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 D!SCUSSION".
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      The existence of the equilibrium between E2.ATP and
Et.." DDP (step 2) is one of the charadteristic features in the
 '
K.S.T. mechanism. The coupling of the translocation of

cations across the rnembrane with the step from the enzyme-ATP

complex to the phosphorylated intermediate was dernonstrated

  t.C2Et.rE:4Lf2StL) on vesicular sarcoplasmic merubrane preparation.

Furthermore, the existence of a sirnilar equilibrium step was

aZso shown (2Ltri}:7L) in the reaction of myosin-ATPase. rn the

case of myosin-ATPaser the second form of myosin-ATP complex,

E2.ATP, is in .an equilibrium with the reactive myosin-phosphate-
ADp complex, EgDP. The thermodynamic functions of this

equilcibrium step were recently obtained (37). rn view of

the general mechanism of the biological energy' transducing

processes, it is important to .know the properties and the

thermodynamLc functions of the step E2.ATpeE:(L' DDP in
the reaction of Na+-K+-dependent ATPase. Therefore the

therrnodynamic parameters of the step 3 in the K.S.T.

mechan.ism are given in the third section of the "RESULTS

AND D:SCUSS:ON" and they are compared with those of the

myosin-ATPase reaction.

                  EXPER[MENTAL PROCEDURE
!tZ!s29!laSiig!}-RS-!!A::5::s2gRg!}s2g!!!i=!!!2gEgarat fN+K+d dtATPse--Gray

                         'bovin brain was homegenized with 10 voiumes of
                   tt•sucrose containing Z?-rnM EDTA at pH 7.4 and then
                     '
at IO,OOO x' g for 15r••ntn. The supernatant was

matter from

 Oe 32 M

 centrifuged

then centrifuged
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                                            '
at 20,OOO x g for 60 min. The resulting pellet was

resuspended in about 10 volumes of the above sucrose solution

and centrifuged again at 10,OOO x g for 15 min. The super-

natant was treated with a high concentration of Nar solution
                              'following the method of Nakao et al. (38). The enzyrne thus
                             - -•
abtained was washed 4 times with O.1 M sucrose containing

!taMEDTA at pH 7.4 to remove Nal, and then once with O.1 M

sucrose containingr.mh Tris-HCI at pH 7.4 to remove traces

of EDTA. All these manipulations were performed at OOC.

The washed enzyme was stored at --200C in O.1 M sucrose

containgL..rnl![ Tris-HCI 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

before use. After thawingr the enzyme was stable at OOC

for seVeral hours in O.1 M sucrose containgl rnM Tris-HCi

at pH 7.4. The concentration of protein was determined by

the method of Lowry et al. (39) with bovine serum albumin
        '                  '
                                            ' '
!t2EgR9!9!2ELg!}-9!LS2I}g!gi!g2ELEarationofChernLcls-Sodiumsaltof'ATpandADpwere

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

by passage through an Amberlite !R-l20 colum at pH 7.4 with
Tr' is-Hci as solvent. AT32p was prepared by the method of

Glynn and Chappel (t!StL), and used as the Tris-salt. The
                                              'specific radioactivity of the preparation obtained was lo8

to lo9 cprn/;n mole of AT32p. NEM was purchased from sigrna

Chemical Co. !t was dissolved in ethanol at a concentration

of O.1 M just before use, and diluted with distÅ}lled water
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to appropriate concentrations. Charcoal was purchased

from Takeda Chemical Co.' !t was boiled successively for

30 min in 50 and ZOO g 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 tirnes,

and then the charcoal was dried in Vacuo. rt was heated in

a crucible for 2-3 hrs before use. Other reagents were of

reagent grade.

!tZ!!9ffR!!9!2Ll!i9!ii!9!!m.!399s2!i!9nh h Zt R t -Thephosphorylationreactionwas

started by the addition of AT32p to the reaction mixture

containing. the enzyme and other reagents under the conditions
given in the "RESULTS AND DrSCUSSrON". A+i different times ;•

          ttafter starting the reaction, it was stopped by addition of

TCA (final concentration ef 5 $) containing Pia (final concent-

ration of 40.uM) and carrier ATP (final concentration of O.4'siNpt).

The reaction was followed using the simple mixing apparatus,
                                                     'which is driven by solenoids, devised by Kanazawa' s2it '-tl. ('.2.-4).

Three rr!1 of ice-cold 4 g perchloric acid containingl'.ntM carrier

ATP were added to the mixture immediately after stopping the

reaction, and the amount of phosphorylated protein was

determined as described below.
                                                     '
De hOs hor lation Reaction-After starting the phosphorylation

reaction, it was teminated by addition of EDTA (eris-salt,

pH 8.5) or excess unlabeled ATP. Ati different times after

the addition of EonA or carrier ATP, the dephosphorylation

reaction was stopped by the addition of TCA containing Pi and
carrier ATp. subsequent pr6cedures were similar to those
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used for the phosphorylation reaction. The dephosphorylation

reaction was also followed usipg the simple mixing apparatus.
                    t t .tt t. ttt .             .t!t29!iSli!!!EliE}9SS9!}-9S-!Z!}9ER!}S?!!z!gSSIS!...!2sg!!gMt t fPhhltedProtein--Afterstoppingthe

                                                        'reaction, the suspension of denatured enzyme was charged on

a Millipore fiZter of O.8 .u pore size, and washed twice with

5 rn1 of 4 g perchloric acid containing2e)mM Pi andZ' rnM carrier

ATPt and then iO tirnes with 5 ml of 4 g perchloric acid
containing :ismM PS"-and tinally twice with 5 ml of water.

                                       'All the procedures were performed at 50C. The washed
                                        '
percipitate on the filter was heated at 1000C for 2 min in

4 ml of O.Ol N NaOH containing O.lr.itiBC Pi. rn this way

essentially all the phosphorylated protein was deeomposed
                        t/           32liberating             Pite An aliquot of the extract obtained by the

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

!t29!9!l!!!lMSE!g!}-gS-2eterminatzonofP.-AfterstoppSngthereaction,t g:

suspension of denatured enzyrne was centrifuged, and Pi

in the supernatant was extracted by the method of Martin

and Doty (f!.!t,) , and its radioactivity was measured.

Determination of ATP--- After stopping the reaction, the
                                                   32 .suspension of denatured enzyme Was centrifuged, and                                                     Pi

in the supernatant was extracted by the rnethod of Martin

and Doty (tltL). The upper phase of isobutanol-benzene
     'was discarded to remove Pi.. This extragtlon procedure was

repeated 4 times, The resulting lower phase was stirred

vigorousiy with about 10 m' g of charcoal in a flush mixer for

5 rnin, and then filtered through a Millipore filter (pore size
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O.45 .Ai). The charcoal on the fi!ter was again stirred with
                                                        '2 ml of NH40H-ethanol solution (1 g': 50 g) for 2 min in a

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 the filtrate

was measured. Preliminary'tests showed that under these

experimental conditiOns aZl the radioactivity measured by
the above method was due to Aiv32p, and that the overan

     ' 32rrecovery of AT P was about 86 g. This value for recovery

was used in making corrections to obtain the true amout of
AT32p in samples.
                               '
!tg!!99S!!EI!!-9E.!iUgz!!lg...yl2!aL}!Eb!t tOfE wzthNEM---Anexzyrnepreparation(O.68mg/ml

protein) was exposed to la.TnM NEM in O.1 M Tris-HCZ, pH 8.4,

at 150C for Z hr. .Treatment with NEM inhibited Na+-K+-depen-

dent ATPase activity by 80-95 g, but did not inhibit EP-

formation. '
                       'Analysis of Kinetie Dhta-•-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, kdt can be estimated
                                      32                                        P with time afterfrom the exponential disappearance of E
addition of excess EDTA or unlabeled ATp to stop E32p-

        '                                         'formation. The rate constant of EP•-decompositien at step 4,
                       'k+4, is given as the ratio of the rate of ATP-hydrolysis,

Vo, to the SP concentration, [EP], in the steady.state,

                         vo'-'
                                                 (1) .                  k                   +4 =                        [EP]



                            il

The rate of EP-disappearance after stopping its forrnation

is given by the equation

                                             '          7 S!aÅíl!IJLt = kd[EP]' = lkl4K5EP] (2)'

  '                                                       'where K3 is the reciprocal of the equilibrium constant of

step Et E!.g. the ratio of the coneentration of E2.ATP to

that of EP. Hence, K3 is given by

                  '
                        . v'                     K3= O -i (3).
                         [EP] kd

                             .trf we assUme that steps l and 3 reach equilibrium rapidly
                       "-- ---
compared to step g!. the rate of E2.ATP-forinationr Vf, can be
                            '            'ealculated from the obverved rate of EP-formation, Vf" afi
                             '
                    Vf = Vf, (1 + K3) (4).

                    '
                   RESUL!VS AND DISCUSSrON

                   Reaction Mechanism of
              Na+-K+-dependent ATPase (42,43)
                                      - ----                            '
Evidence for a Hi h Ener Phos her lated rntermediate with
Bound ADp in the presence of Hi h M 2+ concentration

To demonstrate that not all the EP forrned in the reaction
  '                                     'the Na+-K+-dependent ATPase preparation reacted with

ADp ip the pt,esence of high concentrations of Mg2+, the

phosphorylation reaction was started with lo -uM AT32p

the presence of5{;mM MgC12, roe'rnb4 NaCl and O.l4 mg/rnl

     of

added

 in

of
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enzyrne at pH 7.5 and OOC. Then 3.l mBC ADP and 2.7 mM MgC12

or 50 rnM EDTA was added to the' reaction mixture O.2 or 2 sec

after starting the phosphorylation reaction. As shown in

Fig. Ir the time--couse of EP-decay after adding Mg-ADP was

identical with that after adding EDTA both O.2 and 2 sec after

Figure 1

starting the reaction. .
                                                  '      According to the K.S.T, mechanismr there is a K+-dependent
     '                                  'equilibrium between E2.ATP and EP, and it rapidly shifts
                                      +toward formation of E2. 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 doZum chromatography. The

enzyme (3.5 mg/ml) was phosphorylated in the presence of 5 mM
MgCi2 and 100 rnM NaCl at pH 8.5 and 150c using o.1 JuM AT32p

to keep the level of free ATP as low as possible. Under

these conditions, the arnount of EP reached a maximurn 2 sec
  '                            'after starting the reaction, and then gradually decreased.

Two sec after starting the reaction, O.77 mM KCI containing

50 rnM EDTA was added, and O.5 sec later TCA was added. rn

the contrel experiment, TCA was added 2 sec after starting
                     'the reaction. pi was rernoved from the two sarnples, using

the method of Martin and Doty C41). Nucleotides were

absorbed on chareoal, extracted with NH40H-ethanol solution,
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and then charged on a columr as described in

PROCEDURE",. Figure 2 shows that the amount
                             tttt t                               tt

 the "EXPER:)CENTAL

of ATP increased

Figure 2

'i'fter adding K+. Thus, the total amount of ATP after
   'addition of K+ was about 1.7 times that of the control*i

All the radioactivity appeared in the same position as the

absorption of carrier ATP**. Therefore, it was not necessary

to 'separate ATP by colum chromatography and we could foZlow ,
the time--course of ATP-formation after addition of K+ by direct
 '                              'measurement of the radioactivity of the sample extracted from
                                  '

      The phosphorylation reaction was performed as for Fig. 2,
except that Z50 rnM Nacl, 1.63 mg/ml enzyme and o.os .nM AT32p

were used. As shown in Fig. 3, the amount of ATP foirned
increased with time, and reached a maximum of 1.2 moles/lo9 g

protein, O.6 sec after adding O.77 mb KCI and 50 mh EDTA.

Figure 3

* The background count was taken as l6 cprn.

*S This nucZeotide preparation was usuaZZy contarninated

a small amount of some substance, with absorption at 260

with

 nm.
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On the other hand, the amount of EP first decreased rapidly

after adding KCI 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 EDTAi and the rate constant of the decay in the
                'absence of K+ was about 70 g of that in the presence of O.77

rnM K+
.

       '
      The reciprocal of the equilibrium constant of s.tep E}
in the K.S.T. mechanism in the presence of O.77 mbE K+ was

calculated to be O.83-O.93, both from the amount of rapid

decrease of EP after adding KCI and EDTA and from the amount

of ATP formed, when the reciprocal of the equilibriiuth constant
in the absence of K+ was taken as O.15 according to Kanazawa

et aZ. (24). This value for the constant in the presence

of O.77 rnM KCI was almost equal to the value of about 1.0 of

Kanazawa et al. (24) calculated indirectly from the rate
         ---
constant of P.-liberation and the first-order rate constant
             x
of EP-decay thfo the presence of O.3 rnbC KCI.

      These results clearly show that EP formed in the
                                    2+                                       is a high energypresence of high concentrations of Mg
type with bound ADp,' 2,.g. E'd." gDP.

Evidence for Se uential Formation of Two Hi' h Ener Ph'os-
hor Zate'd Zntermediates Wi'th and Without Bound ADP

Jn 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
                 t.                     ttseveral workers (astL-2.LteLt) that two types of Ep coexist in

                                      2+the presence of low concentration of Mg . Figure 4 shows

Figure 4

the time-course of E32p-decay after adding o.4s rnM Mg-ADpr

and that after adding O.45 mM unlabeled Mg-ATP, in the
presen6e of s.uM AT32p, o.is6 mg/ml enzyme and 14o rnM Nacl

at pH 7.5 and 150C and in the presence Qf a low concentration
     2+of Mg        of IO NM. We could observe no acceleration of EP-
                               '                                                        2+decay on addition of ADP even in the presence of 10.t!!E Mg .
                          '      F'a' hn et aZ. (21) reporeed that NEM-treatment accelerates
                  pt           --                                                    'the ATP-ADP exchange reaction catalyzed by the enzyrne.

Accordingly a s' i' milar experiment was performed using NEM-t;

treated enzyme. NEM-treated enzyme was prepared as described

in the "EXPERrMENTAL PROCEDURE",i' and phosphorylated by
incubation for 1 sec with lo nv[ AT32p in the presence of lo .-M

MgC12 and IOO mM NaCl at pH 7.5 and OOC. As shown in Fig. 5,

Figure 5

the rate of EP-decay of the NEM-treated enzyrne after addÅ}ng

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 lowr and the time-

courses of EP-decay in the steady--state were nearly linear

with time. Hencer the difference between the linear parts

of the curves obtained on adding EDTA and ADP, respectively,

could be regarded as the arnount of ADP-sensitive EP formed

at the time when ADP vvas added. The amount of ADP-sensitive

EP was estirnated as about 56 g of the totai EP, 1 sec after

starting the reaction under the conditions used in the

experiments shown in Fig. 5.

      The order of fgrmation of the two kinds of EP was

followed. The phosphorylation reaction was performed under

the same conditions as for Fig. 5. At various tirnes after

starting the phosphorylation reaction, 50 mM EDTA or 3.1 rnM

ADP containing 2.7 mM MgC12 was added, and the time-course

of EP-decay was followed. Zt is clear from Fig. 6 that the

acceleration of EP-decay on addition of ADP occurs after

Figure 6

O.4 sec reaction, not in the initial phase of the phosphory-

lation reaction (O.1 and O.2 sec). The ratio of'the amount

of ADP-sensitive EP to the tota! 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 gr 1.5 sec after starting the

reaction. These resuZts 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': mechanisrn, but not the

F.A.P. rnechanism. Accordipg to the former mechanism step a

is essentially irreversible and step 2' is rate-limiting in
                                          2+the presence of high concentrations of Mg (Z:4L). On the
              'other hand, when NEM--treated enzyme is used in the presence
of low concentrations of Mg2+ , step 2 is reversible, the

                ttrates of steps 2 and 2' are similar, and both E<' SDP amd

E•vP can coexist in the steady-state. Formation of EP is
known to require both Na+ and Mg2+. rn addition, it must

be noted that there is a K+-dependent equilibriurn between the

enzyrne-ATP comp!ex 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 recentZy reported by Siegel et al.
                    '                        '(45) and Banergiee et 'al. (46).
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          Effects of Sodium and Potassium Ions

       on the Elementary Steps in the Reaction of
             Na+--KÅ}-dependent ATPase (43,47)

      Zn this section, the effects of Na+ and K+ 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 investigateoL

employing equations (4), <3), and <l), respectively.
Effects of Na+ and K+ on EP-decom osition-About l sec after

initiating the reaction by adding ATP to the enzyrne, the ATPase

reaction reached the steady-state. The amounts of Pi liberated

and EP forrned in the 3 sec - reaction were measured to obtain

the rate constant of EPte•decomposition at step !! as Vo/[EP]

(cf. eq. (l)).

      Figure 8 shows the dependence of the value of V6/[EP]

Figure 8

on the concentration df NaCl in the absence of KCI. The

reaction was perforrned using O.29 rng/ml enzyme and 4 .uM ATP.

The rate of ATp-hydrolysis, vb, was about O.55 mole pi/107 g
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protein/sec with O.5 mM NaClt and increased with increase in

the concentration of NaCl. It reached a maximum value of
about Z.8 rnole Pi/107 g protein/sec with ZO-2JO mM NaCl, and

then decreased with 'increase in the concentration of•NaCl to
a value of about o.4 mole pi/lo7 g protein/sec with 40o mM

Nacl. The concentration of Ep, [Ep], was about O.5 rnole/107

                                                           'g protein with O.5 rnM NaCl, and increased with increase in
the concentration of Nacl. It reached about O.95 rnole/107

g protein with 5 rnb4 NaCl and maSntained a constant level oÅí
O.g5-1.1 mole/107 g protein in the range of 5 to 400 rnM NaCl.

Accordingly, the rate constant of EP-decomposition at step ar

calculated as Vo/[EP], showed approximately a constant value
of 1.3 sec'1 in O.5-50 mbc Nacl, and decreased with further

increase in the NaCl concentration to a value of about O.4
sec-l with 4oo rnM Nacl.

      The dependences of Vo/[EP] on the concentration of Nacl

were measured in the presence of O.1, O.5, 2.5, and 10 mM KCI.

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

Figure 9

KCI. The reaction was perforrned using O.

and 40.u!Yl ATP. As expected, the rate of

the presence of 2.5 mM KCI was larger than

of KCI '(cf. Fig. 8). As shown in Fig. 9,

29 mg/rn1 enzyme

ATP--hydrolysis in

 that in the absence

 the value of Vo was
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about 2.5 moles pi/107 g protein/sec with 1 mM Nacl, and

increased with increase in the eoncentration of NaCl. It
reached a maximum value of about 11.5 moles pi/107 g protein/sec

wtth 50 mM/ NaCl, and then decreased with increase in the
concentration of Nacl to a value of about o.s mole pi/lo7 g

protein/sec with 600 mh NaCl. The dependence of [EP] on "

NaCl concentration in the presence of 2.5 mM KCI gave a

biphasic curve. The value of [EP] was less than that in the

absence of KCI, especially at low concentrations of NaCl (cf.
Fig. 8). It was about O.15 mole/107 g protein with 1 mM

NaCl, and increased with increase in the concentration of
NaCl. rt showed a plateau of about o.6 mole/lo7 g protein

in 50-100 mM NaCl, increased again with further increase in
the NaCl concentration, and reached about O.95 mole/lo7 g

protein with 600 mM NaCl. Accordingly, the rate constant

of EP--decomposition, Kfo/IEP], showed an approxirnately constant
value of 20 sec-1 in 1-10 mb, Nacl, and decreased with further

increase X'n the concentration of NaCl. With 600 mbC NaCl it
                    -1                       . The biphasic dependence of [EP] onwas only about 2 sec

the concentration of NaCl was rnore marked in the presence of

IO mM KCI than that shown in Fig. 9 in the presence of 2.5

rnM KCI.

      The dependences of the rate constant of EP.decornposition

on NaCl concentration at various KCI concentrations are

given in Fig. IO. At low concentrations of NaClr EP-decompo-

sition was activated markedly even by addition of a low



21

Figure IO

           'r'•i

eoncd'firetatioli o.f Kcl.
            '
high concentrations of
      'The curves illustrated
                  '                  tttfollowing equation:

 The inhibition of EP-decomposition by

NaCl waS partially suppresse'dfby''-•KCZ.

in Fig. ZO were calculated by the

18.4/(l    O.043
+   [K+1

inJM'

[' iypO] == ([//;])K+pt 'S + [Na+]

                       1+ +
                           l30 [K+T

                       'where (-v- o/[EP])KÅ}..o denotes the value

of KCI. As seen in Fig. 10, all the

 fitted the above equation well.

      The dependence of the value of

concentration of NaCl on the

measured. Figure 11 shows the

)

(sec
  [Na+]

( )2 190 mny

of Xfo/[EP] in

experimenta1

        Vo/ [EP]

concentration of

   dependence in

at a

 KCI

 the

-1 ) (5) ,

 the absence

va1ues

fixed

was also

presence

Figure 11

of 10 mM NaCl.

rationsirt/6f KCI in

Fig. 10.

The

 10

va1ues

mM NaCl

Of Vo/[EP] with

.were similar to

   ,varlous,

 those

 concent-

g-ven xn
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Effects of Na+'' and K- on the E uilibrium Step between E ATP

and EP.--Employing the first order rate constant of EP-

disappearance, Kdf and Vo/[EP], we calculated the value of
1 + K3 as Vo/`G[EP] kd), and measured the effects of Na+ and

K+ on K3, which is the ratio of the concentration of E2ATP

to that of EP (gf. eq. .(3)).

      Figure•l2 shows the dependence of the value of 1 + K3

Figure 12

on the concentration of,NaCl in the absence of KCI. To

measure the value of kd, the ATPase reaction was performed

with O.29 rng/ml enzyme and 4 dixM ATP in the presence of O.5-400

rnM NaCl. Three sec after initiating the reaction, 50 mM/

EDTA was added to the reaction rnixture to stop EP-formation.

The value of kd was estimated from the slop of the plot of

the logarithm of the EP-concentration after addition of

EDCeA against time. The value of Vo/IEP] was obtained as

described for Fig. 8. The value of kd was neariy indepen-

dent of the concentration of NaCl at concentrations of O.5-
400 tuM, being about O.5 sec-!, although in 50--80 mM NaCl it

                                      -lhad a slightly larger value of O.65 sec . On the other
                                           -1handt the value of vo/[EP] wa$ about 1.3 sec                                              in O.5•-5O rnM

NaCl, and decreased wi' th increase in the NaCl concentration
          -1             with 400 rnM NaCl. Accordingly, the value ofto O.5 sed
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1 + K3 calculated as Vo/([EP].kd) showed an approximately

constant vaZue of 2.8-2.9 in O.5-IO rrLM NaCl, and decreased

with inc•rease in the concentration'of NaCl to about 1 in 100
                                                       '
,-

      Figure 13 shows the dependence of the va!ue of l + K3

Figure 13

on the concentration of NaCl th.the presence of 2.5 mh KCI.

The reaction was perforrned using O.29 mg/ml enzyme and 40 MM

ATP. 'As seen in this figure, the value of Vo/[EP] was ,
approximately constant at 18-20 sec'"l in 1-80 mM Nacl, and

decreased with further increase in the concentration of NaCl
to about 1 sec-1 in 400-600 rnM NaCl. The value of k                                                      was                                                    d
about 5 sec'1 in 1-10 rnb4 Nacl, and decreased with inerease in

                                       •- 1the concent.ration of NaCl to about 1 sec                                          with 400 mM NaCl.

Accordingly, the value of l + K3 was about 4 with l mb NaClr

reached a maximum value of about 13 with 90 mb NaCl, and then

decreased to 1 with further increase in the concentration of
                                               '                                           'NaCl to 400--600 mh NaCl. '
   '
 . 'Figure 14 shows the dependence of the value of l+ K3

Figure 14

on the concentration of NaCl in the presence of IO rnec KCI.
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The reaction was performed under the same conditions as for

Fig. I3, except that the concentration of KCI was 10 mM.
                                                        -1The value of Vo/[EPI was approximately constant at 18 sec
              'in 1-50 mb NaCl, and decreased with incerease in the concent-
rati6n of Nacl to about 1 sec-1 with 6oo mM Nacl. The value
                      '                                            -!of kd was approximately constant at 1-1.3 sec                                               in 1-600 rnM

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 rmbC NaCl.

    , Figure l5 shows the dependences of the value of l + K3

   {i .]'";- :

Fi gurese•rS,

on the concentration of NaCl in the presence of Or O.5r 2.5 and

10 rnM KCI. Although the dependence in t Pg presence of 2,5 mb

KCI was complicated, as mentioned above (cf. Fig. Z3), generally
                                        -
speaking, the value of l + KS decreased with increase in the

concentration of NaCl, and increased with increase in the

concentration of KCI.

      As shown in Fig. Il, the dependence of the value of

i + K3 on the concentration of KCI in the presence of 10 mM

NaCl approximately agreed with the resuits shown in Fig. 15.
!tiU:Eg9!IERS-l!gbes2-51tk.g!Lli21>!!2:Sgs!!!A!2,g!!ffectsofNaandK+ EATPf t---TherateofE2ATp-

formation, ,Yf, was calculated as vf, (1 + K3) (gfL. eq. (4)),

where the rate of EP--formationt vf,t was obtained from the



'amount of EP

Figure

formed in

16 shows

 o.

the
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1 sec after

 dependence

initiating the reaction.

of the value of vf on the

Figure l6

concentration of NaCl in the absence of Kel. The reaction

was performed using O.29 mgl!nl enzyme and 40 .uM ATP. The

value of 1 + K3 shown in Fig. !5 was used to calculate the
value of vf. The value of vf was about 2 moles/!o7 g

protein/sec with 1 mM NaCl, and increased with increase in

the concentration of NaCl. Tt reached a rnaxirnum value of
20 moles/107 g protein/sec with 20 rnM Nacl, and then decreased

with further increase in the concentration of NaCl to about
2 moles/107 g protein/sec with 600 mM NaCl. The solid line

in Fig. I6 was calculated by the equation:

            , 43     Vf = le4 mM [Na+] (MOIeS/I07 g protein/sec) (6).

           I+ .-. +                [Na+] 31.2 mh

The observed va!ues of vf fitted the curve approxirnately.

      Figure 17 shows the dependences of vf on the'concentration

Figure 17

of NaCl in the presence of O, O.5, 2.5, and IO mM KCI. The
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values of vf at vardiours KCI concentrations increased with

increase in the concentration of NaCl, reached a maximum

leveZ, and then decreased with further increase in NaCl

concentration, as already described for the case in O mM KCI.

The curves given in this figure were calculated according to

the following equation:

      vfE' Vf ' (mo!es/lo7gprotein/sec)"' (7)•
           1+ÅëA + [Na+]
              [Na+] Sbi

The observed values of vf approximately fitted this equation.
As shown in Fig. 18, all the kinetic pararneters, Vf, (l) A, and

Figure 18

Åëri decreased with increase in the concentration of KCI, and

their dependences of KCI concentration under the conditions

used were given by the following equations:

      vf = s+ -48 (moles/lo7 gprotein/sec) (s),
                J+, tl•i-•-•••" '
                    pt,6 -mh

      (PA = .l!.!t2-:-:i :\!!!-" 3 MM (g>,
           1+ fK ]
               .
               e.6 raM
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and Åë r = -2jtLIII!!.Mrv! --- ao).
              [K+]
          1+ ---
              2.7 rnM

tsut as seen in this figure, the experimental values did

always agree well with the above equations.

      Figure l9 shows the dependence of the value of vf

not

on

Figure 19

concentration of KCI in the presence 6f 10 rnM NaCl. The

values of vf at various concentrations of KCI in 10 rnM NaCl

were similar to those given in Fig. I7.

      The dependence of vf on NaCl concentration was also

rneasured in the presence of 4 .uM ATP, instead of 40 .aaM ATP

(Figs. 16-19), since Kanazawa et al. (24) reported that
                             ---
ATP Eunctions not only as substrate but also as a modulator

for E2ATP-formation. Figure 20 shows the dependenee of

the value of vf on the concentration of NaCl in the presence

Figure 20

of

l

 4.uM ATP
       7mole/1O

 and absence

g protein/sec

of KCI. The value,

 with O.5 rnM NaCl,

 of

and

vf was about

increased with
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-increase in the concentration of NaCl, reached a maximum'
value of IO moles/z07 g protein/sec with 10 rnM Nacl, and

then decreased with further increase in the concentration
of Nacl to about O.5 moles/107 g protein/siec with 6oo mM

NaCl. This pattern was 'similar to that obtained using 40

.uM ATP (Fig. 16>, though the values of vf were less.

      Ngure 21 shows the dependences of the values of vf

Figure 21

with 4MM ATP on the concentration of NaCl in the absence of

KCI and in the presence of O.5 !nM KCI. The value of vf

reached a maximum with 10 rnb4 NaCl in both cases.:{''. The maximum

value in the absence of Kcl was about 10 moles/lo7 g protein/sec,

and that in the presence of O.5 mh Kcl was about 7 moles/107

g protein/sec. Thus, unlike in 40 .uM ATP (Fig. 17), the

maxirnum value of vf in the absence of KCI was slightly

higher than that in the presence of O.5 rnM KCi.
Discussion ofi,the effect of Na+ and K+ on the partial

reactions: The resuits on the effects

rate of E2ATP-formation (eqs. '(7)-(10))

quantitatively by postulating two kinds

cation binding sites, as shown in Fig.

of Na+ and K+ on the

 can be interpreted

 of cooperative

.22...: E2ATP-formation

Figure 22



                            29

requires the binding of Na+ to an Na+-site, of which the

dissociation constant is IO.3 mM. The Na+-binding to this

site induces cooperative K+-binding to a K+•-site, of which

the dissociation constant is O.6 mb, and this K+-binding

decreases the value of Vf to a low level and produces a
decrease in the value ofdiA. On the other hand, the binding

of Na+ to and Na+-site, of which the dissociation constant is

32 rnM, inhibits E2ATP-forn!ation. This binding of Na+ induces

cooperative K+•-binding to a K+--site of which the disseciation

constant is 2.7 mM, and this K+-binding decreases the value of

9bl. Furthermorer the cooperative binding of K+ was moduZated

by ATP, as shown in Figs. 17 and 21. E2ATP-Formation was

accelerated by O.5 rniYl KCI in 40.uM ATP <Fig. I7), while it

was siightly inhibited by O.5 rruM KCI in 4.muM ATP (Fig. 21).

      The dependence on the Na+ concentration of 1 + K3 showed

rather a cornplicated behaviour as the concentration of K+ was

varied (Fig. 15), although generally speaking, it increased
with increase in the K+ concentration. More detailed studies
           '
are needed to obtain quantitative inforrnation on what changes

in the affinity for cations occur when E2ATP changes to EP.
      The effects of Na+ and K+ on EP-decomposition (eq. (5)>

can be interpreted by postuZating three kinds of cation binding
site (Fig. 22). The EP-decemposition is acceierated by K+

binding to a K+-site, of which the dissociation constant is

O.043 rnM. rt is inhibited by two kinds of Na+ binding, one

                                    +                                      concentrations, althoughof which occurs at relativlely low Na
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this Na+ binding is competitively inhibited by much iower

concentrations of K+. [Dwo moles of Na+ per ATPase active

                                      +site bind cooperatively to the other Na                                       •-sitqr and the

dissociation constant of this binding is 190 rnM, and the
binding is not suppressed by K+.

      Figure 22 shows a schematic representation of the

interactions between ATPase and cations obtained frorn 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 tbat the dissociation constants of Na+ at the

step of EP•-decomposition are larger than those of E2ATP-forrnation.

On the contrary, the dissociation constants of K+ at the step

of E2ATP-formation are larger than those of EP-decomposition.

!t 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 E2ATP, since the equilibriurn between E2ATP and EP

shifts toward E2ATP on adding low concentrations of K+, even

in the presence of high concentrations of Na+.

           Properties of the Step from an Enzyme-ATP

        Complex to a phosphorylated !nterrnediate in the
           Reaction of Na+-K+-dependent ATPase (48)
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                                                    +The EquUibrium Step between E ATP and EP at Low Nq.                                                      Conce-n. -

tration.-The existence of std' p 3 was first proposed (24)

from the observations that the ratio of the steady-state rate
                 'of ATP-hydrolysis to the concentration of EP, vo/[EP]r was
     'larger than the first order decay constant of EP, kd.

According to our reaction mechanism, the reciprocal of the
                                   'equilibrium constant, K3, at step 2 is given as vo/([EP].kd)

- l. The value 6f 1+ K3 increased frorn l.l5 with increase

in the KCI concentrations from O to 1 rn!4 (24).

      As described in the first and the second sections, the

existence of the equilibrium step between E2ATP and EP in the

presence of high concentrations of NaCl was further demonstrated

 (42,43,47) by the following four types of experiments.

First, the time-course of EP-disappearance was proportiona!:

to Pi-liberation after stopping EP--formation by adding EDTAr

but the amounts of Pi liberated were always iarger than those

of decrease in EP, and the ratio was equal to the ratio of

Vo/[EP] to kd, EL.g. 1+ K3. Second, the amount of Ep

decreased with increase in the concentration of KCI, but [EP]
                           '(1 + K3), which represents the total phosphorylation site of

the enzyme, was always constant, irrespective to the concent-

ration of KCI. Third, when KCI was added together with EDTA

to EP, a fraction of EP decayed rapidly, and then the rernaining

EP decreased following first order kirietices. If we assume

that the initial rapid decay in EP is due to a shift of the

equilibrium toward E2ATP on adding KCI, we can calculate
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the value of K3 in the presence of KCI. The value of l+ K3

thus obtained was in agreement with the ratio of.vo/[EP] to

kd. Fourth, the rnost conclusive evidence is the forraation of

ATP aecompanied by theeinitial rapid decay of EP on adding KCI

and EDTA (EL;trt!.Lt). The arnount of ATP forrned was equal to the

amount calculated from the change in K3 on adding KCI, which

was obtained by the rnethods mentioned above.

      As described in the second seetion (t!:tL>t the values of

1 + K3, deduced as vo/([EP].kd), in the presence of KCI were
                                                     'much Zarger in the presence of Zow concentrations of NaCl

than those in the presence of high concentrations of NaCl.

For exampZe, in the presence of O.5 or IO rnM KCZ, the value

of l + K3 was about 12 at Zow concentrations of NaCl. This

large value of K3 proinpted us to re-exarnine the existence of

the equilibrium at Zow concentrations of NaCl.
      Figure 23 shows the tirne-courses of 32pi-liberation

Figure 23

atia E32p--disappearance after adding EDTA or unlabeled ATP

to stop the formation of E32p in the presence of io rrut Nacl

and O.4 rnM KCI. The reaction was initiated by adding 40 .uM
AT32p to o.2g mg/ml enzyme, and o.3 sec after initiating the

reactionr 20 rnM EDTA or 4 rnM unlabeled ATP was added to •
stop E32p-formation. The time-courses of 32pi-iiberation
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and E32p-disappearance after adding EDTA were equal to those

                                             32after adding uniabeled ATP. The amount of Pi-liberation
was always much higher than that of E32p--disappearance.

For exarnple, the amount of 32pi liberated after a 1.s sec -

reaction was about s.s mo!es/lo7 g protein, whne the amount

of decrease in E32p was o.7 mole/io3' g protein. This suggests

that the va!ue of l+ K3 was about l2. However, the

proportionality between Pi-liberation and decrease in EP-

concentration after stopping EP-formation was not satisfied in
                                                 '10 mM NaCl. The Zatter reached the maximum level in O.8 sec,

but the former continued for 1.5 sec.

      The rapid decrease in EP durinq- the initial phase after

adding KCI 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 KCI-jump in the presence of 5, 40, and 400 mM NaCl.

The reaction was initiated by adding 40 .uM ATP to O.29 mg/ml

enzyrne. Three sec after initiating the reaction, 20 mh EDTA

containing O.5 rnM KCI 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-KCI.
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                                              '      From the value of 1 + K3 estimated as Vo/:( [EP] kd) in

absence of KC! reported in the second section <47) and the
                                              -
amount of rapid decay of EP after the KCI-jump given in Fig.

we caiculated the value of 1 + K3 in the presence of O.5 rnM

KCI. {Pable Z sumarized the values of i + K3 calculated as

the

 24 '

Tab le I

rnentioned above and those calculated as vo/([EP].kd) with 5,

40, 400 rnbC NaCl in the presence of O.5 rytM KCI. The values

of 1 + K3 obtained by the two rnethods were sinilar. Thus,

the existence of the equilibrium between E2ATP and EP in the

presenee of a low concentration of Nael was supported by the

agreement of the values of l + K3 obtained from the three

different methods.

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

Figure 25

Pi-liberationt and the amount of ATP remaining in the reaction

mixture after a KCI•-jurnp. The reaction was initiated by

the addition of e.11 .uM ATP to reaction mixture containg 2.26

rag/rnl enzyme and 20 mML NaCl at l50. 1?wo sec after initiating

the reaction, solutions of 50 mM EDTA with or without O.8 rrtM

KCI were added, and the time-eourses of EP-disappearance,
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Pi-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 containShg KCZ was added to EP, but it

decreased when KCI-free EDTA was ddded to EP. The amount

of ATP formed by the KCI-jump was less than the vaiue expected

from the values of l + K3 described in the second sectio" (t!:tL),

and a larger fraction of EP-decrease was abserved as Pi-
liberation. rt 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 150r" 1]his conjecture is

consistent with the result shown in Fiq.. 23 that EP-disappea-

rance reached a maximum level rnore rapidly than Pi-liberatien

did after adding EDTA-KCI.

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

Fiq. ure 26

a KCI-jump at OO. At 3.5 sec after initiating the reaction,

50 mM EDfi?A with or without O.8 rnM KCI was added to EP under

the same conditÅ}ons as for Fig. 25, except that the eemperature

was OO. Tlae amount of ATP remaining in the reaction mixture
          '(O.35 mol'e/I08 g protein) after the addition of KCI free

EDTA did not change within 1 sec. On the other handt a
considerabZe amount of ATp was forrned when EDTA-Kcl was

added to EP. The net amount of ATP formed reaehed a J•



maximum value
       t.
the KCI lj ump.

Thermodynamie
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of o.6s mole/lo8

Functions of the

g protein, O.4 sec after

Step, E ATPAEPp[Vo clarify
the coupling mechanism between active transport of cations

and the enzyrne reaction, it is very important to know the
                                             .•ADP .therrnodynarnie functions of the step E2ATP F>ENp ,                                                   slnee

Kanazawa et al. (34) and Sumida et al. (35) showed that
         -d-- pt .--"--the translocation of ca2+ ions across the membrane of the

sarcoplasmic reticulum occurs in this step. :n the present

study, we measured the temperature dependence of the equiZibriu!n
COnStantr Keqr Seg. K3-ir of step 2 to obtain the therrnodynamic

functions in the presencer':of a high eoneentration of NaCl

and in the absence of KCI. Figure 27 shows the time-courses
                                               'of Pi-Ziberation and EP-disappearance after adding EDTA to

Figure 27

stop SP-formation at 1OO, 18O,

initiated by adding O.Z8JuM ATP

presenee of 140 rnM NaCl. At O

formation, 50 !nM EDTA was added

!iberated and EP were measured.

very accurate, the amount of Pi

proportional to decrease in the

addition of EDTA. The curves

assuming that the proportional

and 250. EP-Eormec. ion was

 to O.53 rng/ml enzyme in the

.3 sec after initiating EP-

, and the amounts of Pi

   Although results were not

-liberation was more or less

 EP concentration after the

in the figure were drawn

coefficients of Pi-liberation/
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Ep-decrease at IOO, 18e, and 250 were 1.8, 1.7, and 1.5,

respectively. We estimated the values of Keq at the three

temperatures using these coefficients, and ca!culated the

standard free energy chanq.e,AGOr at step. g, as -RT ln K. eq.

      Figure 28 shows the teTnperature dependence of the

Figure 28

value of4GO. From the temperature dependence of(AGO, we

estimated the enthalpy chang.e,LHO, and the entropy change,

ASO, of step 2. At 50 both the rates of Pi-liberation

and EP-disappearance were too small to be accurately determined,

while at 300 they were too large to be accurately measured

by the simple mixing apparatus. Therefore, the range of

temperature used was rather narrow (!OO-250), and we could

not accurately determine the values of (XHO and/-.N.Se.
                                                          -1However, they were roughly estimated to be + 4--5Kcal mole
and + ls - l6 entropy units mo!e'-1, respectively.

      Recent!y, the existence of a reversible equilibrium

between the second myosin--ATP cornplex and the reactive myosin-

P--ADP complex was demonstrated (E}Lt,E}:tL) in the reaction of

myosin-ATPase. rn this case, the value of4HO was +3 -- +4
Kcal mole-l, and the value of4xSO was +15 - +20 entropy units

mole-1(37). rt is well known that phosphorylated enzyme

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

the transport ATPase (.1-,g,E-L9,2..t.) by adding TCA to stop the
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reaction, while Pi is released by adding TCA to the reactive

myosin-P•-ADP cornplex of myosin ATPase (2.;t). However, the
                                                     •+finding that the thermodynamie parameters of the step in Na --
Ki•li-.-dependent ATPase between the second enzyme-ATP comp!ex

and the phosphorylated interrnediate were similar to these of

the step in myosin ATPase between tbe 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 contractiV,e ATPase before the addition

of TCA.

                        SUMMARY

      The existence of two kinds of high energy phosphorylated

intermediate, EPr with and without bound ADP, in the reaction
of Na+-K+-dependent ATPase was indicated by the following

results.

1. 0nly one type of EP, i.e., that for which decay is

unaffected by the addition of ADPr was observed in the presence
of high concentrations of Mg2+ 6' on adding K+ (K+-jump) a

fraction of the EP decayed rapidly, and then the time course

of EP decomposition followed first-order kinetics. The
initiaZ 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 calcuiated on the basis of the

rnechanism 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 K+.

2. When NEM-treated enzyme was used in the presence of Zow
                    2+                      , two types of EP were observed. oneconcentrations of Mg

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 experirnental resu!ts support the
                                      'following reaction mechanism for the Na+-K+-dependent ATPase:

E + ATP Fl>El'ATP $E2eATP v"E'L{.' DDP.--.-Å}.EtvP + ADP---->E + Pi +

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, Ei.Alrp and E2.ATp, and E•<' DDP is in K+-

dependent equilibrium with E2.ATP.

     On the basis of the reaction mechanism mentioned above,
the effects of Na+ and K+ on the elernentary steps in the

reaction of Na+-K+-dependent ATPase were investigated in

O.5--600 mh NaCl and O-IO mM KCI at a fixed concentration (1 mM)

of MgC12, and the following results were obtained:

4. The rate of E2.ATP-formation, vf, increased with increase

in the Na+ concentration, reached a maxirnum levelr and then

decreased further increase in the Na+ concentration at

various K+ concentrations. The value of vf was given as

MP.



ng

vf
Vf "  1 + 9bA + [Na+]
     ] "s [-N a+] 4)
                   r

             48Vf=8+ xt.]
           1 ' 6:.'g--iffi6 rnM

'

tV'Ye`- (moies/io7 g protein/sec)r

ÅëA=ii'i!8t-:iflll'iKlll]l! rand(ii>i=tSit--llilliiilllS/./K+i

          O.6 rnM 2.7 rnM '
5. The reciproeal of the equilibrium constantt Kb, of the

step El.ATpeE<' i;DP in the presence of low concentrations of

Na+ was larger than that in the presense of high concentrations

of Na+, indicating that the equi!ibrium shifted rmarkedly toward

                                 +                                   . The relation of K3 withE2.ATP at low concentrations of Na
                                                    'Na+ concentration was rather comp!icated on varying the

concentration of K+. However, generally speaking, it

increased with increase in theK+ concentration.

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

of Na+. The inhibpt.ion by Na+ vvas partialZy suppressed by

K+. The rate constant of EP-decomposition, vo/[EP], was given

by

                                  O.043 mM       vo vo 18'4/(l+ [K+1 )
      'rtEi5'i'pi = ([Epii+.rr•t; (sec-i)
                       i+,-kl/ale+,+(l:g'k,,)2 •
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where (vo/[EP])K+.o was the vaZue of vo/[EP] in the cabsence of
K+.

      Next, sorne kinetic and thermodynamic properties of the

step E2.ATPvA EC'SDP were investigated, and the following

results were obtained:

7. The existence of quasi-equilibrium between E2' ATP and
E-c' gDP in the presence of low concentrations of Na+ was suggested

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

brium constantr K3, of the step E2fATp ."rECtiDP obtained by

the following three methods were almost equal. a) The value

of l + K3 was estimated as the ratio of vo/[EP] to kd, where
                            'vo was the rate of ATP-hydro!ysis in the steady-state, and kd

the first order rate constant of EP-disappearance after stopping

the EP-formation. b) :t was calculated from the ratio of the

amount of Pi 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 E2.ATP on adding K+. Although

ATP-formation due to shift of the equilibrium toward E2'ATP
by a K+-jump in the presence of a low concentration of Na+ was

observed at OOC, the amount of ATP formed by a K+-jurmp at 150C

was less than the value expected from shift of the equilibrium.

8. The values of`tsHO andzssO of the step E2.ATp E#Etv" pADP

were estimated in the presence of a sufficient amount of Na+

and the absence of K+. They were +4-5 Kcal mole-1 and

l5-16 entropy units molerP, respectively.
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Table r Comparison of Values of i+ K3 Deternined as

vo/([EPI), kd) with Those Estimated froTtt Rapid Decay of EP after

Adding K+.

      The reaction was performed using O.29 mg/ml enzyme and
4ovuM2r-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 mixt"re'•n

and the values of vo and EEP] were measured. Three sec after

initiating the reaction, 20 rnM EDTA containing O.5 rnM KCI was

added to the reactien mixturer and the value of kd and the

amount of rapid decay in EP during the initial phase were

measured (ef. Fig. 24)

!,, + K3

NaCl (rnM)
vo/([EP] kd Rapid decay of EP after adding K-EDTA

  5

 40

4oe

ll.3

 3el

 1.4

8.5

3.0

1.7
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                    !EGENDS FOR F!GURES

Fig. 1. Effect''of ADP on decay of EP forrned in the presence
                 'of a high concentration of Mg2+. The phosphorylation reaction

was started by addition of o.os rnl of o.2 m)4 AT32p to o.ss mz

of reaction mixture, to give final eoncentrations of 5 mM MgC12,

100. mM NaCl and O.14 rng/ml enzyme at pH 7.5 (30 mh histidine

buffer) and OeC. [I?wo and O.2 sec after starting the phosphory-

lation reaction, O.1 ml of e.5 M EDTA-Tris (pH 7.5) (X ,")

or 31 rnM ADP containing 27 mM MgC12 (pH 7.5 with Tris) (O,e)

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

Phosphorylation time: O,X, 2 sec; e,+r O.2 sec.

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

                                     2+                                       . The phosphoryZationpresence of a high concentration of M.r.
reaction was started by addition of o.os ml of 2.uM AT32p to

O.85 ml of reaction mixturet to give final concentrations of

5 rnM MgC12, ZOO rmM NaCl and 3.5 mg/ml enzyme at pH 8.5 (100

mlvr Tris-HCI) and 150e. Tbvo sec after starting the phosphory-

lation reactiont TCA was added, or O.1 ml of O.5 M EDTA-Tris

containing 7.7 rnM KCI (pH 8.5) was added first, and O.5 sec

later TCA was added. The final volume of the reaction

mixture was ! ml. The two sampZes were centrifuged and Pi

was removed from the supernatants by the method of Martin

and Doty. Nucleotides were adsorbed on charcoal, extracted

with NH40H-ethanol (1 g : 50 g), and eharged on a DEAE-

Sephadex column (1.8 x l8 cm). The column was eluted with
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a gradient of O to O.5 M KCI in O.1 M Tris-HCI (pH 8.3).

Fractions of 5 ml were collected. ------, optical density at
260 nm; ---e, radioactivity of sarnple without added K+

;

.-.mn, radioactivity of sample with added K+. The background

count was not subtracted.

Fig. 3. Time-course of ATP-forrnation after adding K+ to EP

formed in the presence of a ljSgh concentration of Mg2+. The

phosphorylation reaction was performed as described for Fig. 2,
exeept that final concentrations of o.os.uM AT32p, lso mM

NaCl and l.63 mg/ml enzyrne were used. Two sec after starting

the reaction, O.1 rn1 of O.5 M EDTA-Tris (pH 8.5) (X) or O.5 M

EDCVA-Tris containing 7.7 mM KCI (pH 8.5) (O,e,4) was

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

described in the text. X,O, amount of Ep. A, amount of
total ATP. e, amount of ATP formed.

Fig. 4. Effect of ADP on the decay of EP forTned in the
presence of a zow concentration of Mg2+. The phosphory-

lation reaction was started by addition of O.05 ml of O.1 rnM
AT32p to o.ss ml of reaction mixture to give final concent-

ration of 10.uM MgC12, 140 mh NaCl and O.156 mg/ml enzyme

at pH 7.5 (30 mM histidine buffer) and 150C. One see

after starting the reaction, O.i ml of 4.5 rnM Mg-ADP (e>

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

enzyrne (O.68 rng/rn1> was exposed to 1 mM NEM for 1 hr at pH 8.4

(O.1 M Tris-HCI) and Z5eC. The phosphorylation reaction was
started by addig.s o.os ml of o.2 rnM AT32p to o.ss ml of

reaction nixture to give final coneentrations of 10.MM MgC12r

IOO rnb4 NaCl and O.135 mg/inl enzyme at pH 7.5 (30 rnbC histidine

buffer) and OOC. One sec after starti#,g the reactiont O.1 ml

of O.5 M EDTA-Tris (pH 7.5)(X), O.5 M EDTA-Tris containing

1 rnM KCI (O) or IO rnM Mg-ADP (e) 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 enzyme E•,y:
in the presence of a low concentration of Mg2+. Thg phos-

phorylation reaction was performed as for Fig. 5, using

NEM-treated enzyrne. At intervals after startÅ}ng the reaction,

O.l ml of O.5 M EDTA-Tris (pH 7.5) {LX;) or 31 mM ADP

containing 27 mM MgCl2 (pH 7.5 with Tris) (O) was added ("i).

The final volime of the reaction rnixture was 1 ml. e,

arnount of EP formedl O, , amount of EP after adding Mg-ZU)P

(O) or EDTA (X).

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

NEM•-treated enzyme in the pre$ence of a low concentration
     2+       . The ratio of the ainount of ADP-sensitive EPt [EP]ADp,of Mg
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to the total amount of.EP, [EPItotai, was calculated as

described in the text from the results shown in Fig. 6t and

is plotted against tiEme. e, amount oÅí total EP formed7 A,

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

  '

                                                       t-Fig. 8. Dependence of the rate constant of EP-decomposition

on the concentration of NaCl in the absence of KCI. O.29 mg!ml
enzyme, 4mb AT32p, l mM Mgc12, O.5-400 rnM NaCl, 100 mh Tris-HCi

                                    'pH 8.5, 150.'  The reaction was stopped after 3 sec by adding

TCAr and the arnounts of Pi Uberated and EP formed were measured

e, concentration of EP; O, rate of ATP•-hydrolysis, vo; xt

rate constant of EP-decomposition caZculated as vo/[EP].

Fig. 9. Dependence of the rate constant of EP-decomposition

on the concentration of NaCl in the presence of 2.5 rnM KCi.

Experimental conditions were as deseribed for Fig. 8, except

that the concentrationf/Lo, f KCI was 2.5 mM and that the concent-

ration of AT32p was 4o.zaM. e, concentration of Ep; O, rate

of ATP-hydrolysis, vo; .,Å~ , rate constant of EP-decornposition

calculated as vo/[EP].

Fig. 10. Dependences of the rate constants of EP-decomposition

on the concentration of NaCl at various concentrations of KCI.

Experirnental conditions were as described for Fig. 8r except

                           32that the concentration of AT                             P was 40.utvr and that the concent-

rations of KCI were O (X), O.l (O), O.5 (e), 2.5 (zbs), anS-
                                                          .a. ,,t                                                           {"1'
ZO rnM (A). '                                 '

'

.
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Fig. Ii. Dependence of the reciprocai of the equilibrium

constant, K3, at the step E2ATp'...-m-Ee.." gDP on the concentmation

of KCI in the presence of 10 rnM NaCl. Experimental conditions

were as described for Fig. 8, except that the concentration of

AT32p was 40.ziM, a, first order decay constant of EP, kd;

 X, rate constant of EP-decornposition calculated as vo/[EPI:

•-•---•-- , 1 + K3.

Fig. 12. Dependence ofS the reciprocal of the equilibrium
eonstant, K3r of the step E2ATp.-.--Lr-, EK'.' gDP on the concentration

of NaCl in the al)sence of KCI. Experimental conditions were

as described for Fig. 8. n, kd; X, vo/[EP];-"-,1+ K3e

Fig. 13. Depdndence of the reciprocaZ of the equilibrium

constant, K3, of the step E2ATp# EL" gDP on the concentratien

of NaCl in the presence of 2.5 rnM KCI. Experimental conditions

were as described for Fig. 8, except that the concentration of
AT32p was 40 .ubc. U, kd; X t vo/[EP];"--'et 1+ K3.

Fig. Z4. Dependence of the reciprocal of the equilibrium
constant, K3t of the step E2ATP e"-XE:C' gDP on the concentration

of NaCl in the presence of 10 rnM KCI. Experimental conditions

were as for Fig. 8, except that the KCI concentration was 10 mM

and the concentration of ATP was 40.ub4. U, kd; X, Vo/[EP];

--..-.-- , 1 + K3.
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Fig. 15. Dependences of the reciprocals of the equilibrium
constants, K3 of the step E2ATpSEc"SDP on the concentration

of NaCl at various concentrations of KCI. Experimentai

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

was 40 .aiM and that the concentrations of KCI were O (-),
                     'O.5 ('----), 2.5 (-.e-.)ai)and 10 ml![ (tislilli).

                      .t
Fig. 16. Dependence of the rate of E2ATP-formation on the

concentration of NaCl in the absence of KCI. O.29 rng/ml
enzyme, 40vuM AT32P, 1 rnlyl MgC12, !-600 mM NaCl, 100 rnM Tris-HCI,

pH 8.5, 150. The ATPse reaction was stopped by adding TCA

at O.l sec after initiating the reaction. et observed rate of

EP•-formation, vft; P, rate of E2ATP-forrnation, vf, calcuiated

as vf, (1 .+." K3>•

Fig. 17. Dependences of the rates of E2ATP-formation on the

concentration of NaCl at various eoncentrations of KCI. Experi-

mental conditions were as d.escribed for Fig. Z6, except that the

concentrations of KCI were al. (O), O.5 (e), 2.5 (A), or IO rnM

                            '

Fig. 18. Dependences of the kinetic parameters of the rate

of E2ATP-formation on the concentration of KCI. The dependence

:g.t:e,.g.at:,os,Ez" ipiftll/illm.Ia,tiol',i.liilÅíii,ol.ilgi.,l:gicl.go.::,fi)gi.a;io"s

                      [Na+] (4> r
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                                              tttXr Vf; o, <P A; er 4) r. curve are vf = s+ 48
                                   . [K+] ,
                                                 O.6 !rwt

ÅëAi"i' ii i,.'3[K'ritM] and <[I)r= 'i3'ii III\K'+i , respectiveiy.

          O.6 rnM 2.7 mh
Fig. 19. Dependence of the rate of E2ATP-forrnation on the

concentration of KCI in the presence of 10 mbC NaCl. EXperi-

mental conditions were as described for Fig. 16, except ehat
                                             'the values of vf, were measured at various concentrations of

KCI and at a fixed concentration of NaCl (IO mh). e, observed

rate of EP-formation, vf,; O, rate of E2ATP-formation, vf.

Fig. 20. Dependence of the rate of E2ATP--formation on tb,e

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

ration of ATP. Experimentai conditions were as for Fig. 16,
except that 4.nM AT32p was used. e, observed rate of Ep-

formation, vf,; O, rate of E2ATP-formationr vf.

Fig. 21. Dependence of the rate of E2ATP-forrnation on the

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

presence of O.5 rnM KCI at a low concentration of ATP-{

Experimental conditions were as for Fig. I6, except that 4.pM
AT32p, and o (O) or o.s mM Kcl (e) were used.
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Fig. 22. Schernatic representation of cation sites of Na+-

K+-dependent ATPase. For explanation see text.

Fig. 23. Time-courses of Pi-liberation and EP-disappearance

after adding EDTA-KCI to EP. O.29 mg/ml enzyme, 40 }iM
AT32p, 1 mM MgCl2, 10 mM NaCl, O.4 mh KCI, 100 rnM Tris-HCZ,

pH 8.5, l50C. At O.3 sec after initiating the phosphorylation

reaction, 20 rnM EDTA (4 ,A) or 4 rnM unlabeled ATP (e ,O)

was added to EP. A, e , EP-decrease; A, O , Pi-liberation7

-------- .time-course of EP-disappearance calculated assuming

that EP disappeared in paralleZ with Pi-liberation.

                 '

Fig. 24. rnitial rapid decay in EP after adding EDTA-KCI.
O.29 mg/ml enzyme, 40juVMAT32P, 1 rnM MgC12, IOO mM Tris--HCi,

pH 8.5, 150. Three sgc after initiating the phosphorylation

reaction, 20 rnM EDTA containing O.5 mb4 KCI was added to EP.

Concentrations of NaCl: O, !S' ; e, 40; X , 400 mM.

Fig. 25. ATP-Formation accompanying decrease in EP by a KCI-

jump in the presence of a low concentration of NaCl at 150.
2.26 mg/ml enzyme, O.Il iiM AT32p, 1 rnM MgC12, 20 mM NaCl,

100 mM Tris-HCI, pH 8.5, 150. Two sec after initiating the

phosphorylation reaction, 50 rnM EDTA containing O.8 mM KCI

(O ,e,A ) or KCI free EDTA (a) was added. Ot concentration

of Pi-•liberated; e , concentration of EP; A,[] , concent-

ration of ATP.
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Fig. 26. ATP-Formation from EP by a KCI-jump in the presence

of a low concentration of NaCl at OO. Experimental conditions

were as described for Fig. 25, except that the temperature was OO.

EDTA-KCI (as) or KCI free EDTA (P) was added to EP at 3.5 sec

after initiating the phophorylation reaction.

Fig. 27. Time-courses of Pi-liberation and EP-disappearance

after adding EDTA at various temperatures. O.53 mg/ml enzyrne,
O.18.uM AT32P, 1 rnbC MgC12, 140 mlYI NaCl, 100 rnM Tris--HCI, pH 8.5.

At O.3 sec after initiating EP-formation, 50 mM EDTA was added

and the time•-courses ef P•-liberation and EP--decrease were                        i
measured. Temperature of EP-decrease: e, 100; 4, 18e; Q,
25e. Temperature of Pi-iiberation: O, iOO; A, l8e; D, 2so.

Curves were drawn assurnltng that Pi--liberation was proportional

to EP-decrease.

Fig. 28. Temperature dependence of the standard free energy
         'change of step E2ATp# E-C' DDP. The equilibrium constant,

Keqt was calculated from the propertionality of Pi-liberation
and EP-decrease shown in Fig. 27, and AGO was obtained as

              '-RT In Keq. '
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