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Calcium ion inhibits (Nat + K�)-ATPase (EC 3.6.1.3) primarily by reducing the rate of
tine phosphorylation step. Imuhibifion of this step is competitive with respect to Na� anud
nuoncompetifive with respect to Mg�. Aithouglu Ca�0 acts to reduce flue rate of the phos-

phuorylation step, luigh conucenfrafions are required to reduce the steady-state levels of
pluospho-enzyme, and Ca+± alonue stimulates a slow- phosphorylationu of the enzyme. In the

presence of Ca++ and Mg++ the phospho-ennzyme formed is sensitive to K+ and ouabainu,
amid its steady-state levels are low when K� is present. If fhe conucent ration of Mg� is low,

f hue phosphoenzyme formed in the presence of Ca� is irusensitive to K+ and ouabain, and
reacts readily with ADP. The reactivity of the Ca�-dependent phospho-enzyme with ADP

is reduced by the addition of Mg�; conversely, the reactivity of the Mg�-deperidenf

phuospho-enzyme with ADP is increased by high concenutrafions of Na+. Ca� also inhibits
t he Mg��- and P4-dependent pathway of [3lljouabaimu binding. The identification of ann ADP-
sensitive imnfermediate in the reaction cycle of this enzyme is reported. Ifs fransfonmafionu

to a K�-serusitive intermediate is imufluenced by Nat, Mg�, and Ca� in a manner con-
sistenut with proposed reaction mechanuisms for this enzyme.

INTROI) UCTION

The (Nat + K�)-ATPase (ATP phos-

pholuydrolase, EC 3.6.1.3.) of mammalian
cell membraiues is generally considered to
be the enzymatic basis of the “sodium

pump” activity of tluese membranes, anud its
mechanism of action has been investigated

This work was supported by a grant from the
Michigan Heart Association, Grant MH 127S3 from

the National Imistitute of Mental Health, and
General Research Support Grant NIH R.R 05623-04
to the College of Veterinary Medicine, Michigan

State University, from the National Institutes of
Health.

336

inn deptiu (1, 2). Various inhibitors of this
enzyme system have proved useful inn these
investigations and have greatly increased

our unuderstanding of its mechanism (3-5).
Calcium ion is a potent inhibitor of this
enuzyme system, but the mechanism of this
inhibition has not been investigated in

detail (6-8). In this communication we
report on the mechanism of the inhibitory
(6) and stimulatory (8) actions of Ca� on

(Nat + K�)-ATPase.

Calcium ion w’as selecfed from among a

number of inhibitors because it miglut prove

useful in distinguishing among the various
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2 R. L. Post, persommal conumunication.

1. ATP + E1 + Na’� � NaE1-P + ADP TransphosphOrYlatiOfl

ilg++.� E2-P +Na+ Transformation

3. E�-P + K’ + H20 � � KE� + Pj DephosphOrylatiOn

� + Transformation

FIG. 1. Tentative reaction cycle for (.Va4 + K’�)-�4TPase

The native enzyme (E,) binds ATP and Nat In time presence of Mg’� the terminal phosphate of ATP

tramnsfers to time enzyme, formiiiimg NaE1--PAI)P. ADP them dissociates from time enzyme, which iii the
presence of Mg�� stabilizes as the E2-P form. During this transformuuatiomm the affinity of the enzyme
for Na+ is reduced. The E2-P form of the enzyme binds K+, which accelerates the reaction of the puns-

pho-enzyme with water (dephosphorylat ion). After the release of P the enzynue restabilizes as the E1

form, which accelerates the dissociation of K+ and completes the reaction cycle.

pluospho forms (E-P)1 of (Nat + K+)-
ATPase (3, 9, 10). TIne E1-P form of tluis

enuzyme is considered to be a “high-energy”
form existing transiently after fransphos-
phonylation of the enzyme by Nat, �

anud ATP. It reacts readily with ADP and
less readily with K� (3). In the presenuce of
Mg++ E1-P apparently undergoes a con-
figurafional change anud becomes reactive

with K� and resistant to ADP (3, 9). The
latter form, designated E2-P, is the one

usually observed in the presence of Nat,
� and ATP and the absence of K� (3).
How-ever, direct identification of the tran-

sient E1-P form has been difficult, and to
date the principal evidence for its existence
has been either indirect (3, 9) or obtained
in enzymes irreversibly inhibited with
N-ethylmaleimide (3). These relationships
are summarized in the reaction sequence

presented in Fig. 1.

Onue approaclu to flue problem of isolating
E1-P would be to idenutify a divalent cation

which would selectively inhibit the Mg��-
requirinug E1-P to E2-P transformation (re-

action 2); a converse method would be to ob-
tain a divalent cation that could substitute for
�\ Ig+± inn the tranusphosphuorylation react ion
(reaction 1) without catalyzing reaction 2.
Calcium ion was selected because it is a

potent inhibitor of the over-all (Nat + J�+)..
ATPase reaction (6) but does nuot inhibit
the phosphonylation of this enzyme (11). In

‘The terms E-P and phospho-enzyme are used

interchamngeably throughout this paper to indicate
phosphorylation of (Nat + K’)-ATPase, without
any distinction being made as to the form of phos-

pho-enzyme present.

thuis conumunnicat ion we presenut evidenuce
tluaf Ca�� may stimulate react ionn 1 anud
inhibit reactioru 2 unuder appropriate condi-

tions.
The rat brairu enzyme is particularly

suitable for investigations on fine E1-P

E2-P transformation. Wluereas inn guinuea
pig kidney (Nat + K�)-ATPase less than

10 % of flue phospho-enzyme observed under
standard phosphorylat ion conditions ap-
pears to be in the E1-P form,2 it appears
that in rat brain enzyme, in the presence of

120 m�n Na+, a considerable proportion of
the phospho-enzyme is ADP-sensifive. The

proportion of the enzyme in the E1-P form

can be further varied by altering the Mg�,
Ca++, and Na+ concentrations in a manner
consistent with the proposed roles for Mg1*

and Na+ in the reaction mechanism of this
enzyme. These experiments also provide
evidence that the E1-P to E2-P transfer-
mat ion is associated with a change in f Inc

affinity of the enzyme for Na+, consistent
with suggestions that this transformation is
involved in Na� transport. Finally, inn flue

presenuce of Na+, Mg++, and ATP, ouabain
has been suggested to interact primarily
with flue E2-P form of tlue enzyme (3, 12).

Under conditions optimal for the stabiliza-
tion of the E1-P form of flue enzyme its

reactivity with ouabain appears to be mark-

edly reduced, supporting earlier observa-

tions and suggestions thuat flue Na�-sfimu-

hated pathway of [3Hjouabain binding re-

quires flue fonnuationu of pluospho-eruzynie

(12-14).
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A preliminary report hunts been published

(15).

MATERIALS AND METHODS

Enzyme preparation and assay. Rat brain
(Nat + Ic�)-ATPtuse was prepared as de-

scnibed by Akera and Brody (16). Ifs
(Nat + K�)-ATPase activity was assayed
by a modification of the method of Post and

Sen (17), and its protein content was esfi-
mated by the nuetluod of LowTy et al. (18).
Total ATPase activity varied between 150

and 300 �mmoles of P, per milligram of pro-
feint per hour, and about 90-95 % of the
activity was ouabain-sensifive.

Thue modification of the assay system of

Post and Sen (17) was the method for P1

determination. After fine enzymatic reaction
had been stopped by thue addition of per-
chlonic acid and sodium molybdate had
been added, flue phosphnomolybdate com-
plex was extracted info 5 ml of butyl acetate

as previously described (17). TIne absorb-

ance of flue phospinomolybdate complex was
then estimated directly at 410 nm. The

results obtained inn this way were similar to

those obtained by the original mefhod of
Post and Sen (17) or by the methol of
Akera arud Brody (16).

P/wsplwrylation of (Xa� +K1 )-A TPase.

The (Xa� + Ic�)-ATPase was phosphoryl-

ated by a modification of the method of Post
and Sen (19). All reactions were carried out
in 50 mM Tris buffer, pH 7.4, at 00, unuless

otherwise noted, and in a final reaction

volume of 1.0 ml. The reactionu system con-
tained 90-150 �g of enzyme proteinn, and
the sfanudard ionic conditions were 100 m�u
Nat, 1 mun Mg+�, and 0.05 m�n [y-32P]ATP.
The labeling reacfionu was usually started by

the rapid addition of 0.1 ml of {‘y-32P]ATP
from a 1 .0-ml tuberculin syringe to an
othuerwise complete system. Subsequenut ad-

ditions were made similarly in 0.1-ml vol-
umes. Tine labeling reaction was ternninated

by tIne rapid injection of 4 ml of an ice-cold
5 % tricluloracetic acid solution confaininug 1
mits eacin unlabeled ATP and P1. Tine reac-
tion tubes were then held on ice for up to 30
mm before filteninug.

Filferinng was performed on 24-mm-diame-

ter Mihlipore filters (0.S-�o pore diameter) as

described by Chignehl and Titus (20). The
filters were first washed with 4 ml of the

trichIoracetic acid-ATP-P, solutionu used to
stop the plnospluorylation reaction. Tine acid-
precipitated enzyme w-as then placed on the
filter and washed four times with 4-ml ali-

quofs of the ice-cold trichioracetic acid-
ATP-P� solution. Tine filters were trans-

ferred to scintillationu vials, and 10 ml of
Bray’s scintillation medium were added.
Counting was performed in a Beckman LSE
100 liquid scinutihlation spectrophofometer,

and picomoles of IH� per milligram of pro-

tein were calculated by the method of Post
and Sen (19). Labehinug was calculated on the

basis of flue amount of protein added to the
reaction system, and no correction was
made for possible loss of profeinu, which

appeared to be minuimal (20, 21).
To allow comparison of experiments per-

formed with different enzymes, the amount
of phosphuo-enzyme formed in the presennce

of 100 m�r Na+, 1 m�n 1\Ig�, and 0.5 nrnn
[y-32P]ATP was arbitrarily set at 100 % (22)
anud of her values were expressed as a per-
centage of tluis. Labeling inn the presence of

16 m�i K� plus Mg�� or Ca�� and [�‘�32Pj�

ATP was deducted as background unuless
othuerwise stated. Tine specific (sodium-stim-

ulated) incorporationu of HP was between

250 and 500 pmoles of HP per milligram of
proteinn.

Binding of [3H]onabain. Bindinng of [3H]-

ouabain was i)erfOrmed by flue metlnod of

Matsui and Schwartz (14) as described by
Tobin and Sen (12). All experiments were

performed inn 50 m�t Tnis buffer, pH 7.4, at
370 in a finual reaction volume of 1 ml. The

reaction mixture conutained about 200 �g of
enuzynue protein, alnd flue otlner conditions
were as noted in the figure legenuds. The

binudirug reaction was terminated by the
addition of 4 ml of ice-cold 50 m�sI Tris-HC1

buffer, I)H 7.4, containinug 250 �n unlabeled
ouabainu. Thuis addition served to cool the
reaction medium and prevenut tine funtluer
binding of [3H]ouabain (23). The reaction
tubes were fluen placed on ice and allowed
to cool at 00, at wlniclu temperature the
enzyme-ouabain complex is relatively stable
(12, 13). After cooling, the reaction tubes
were centrifuged at 40,000 X y for 15 mm
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to sedimennt flue microsonnal fractionu, tine

supenniatant fluid � discarded, anud the
sedimennt �vas solubihized amnd counnted as

described PreviouslY ( 12) . [3H]Ouabainn binnd-
ing is expressed as picomoles of [3Hjouabain
per milligram of protein ; tine protein value
was taken as fine amoumnt added to flue binud-
ing system. To allow companisomn of expeni-

ments with diffenenuf enuzymes, flue highest

value was arbitrarily set at 100 � and the

other values were expressed as a percenntagc
of this (24).

Reaqents and chemicals. [y-32P}ATP was
obtaimned fronn Xew Englanud Xuclear Con-

porationu anud was diluted with carrier ATP
to give about 5 X 106 cpnu/�mole of ATP.
[3H]Ouabain (New England Nuclear) was

diluted witlu carrier ouabainn to give 500
Ci/mole, the Inigin specific activity being
required by tine relatively low concentraf ion

of ouabaimu used in the innitial rate of binuding

experiments (24). TIne carrier ATP, ouabain,
anud other chemicals were purchased from
Sigma Chemical Company. All Ca� con-
centrations are those added to the medium,

and nuo attempt was made to calculate the

concentration of free Ca� unuder the various
experimental condit iomns. All experiments
were repeated at least four times, anud the

data presented are flue nueanns of at least
four experimental determinuations onu differ-

ent enzyme preparationus, I)lUs or minuus

standard errors of the means. Lack of a
vertical bar imndicates that the measured

standard error was less fluan 2%. \Vluere

appropriate, statistical significanuce was cal-
culated by the t-test, the criterioru for sig-
nificance being p < 0.05. Hofstee plots were
used to determine the types of inhibition
(25).

RESULTS

Actions of Ca�� on turnover of (Nat +

K�)-A TPase. Figure 2 show-s the action of

increasing concentrations of Ca� on the
activity of rat brain (Nat + Kj-ATPase

(solid circles). With increasing Ca�� con-
centrations (Nat + K�)-ATPase activity
declined, and the concentration for half-
maximal inhibit ion by Ca� w-as about 0.5

m�, essentially similar to the observations
of other imuvestigafors (6-8, 26, 27). Values

FmG. 2. Ca�’� inhibition of (.Va� + K�)-A ‘I’Pase

activity an(l its effect on steady-state levels of K-P

#{149}---., inhibition of (Na� + K’)-ATPase

under standard commditions (100 iflM Na+, 1(i mum

KCI, 5 mM MgATP, and 20 jig of enzymnme prot(-in;

1)11 7.4 ; 37#{176})by the addit ion of time imndicated �on-
centrations of Ca’�; � steady-state levels
of E-P observed unmder similar ionic eommditions

at 0#{176};O-O, steady-state levels of E-P ob-

served in the presemmee of lO() mum Na�, 3 mum
0.4 mum Mg�, and the inndicated comicemmiraliomis of

Ca�’. This commcentratiomm of Mg� � sufficient

to produce 100% E-P un the absemnce of Kt At

4 nuui Ca� time steadv-stmute level of E-P is sig-
nificamntly greater than in its absence. The steady-

state levels of E--P are plotted as a percemmt age of

the level observed in the presence of 100 mum Na+,
1 mum Mg�, and 0.05 mum [-y-’2PIATP, withi tine

labelimng observed when 16 mum K+ was substituted

for the Na+ deducted as background labeling.
The “100%” (Nat + K�)-ATPase activity was

162 jzmoles of P1 per milligram of protein per hour.

designnated by the openu squares sluow the

lack of effect of Cnu� onu flue steady-state

levels of E-P uruder similar ionic conudi-

ditions. Tiuese latter experiments were con-
ducted at 00 and at tine concentrafionus of
[7-32P]ATP used in the phosphorylation

experiments. Althouglu these experimenuts
did not support the conucept of Ca++ inluibi-

tion of the E-P E2-P tnanusformation,
the data show a trend toward higher steady-

state levels of E-P at higher Ca�� conucen-
trations. Similar experiments, inn flue pres-
ence of lower �Ig� corucenutrationus (0.4 mun),

however, sinowed a significant increase in
the steady-state levels of E-P as the con-

cenfration of Ca++ was increased.
Tlnis increase in flue steady-state level of

E-P could be due to an effect of Ca� on
the E1-P to E2-P transformatiomn or to ann
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TABLE 1

Phospho-cnzym( disappearance in the presence

0)1(1 ab.’�ence of Ca�+

(Nat + K�)-ATPase was labeled wit ii (LOS
mum k-32PIATP imi the presence of 100 mum Na4 ammd

1 mum Mg�. Six secommds after time addition of time

h_32PIATP, 1 mnum iimmlabehed ATP or 1 mnnM ATP

l)1I1S 1 mum Ca� were added amid the reaction was
stopped at the time immtervals indicated. The

annoumit of l)Imosl)imo-emlzym��e oi)served is expressed

as a percentage of that observed at 6 see, which

was 535.56 ± 20.71 pmimoles of 32� per milligram

of protein. No deductions for baekgroummd labehimmg
were made.

Time - Phospho- enzyme

-Ca�+ +Ca�

sec % %

0 100 100

3 55.6 ± 1.1 53.0 ± 3.1

6 37.7 ± 2.3 41.6 ± 2.8

9 36.4 ± 1.8 32.3 ± 1.1

12 31.4 ± 2.9 28.3 ± 0.9

action of Ca� onn flue breakdowin of E2-P.

Table 1 shows tine lack of effect of Cnt++ on
tine spontaneous hydrolysis of E2-P, which
is considered to be due to the presence of

residual K� (28). rFIle results suggest thuat
Ca� does not inhibit the breakdown of

E2-P, indicating tinat Ca+4 acts to increase
the steady-state levels of E-P prior to the

formation of E2-P. Because of the rela-
tively rapid turmuoven of E2-P in the rat
brain enzyme it was not feasible to test the
effect of a significant concentration of added
K� (11, 24).

Figure 3 shows the effects of Ca�� on the
steady-state levels of K-P (Fig. 6). Under
“standard” phosphorylation conditions (100
mun Na+, 5 mun Mg++, and 0.05 mM {�32p]

ATP) Ca� had little effect on the steady-

state level of K-P. Furthermore, if Mg+�

was omitted from the incubation medium,
Ca++ alone produced a substantial mere-
meat in labeling. This Ca��-sfimulafed for-
mation of phospho-enzyme agrees with the
recent observations of Blostein and Burt
(8) and Shamoo and Brodsky (29) and
w-eakens suggestionus that tine action of Ca�
is simply to imulnibit tlue formationu of E-P
(:fl).

120

100

01 04 10 40 100

Ca+f mM

FIG. 3. Effect of (‘a44 oh steadq-state level of

E-P LI, the absence of K+

D-�, amount of K-P formed after 5 sec

in the presence of 100 nn� Na+, 5 mmiumMg++, 0.05

flint [)-32PJATP, amid the indicated concentrations

of Ca++ at 0#{176}.Labeling iii time absemmce of added
Na� was deducted as a baekgroummd, and the Na+_

stimulated incremunent in labeling averaged 451.0
pmoles of 32p ler milligram of protein. #{149}-.,

Nmc’-stimmnulated increment in labehimmg at the in-

dicated Ca� concentrations when no Mg� was

added.

Sinuce thuese membranue preparations are

relatively impure, if was mandatory to test

the Ca++�stimulated inucrement in phos-

phonylafion in such a way that if could be
determined that this effect involved tine
(Nnt� + K�)-ATPase. Table 2 shows that

Ca� alonue did nuof stimulate the labeling of
fluese membrane preparations above back-
ground levels, but that Na+ and Ca� gave
rise to 84 % of the maximal amount of E-P.
Other experiments on the time course of
phosphorylaf ion showed that Nat- and

Ctv�+�dependent labeling did not increase
after 3 sec (see also Fig. 6). K+ was unable
to stimulate phosphorylation in the pres-

ence of Ca� and was also relatively in-
effective in reducing the labeling, as show-n
by the 47 % of phospho-enzyme observed in
the presence of Na� and IC� (condition 6).
More significantly, if ouabain was allowed
to bind to the enzyme during preliminary
incubation at 00, the Na+� and Ca�-stim-
ulafed labeling was completely inhibited
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Unpublished observations.

T�mmn.m: 2

Cation 011(1 Ul!/eOsi(Ie selIzltlvlt!J of Ca��depeiident

labeling of rat broil) (.Va + K+)_A’llPa,s.e

Rat braimm emuzyme was incubated with 0.05 mum
[y’2P]ATP in the ijresemice of the immdicated

higanmds for 10 sec at 0#{176}.The 32� trapped on the

Milhipore filter was calculated as a percentage of

that trapped omi the filter after labelimmg in time
presence of Na4 amnd Mg4’ (464.5 ± 10.9 pmoles

of 32� per milligram of protein). Tine cat iomm con-

centrations were: Na4, 100 mun; K+, ifi mum; Mg�
amud Ca4�, 1 mum eacim. For the experiments with

otmabain the emmzvme was immcubated with 250 �um
ouahaimm overmmight at 0#{176}imm the presence amid ab-

senmee of 100 nmuunNa+. When Na4 was absent over-

night it was added 5 mnimm before the labelimmg reac-

tiomu was started.

Ionic conditions ‘�P labeling of
membranes

%

1. Na� + Mg� 100 ± 0

2. K� + Mg� 7.5 ± 1.2

3. Ca� 9.5 ± 1.84

4. Na� + Ca� 84.7 ± 3.7

5. K� + Ca� 7.1 ± 2.0

6. Na� + Cmu� + K� 47.6 ± 3.3
7. Na+, Ca4�, ouai)tnin#{176} 72.7 ± 4.5

8. ()uabaimm, Ca�, Na� 12.8 ± 1.1

a Na+ was present durimmg overmmighut incubation.
Na� was absemmt durimmg overnight incubation.

(coniditiomu S). However, if binding of oua-

bain was prevented by the presence of Xa+
in flue preliminary incubation medium (22),

tIne inhibition of labeling was minimal (con-
dition 7). rfilese results suggest that flue
Ca�-sfimulated labeling of these membrane
preparations involves (Nat + K+)�ATPase

and that Ca�� can at least partially substi-

tute for Mg�* in flue reaction mecluanism of
this enzyme.

Since Fig. 2 shows that under standard
conditions for the assay of (Na+ + K+)-
ATPase (100 mr� Nat, 5 m�i MgATP, and
13 mun K�) flue major effect of Ca� is not

to prevent the breakdown of E-P, we

studied flue interaction of Ca�� with Na�

and Mg++, the two cofactors required for
the transphosphorylation reaction (Fig. 1,

reaction 1). Figure 4 show-s the effects of

Ca� on flue Na+�sfimulated formation of
phospluo-enzyme. In the absence of Ca4�

tiuc apparenut I�%m for Na4 for I)iuosphuor�la-

tiomn is omn tine order of 1 nun, but tine addi-

tiomu of Ca++ reduces tine appanemnt affinity of
tine enuzynue for Xa+ to about 30 mum. From
it Hofstee plot of tinese data flue inutenmuetionu
betweenn Na� annd Ca++ appears f() be corn-

I)etitive. Inn comntrtust, Ca++ tulonne ap��ears to
be onnlv partially effective inn stimulatinng
tine fornnationu of E-P. Tine similarity of

the Ca�- anud (Ca + Mg�)-depenudenf
labelinng suggests fluaf in tIne presenuce of
combinatiorus of these iomus tine domirnaint

divalenut cafionn is Ca++.
Tlue ttpparelutly parallel 1\Ig� and (1\1g�+

+ Ca�) l)10t5 of Fig. 4 suggest tinat fine
initeractiorn between Mg++ anud Ca� is inon-
competitive. Since this contrasts sharply

with a Irevious report (7), uve investigated
the action of 0.5 m�m Ca�� onn the Mg+±
activatiomn of tluis enzyme at 37#{176}(Fig. 5).
Altiuough tIne interaction is complex at con-

centrationus above 3 m�m Mg++ (at which
concent rations Mg� becomes inhibitory),

it is nuonucompefitive below 2 mr�n Mg++, as
inudicated by the parallel lines yielded by

tine Hofstee plot (nighf-hannd panel, Fig. 5).
These observations indicate that Ca++

iiuterferes with the ability of both Na� and

Mg� to activate their respective steps in
flue (Na+ + K�)-ATPase reaction, but tlnat
Ca� nevertlueless must be present at very
highn concentnationns to reduce tine steady-

state levels of K-P (Fig. 3). Presumably
Ca� inhibits tine imnifial rate of flue phos-
phorylafion reaction, but substantial inhi-

bition of tine inuitial rate of phospluorylafion
is required to reduce tine steady-state levels
of E-P. We therefore tested flue actions of

Ca�� on the initial rate of formation of

pluospluo-enzyme. Because flue initial rate

of phosphorylationu of the guinuea pig kidney
(Xa� + K�)-ATPase is slowest wluen flue
cations and [y-32P]ATP are added together,3
this labeling method was clnosen. Figure 6

shows the inuitial rates of formation of phos-

pho-enzyme inn the presence and absence of
Ca�. With Mg� alone labehimug reached a

steady state within 1 sec. With Mg� and

Ca�� labeling was deficient at 1 sec and did

nuof increase significantly after 3 sec. With
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FIG. 4. �a4 stunulation of E-P formation in the presence of Mg++, Ca44, and 31g� plus Ca�

#{149}�S, Na�-stimuhated increment in labeling in the presence of 1 nnnumMg�, 0.05 mum [-3-32P]ATP,

and the imidicated comicentrations of Na+. The concemitratmomis of Na+ I)lOtted are those added to the

system, which presumably comntained residual Na4 to accoumit for phosphorylation in time absemice of
added Nat O---------O, labeling when Ca� was substituted for Mg�4; � lahelimmg whemi Mg44 and

Ca44 were conubined. The right-hand panel shows these data plotted according to the nuethod of hlofstee

(25). Labelimig in the presence of 20 mum Na4 and 1 mum Mg�, 542 ± 48 pmoles of 32� per milligram of

proteimn, was taken as 100% E-P, amnd other values were plotted as a percentage of it.

100

I/f

20

0 1

OJ 0.5 1.0

M�7mM

FIG. 5. Noncoinpetitive interaction between .1Ig� and Ca++

The activity of 15 �g of enzyme protein was assayed in the presence of 100 mum Na�, 16 mum K4, and

5 mum ATP, with the Mg� concentration varied as indicated on the horizontal axis. O-O, enzyme
activity in the absenmee of added Ca�; #{149}-#{149}, activity in the presence of 0.5 mum Ca�. The right-hand
panel shows these data plotted by the method of Hofstee (25), and the fitted lines are orthogonal regres-
sions. Data are plotted as a percentage of the activity with 3 nnum Mg�, 184 Mmoles of P1 per milligram
of protein per hour.

Ca� alone labeling was markedly deficient
at 1 sec but again had reached a steady-

state level at 3 sec. The data show that Ca++
alone stimulates a very slow phosphoryla-

tion of this enzyme and that Ca++ also acts
to slow the initial rate of phosphorylation
in the presence of i\Ig�.

Figure 7 shows the effects of increasing

concentrations of K+ on the steady-state
levels of E-P formed in the presence of
sodium and Mg++, Ca++, or Mg++ plus
Ca++. If the phospho-enzyme is formed in
the presence of 16 mum Xa± and 1 mM
10 mum K+ is able to reduce the steady-state
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FIG. 6. Rates offoriiiation of E-P in the presence

of Mg�, C&�, and .lIg� plus Ca�

Rat braimn enzyme was immcubated in 50 mum Tris-

HC1, pH 7.4, at 0#{176}.At zero time 100 mum Nat,

0.05 mum l�_s2PIATP; either 1 mum Mg� (S-S),

1 mum Ca� (R-----U), or 1 mum Mg++ Plus 1 mum

Ca� (O-O) was added, ammd the labeling reac-

tiomm was stopped at the imidicated tinne poimmts.
Labelimmg immthe presemmie of Na+, Mg�, and [y_32Pj

ATP at 5 sec (610.0 pmoles of �P per milligram of
proteimn) � taken as 100%, and labeling with 10

nnum K� substituted for Na+ was deducted as back-

groummd labeling. Labeliimg in the presence of Mg�

and Ca� was sigmnificammtly (p <0.01) lower at

1 sec than at 5 sec.

level of E-P to about tine amounut of label-
ing observed in tine presence of K+, Mg++,

anud {�y-32P]ATP. Inn tIne presence of 100 mum
Na+, 1 mM �/Ig++, and 1 mum Ca++, 10 nun
K� reduced flue steady-state level of E-P

to about fhuat observed in flue presenuce of
Mg� alonue (cf. Fig. 2). However, tine E-P

formed inn tine presence of Ca++ alone w-as
relatively resistant to K�; 10 mum K� re-
duced tine steady-state level of E-P to
only about 63 % of that observed inn the
absenuce of added K�. Thuis inusensitivity of
f Inc Ca�-dependennt plnospiuo-enzyme to K+

is remarkable because flue relatively slow
Ca�-depenndenuf formunation of E-P (Fig. 6)
should render the steady-state level of E-P
more sensitive to factors uvhuicluaccelerate its

breakdown.

Properties of the Ca��dependent phospli 0-

enzyme. One of tine Iuypoflueses onu wluiclu

this work was based was tine possibility that

N I

k�mM

Fm G . 7 . Sen.si t nit ti (If .stC(1(l!/-.5t(Ite levels of K-P

�1l tile presence (If 1fg4� (111(1 (‘a� to varle(1 (once?)-

tration.s (If K+

F�ach l)oimit is time stea(Iv-state level of PhOsPhmO-
enzvmiie observed at tine imndicated concent rat ions

(If K� 5 sec after the a(ldition of [-y-32PJATP.
Lai)elimlg inn eacim case is l)lotted as a percentage of

that observed iii the ah)sence of ad(led K4, with

labehimmg inn the presemm(e of K�, Mg�, ammd [32PJ_

.&TP deducted as backgroumnd. #{149}- --�, labehimmg

observed in the presence of 16 nmuuiNa�, 1 muuum
amid time indicated K� concentrationis; #{149}---- -#{149},

labeling observed iii tine presemmce of 100 mum Na+,
1 mann Ca44, anmd the indicated concentrations of

K+; � lai)ehing umider the sanie conditions
with 1 mum Mg� added. Labehimmg was 436.93 ±

47.03 pmnoies of 32p per milligram of proteinm mm the
presemmce of Mg�, 314.64 pmoles/nng inn the presence
of Ca+4�, and 334.56 pnuoles/mg when tine nations

were combined.

Ca�� miglnt inhibit tine E1-P E2-P

trarusformationu. We studied tine actionus of a
nnumber of agenuts onu the E1-P to E2-P

trannsformat ion and were able to denuuorn-

strafe tine partial reversal of tlnis step.

Classically, tine plnospIno-enz�’me formed
inn the presence of Xa+, Mg++, anud ATP
reacts readily withu K� and riot at all �vitlu

ADP, and tine Er-P form is only recognnized

in enzymes irreversibly inhibited witlu N11\14

(3). However, it appears relatively easy to
demonstrate an ADP-sensitive inntermediat e

inn rat brain (Na+ + K+)ATP��s#{231}, as sluowiu

in Fig. S. Winemn fine phuospluo-eiuzyme is

formed in tiue presemuce of 12 mum Nnvt and

The abbreviations used are: NEM, .V-ethyl-

mnaleimide; EGTA, ethylene glycol his (/3-amino-

ethyl ether)-X,N’-tetraacetic acid.
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FIG. S. Reactivity of K--P with ADP: effects of high .\a4 concentrations

A. Rat brain (Na4 + K4)-ATPase wmns phosphorylated in the presemmce of 120 mum Na4, 1 maim
amid 0.05 mum k -3�PJATP. Five secomids after the addition of tine [-y-’2P}ATP the following additiomis were

made at zero tinne, and the reaction was stopped at the time points indicated: #{149}-S, umilabeled ATP
(final concentration, 1 muM); Q-O, ummlabeled ATP (1 mum) plus Al)P (0.1 mum); � unlabeled

ATP plus KC1 (1 mum each). The data mire plotted as a percentage of the amount of labehimmg at Ssec

(672.73 ± 53.71 pnnoles of �‘P per milhigrani of protein), with no deductions for background labeling.

One second after the addition of unlabeled ATP ± ADP the amount of phospho-enzvnue was reduced
significantly fronu that seenm mm the presemmce of ATP alonme (p < 0.05).

B. 1)uphicate experinuents, in which the Na+ concentratiomm was held at 12 mum. All otimer conditions

and enmzymne h)reParatiOmms were the same as in Fig. SA.

tested for its reactivity with ADP or

(Fig. SB), it shows a typical E2-P Pattern
of high K� and low ADP sensitivity (3).
However, if this experiment is repeated in
tine presence of 120 mism Na+, the reactivity
of the phospho-enzyme with ADP is mark-

edly increased. In other experiments, in
which the enzyme was phospinorylated in
the presence of 12 mum Na+ and 140 mum
Na1 was added with the ADP, a similar
inncreased reactivity with ADP (15) was

observed. Thus it appears that in the pres-
enuce of high Na+ concentrations the Mg+±�

depenndent phospluo-enzyme becomes reac-
tive with ADP.

This effect of Xa� is only partial, how-

ever, and does not result in the formation of
a K�-insensifive intermediate. The data of
Fig. 7, whicln show- fluat the Ca++�depetndent

phospho-enzyme is resistant to K+,

prompted us to test the effects of ADP on
flue Ca��-dependent phospho-enzyme. Fig-
ure 9 show-s tinat if the phospho-enzyme is
formed in the presenuce of Ca++, its reactiv-
ity is considerably altered. If now- reacts
preferentially with ADP and poorly with
K�. Inn this particular experiment (Fig. 9)
the concentration of ADP was inucreased (to

1 mum) to show- that essentially all the phos-

FnG. 9. Reactivity of Ca�-depeiident pho.spho-

enzyme with ADP and K+
The enzyme was pluosphorylated in tine presence

of 120 mum Na� and 1 mum Ca� with 0.05 nnum [-y-32l-
ATP as before. At 5 see, indicated as zero time,
the following additions were made: 1 nun ATP

alone (�-�) or combined with 1 mann A1)P

or with 1 mum KC1 (D-D). The sym-

bols imidicate the amounts of labeling remaining

at the indicated time points. O-O, time course
of labeling after the simultaneous addition of 1
mum ATP, 1 mum ADP, and 16 nun KC1. Time data

are expressed as a percentage of the amount of

labeling observed at 5 sec (480.06 ± 20.3 pmoles of
32� per milligram of protein), with no deductions

for background labeling.
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FIG. 10. Reactivit!J of Ca�-dependent E-P with

ADP: effects of ;Ifg�� plus L’GTA
The (Na+ + K+)�ATPase was �hO5�horylated

with 0.05 nium [-y-32P]ATP in tine presemn(-e of 100

nium Na+ amid 0.4 mum Ca+f. After 5 see, imidicated as

zero time, 1 nium ummlabeled ATP was added.
.-., annoummt of labelimig observed at the mm-

dicated timne points. O---O , amount of lai)eling

observed at 2 annd 10 sec after the addition of 1

nsum ATP, 1 mm1M Al )P, amsd 16 mnnumK�. Two seconm(ls

after zero timmie the reactivity (Sf time pimosplm�-

emnzymsne with time followimng combimmatiomis (If liganids

was tested: Al )P, 0.1 mum (U-); Al )P, 0.1

nnsum; EGTA, 5 mmium;and Mg�, it) mnmum(A-A); amn(l

Al )P, 1 mum; EGTA, 5 mimum; amnd Mg44, 10 mum

(�-�). Labelimng is expressed as a percemitage

of tine annoumit of labelimig presemit at zero timnie

(395.25 ± 54 pmoles of 32p per milligrams of pro-

tei mm), wi tim no background values deducted. 1mm

other experimemits the additions of Mg44 amid l( TA

did mmot sigmmificantly alter the rate of turnmover of

E-P or the levels of backgroumnd labelimmg.

plio-eruzyme formed would react with A1)P.
Tiuis altered reactivity is very similar to the

reactivity of XEI\ 1-treated piuosphi -enu-

zvmes (3).

Tine E1-P to E�-P ciuange is usinally
considered to require ‘s1g� (3, 9). Figure

10 shows some direct evidence mu support of
this iuypotiuesis. As inn previous experiments,
t iue piu( spino-enuzvme f �rnu� d inn flue pre�em1ce
of Cnn�”� reacted with ADP, but u�lien
EGTA Plus excess \Ig� was added, tine
reactivity of tine piuospiuo-enuzynie witiu A1)P

was markedly reduced. This observatiomu is
consistenit with the hypothesis tiuaf \lg4�

allows the E1-P to E9-P transformationn
to proceed arud tinat the E2-P conuligurat ion

FIG. ii. Effects (If Ca� (In .stca(ly-.state levels

of E-P and initial rates of EtmHlouabain binding

Time left-hand l)anel shOWs the initial rates (If

[3Hlouahaimi bimmdimmg at 37#{176}inn tine presence of 200
mnmum Na4, 3 mmmi A’iP, amid 50 nnum [31Ilouahaimn, with

divalemmt cat ionms as follows : Q-O , mno added
divalemnt (at iomms ; �-------- � , 1 nmum Ca�+ ; #{149}_�,
1 mum �\Ig�� ; L�--LI� , 1 nium \1g’� l)1t15 1 nmsum
.All values are 1)lOtted as a percemitage of the label-
inmg with 1 mniun i’sIg�+ at 2 mum, winich averaged

112.8 ± 9.8 l)mnuoies of [3Hlouabaimm per nuilligramni

of pr�t(inm. The riglnt-imamnd Pamnel shows tine steady-

state levels of pim(Ispho-enszYmnne formmued at 5 see
un(lcr simnmilar commditiomss at 37#{176},expressed as a

percemntage of that formed witiu i nnum Mg� (427.6

± 34 pnnmoles of 32p pe� milligram of protein). Time

(Inl\- ilifleremmee betweenm tine two experinnemmts is
the lower (1)05 mnmM) [-y-32PJATP concenmtrmstiomm inset!

for tine pimosphorylatiomm studies.

is less reactive witin ADP (9). However, the
effect of Mg� was onuly partial, in tluat it
did nuot inucrease tine reactivity of tine p1ios-

piuo-emnzynue witlu K+ and that nucremisinig
tine eoneentrat ion of ADP overcame tine

effects of EDTA plus Mg�t
Inn a nunuber of otiuer experinuenuts tine

reactivity 01 flue (1tn�-depenuderuf pinospluo-
enzynue wit ii hydroxylaminie, CDP, and

Ii)l� was tested. Nonue of these agenuts pro-

duced a signuificanut increase in tlue rate of
dephu spluorylat i( as of the Ca+4_dependent

ph( )Sphi( )-enuzynue.

Efleels of (1a+� on bindinq of [311]ovabain

to (�Va+ + K�)-_t TPase. �1h observationu

that (‘a� stinuuhnted tine formation of a
T��-resist anut phu( isplno-enzvme prompt eli us

to test tine reactivity of tine Ca++_dependent

piuosphuo-ennzynue with ouabain. ins Fig. 11
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\�,e C) )nupared the initial 1at(s of binditig �

[3H]ouabainu uvitli tine steady-Stat( levels of

E- 1� f� )rnued unuder sinui Ian conu(ii t i( aus at

37#{176}.Tine concenutrationu of Na+ nuns 200 niut,
both because of the abilitY of luiglu Na1 to
favor flue E1-P coniformationu (l�ig. M) anud

because tins concenstrationu of Na+ f�tv�rs flue

binnding of [3H]ouabainu to guinea pig kidnue�
phosphuo-enuzyme (12, 22). Tine initial rates

of [3H]ouabainu bindimng anid steady-state
levels of E-P occurrinng inn the presemuce of

Na� tumult � were arbitrarily set at

100 %. I’iu(l additionn of (1nt++ inn tine presence
of i\Ig+� produced a small equivalenut iruhi-

bitionn of botin [3H]ouabain bindinug and
E-P formatiomu. Simuiulrnrly, inn tine absenuce of

added divalemnt cationus, low (amud e(luivalenut)

levels of both pinospinor�lati()Ii and [:iH1�umn_
bain bindinug were ( )bserved . However, tine
addition of Ca�� alomne to the system pro-

duced a 3-fold nucremennt in tine formmttion of

phospho-enz�-me w-ithout any comparable
increase inn tine rate of [3H]ouabainu binuding

(see also ref. 31). Tine data suggest that the

Ca�-dependent f rm of the pin( spino-en-

zyme reacts poorly with ouabain, while the

phospho-ennzyme formed inn the preseruce of
Mg++ and Ca�� is fully sensitive to ouabam.

Table 3 slnows the actionns of Ca±+ on the
Na�-ituiuibited pat iuwnuy of [3H]ouabain binud-
ing (12). Ca� alone or in the presenuce of

P po )rly stimulates [3H1 )uabain binndiiug
and is ann effective inulnibitor of Mgf*_ anud
P�-depenndenut binuding. Similarly, Ca� is

considerably less effective tiuann \1g�+ inn
supportimug binding inn tine presenuce of eitiner

ATP or ADP, and tine additiorn of Na+
results inn little cinanuge inn Ca4”1- anud Ai)P-

dependent binnding. r!lhis observation is con-
sistemuf with the huvpotinesis fluat Ca4”� inter-

feres with tine Mg4”�-stimuIated E1 E2

trarusformat ion (12, 22) aiud tluat NaE1AI)P

is mnot a ouabainu-bindinng species (but see
ref. 32).

DISCUSSION

The primary actionn of CrP4 inn inuluibitinug

the turnover of (Xa� + K�)-ATPase is on
fine rate of formationu of E-P. Inhibitiomn at

step 2 or 3 (Fig. 1) would give rise to higluer
steady-state levels of E-P, arid effect ob-

served only rut low- conscentrations of I\1g4”�

‘I’.�mmn.m::�

ISJTe(t.s (lf ( ‘(�4+ (Ill \ (l4-i?(h ibit((l path U’U!/ (If l�Jt 1-
(Il((1l)(liII binding

Rat braimn (Na + 1(�)-ATPase was imidui)ate(!

witis 50 mmui [3lljouahaimn inn tine presemm(-e of tine

immdin-ated iiganmds at 37#{176}for 6 niimm. Binmdimng of

[3Hjouabai mm, inn Pi�m1io1es of l3Fi I ommabaimi per

muilligrann of proteimn , is expressed as a Per(ennt age

of that foumnd inn time presenn(-e of \lg� ammd P1

wink-h avermiged 140.7 ± 5.4 pnnoles/nmg of l)r�teimm.

Additions I3HjOuabain hound

None

Ca, I maui

�\1g4”, 1 mnsa

Ca�”1, i mnium; P�, 1 maui

Ca�”1, 2 mnnui; Al)P, 2 maui

� 2 maui ; Al)P, 2 maui ;

100 mum
Ca�+, 2 maui; ATP 2 mmmi

Ca+±, 1 maim; ATP, 2 mum; �Ig+*,
2 mum

ATP, 2 mnnM; �ig4, 2 mum

Ca�, 1 mM ; Mg� , I mnui ; P1,
1 mum 49.45 ± 0.82

Mg44, 1 mM ; P�, 1 mum 100

( Fig. 2). Ins the l)r(S(mut�(� of \1g�± amid Ca++

the phospiuo-enzvme formed is sensitive to

K+, depluosphorvlation occurs, anud tine

steady-state level of E-P remains low. TIne
ability of Ca4”� alone to stimulate the forma-

tionn of phospho-enzyme shows a direct

act ioiu of Ca4”1 on trainspiuosph rylationu,

but the mechannism by which Ca� inhuibits
flue format ion of E-P remainns unnclear,
since either reactionu 1 or 4 may be flue pri-
mary site of action of Ca4”1. W mile tiuis work

WItS inn progress a muuniber of reports ap-

peared corufirming these observationus (5,
27, 29) amud one earlier observation (11) corn-

cerning tine Ca4”�-stimuIated formation of

flue pinospht )-enuzyme. F hese oh serVat n )ISS

pr� vide eVideru(e against the hyp( )thesis

that Ca4”1 simply acts to inuinibit flue formmi-

finn of tine plnosphin-enuzyme (30).

The at tempts to elucidate t lie mechnannism

by winich Ca4”1 inulnibits tine phosphorylationu

step were onnlv partially successful. Tine

innteractionu with Mg4”� appears to be nuon-

competitive (Fig. 3). This observationu is mu
good agreemenut witiu tine data (if Skou (26),
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wino siioived that mu the 1)r(�semn(e of (�a1�

imucr(asiIug �\ 1g�+ (onicelut rat �( inns �\(re nimsable

to overcome flue innluibitory ructionns of Ca4”�.
Inn (onutrast, 1�psteinn amid \Viuittanu (7) eomn-
sidert�l tiuat (�ni���FP acted as a (oflnl)etitiVe

inluibitor of )n1g���VP, tine i)�( )})�5((l substrate

for (Na+ + I(�)-ATPase. HO\VeV(m, recenit

evidenn(e hurts shuowmn thrtt MgATP is muot

nn(((�ssarily fine omuly substrat of (Nrt+ +
K��)-ATPntse (3, 33) , amud tine data pr(senute(l

by J��i:I)steini anu(l \Vhittannu (7) appear nsore

comj)lex tluamu flue d()uble-re(-ij)roemui treat-

nuemut of tIne (lata suggests.

line aI)1)arenutly strictly (OflupetitiVe init(r-

rtctionn between Nri+ ntiu#{128}i(‘ru+� for the formuua-
fionu of K-P rut 0#{176}agrees well with earlier

reports. Blosteimu amid Burt (8) observed tlnat

(hnelrttiomu of resi(lual (1a4 + �vithn FX �TA in-

crease(l fine rLp�)arenut affinity of red cell

(Xa+ + Tc�)-ATPase for Nat amud 1�ortius

anud 1�eI)k(� (34) hintve reported that inu(ream-

mug Nni+ coneentratu)nns overconue tine inn-

iuibitory (�ff(�(ts of (1a�4 � tine (Nm1 + F1)-

ATPase. However, ( )ther experiments ins t his
laborat ry 011 tine imuteract �( as of (‘rt4”� rtnl(l

Na1 on tluis emuzvniie rut 37#{176}imudieruted that

the Ca4� imnhibitionu of the over-all (Nrt1 +
K�)-ATPrtse activity under stanudard cu )n-

ditiomns wrns nuomucompetifive wit is respect to

Nrt+, ins agreemennt wit in the dat a of Lpsteimu

anu(l Winittrunu (7). Figure 6, wimiclu shows

that Ca1+ substitutes poorly for Mg44 iii

tine t rannsplui sph )rylat ion reactil ui, is nibi ast

as far as the nnecinanuismuu iif the (‘rt14-depemud-

emit inshibit ion of the ph( spinorvlati inn st(I)

earn be purslre(l �vitlu the techniques Use(l

luere (33).

Tiue observations that Cnu4� (ruin stinuulnute

flue labelinsg of these nuembrrtnues by [y_32P]�

ATP inn tine absenuce of added \Ig1”1 agi.ees

witin flue observationss of other workers (8,

ii , 27, 29), ansd its imihibitionu by hound
ouabimn supports the hypothesis finat tluis

labelinug occurs to flue (Na1 + K4)-ATPase.
The possibility thurit (‘ru4”� acts simply by
displacing boumud \1 gl”1, wiuiciu t iueii act i-
vrutes the pinospiuorylationn step, rennrunss.

Inn a nuumber of experiments rut tennpts were

made to remove resitlurul �\Jg++ by dialyzimug
the emizyme againust 1 mum E1)TA, but suclm
treatmenut did nuot reduce the amoumut of
(�nu��-depemudemut PhlosPiuo--muzynn- fornuuel.

(if greruter insterest nrc tine propert i(5 (

t lie L’2- I � forni of t hue rrut brruimu piu )spil( -

emuzynue numu(l t hue (1ru�4-depenudemnt piu( nmpii -

enuzynue. �Fine h2 P formuu of gtlinseru pig

kidnuev (Ni4 -F- Ni’)-A’FPruse is alnuuost

(�)nu1)!(t(l�� imssemnsitive to � nuIi(1 inn tins

t issue tine I��’i--- 1� t( ) I�”2””� I � t rnumssf )rnsat ions is

C) )misid(-re(l irreversibl(- (3 ) . inn � )nst rast . t hs(-
rat hrnuimu phospiuo-enzynnue rentets renu(hily

u�if ii .:�I ) I � mut hue j)1’(�5(�1u(( ( )i high (( )m1(�( Ii-

t rat a )1i5 ( If Nnu� , nuithough t ls(re is lit t 1
(lnninsge iii tine rerictivity of tine syst(-nu u�it is

i;i�. As imndicruted uniuder HESULI’S, tine sannue

effe(t is obtrumued ii Na4 is nudde(l with Al)P,

i.e., nuft(r fist formuuationu of the �lg1�-depcnnd-
ent I�]2P inuternuediafe (see r(f. 13). ‘11hese

experinusemuts suggest t lsnit in tine rat brruiiu

emuzvnue tine h’1 - P ± � - P equilibriums is
reversible als(l t iuut high (( ui((mst rrut i( )�55 (

_Nnu4 favor the I�r�P fornu. Nnu+, \\ini(ln (0-

( )j)errut ivelv stabilizes the li.:1 f �rns ( �f t In-
mint lye ( Na4 -f- N� )-�‘l’Pnuse ( I 2) , pre-

sunurubly ruls( I temuds to strubilize t he samlu(

(orufigurnutions of tine pin( Ispho-emuzvnue, but

less (fIe(tiVel\ un thus �:use. Pin spinon�lnu-
tioms, by favoring tin- 1�’� configimration, m�e-

(mites tine rufhmuify of the emuzynse for Nrt�
ans(l finis change its rufflunity is presumuiruhly

ass )eirut ed wit In tint t ransjn at of Nnu� . These

rut it )1i5 of Na� on t hue E1- P E2-- P

equilibniumui support tine inclusions of Na4 its

Eq. 2 of l-’ig. 1. The reversibility of this

renuet i( (Ii, aml(1 the recent denuu( (Inst rat it �nn by

TI (lrt ci al. (36) of the P1-depemndemnf j)isOs-

pis( Irylnut it inn (if t hue (Nru � + K1) -Al I �nsse,
bt )t in (t implement t lit reversal t i� t is( ( ivt-n-rull

react ion se(�uemsee observeti its red (eli P1�(I)nu-

rrnt it 1115 (37-39).

Ihe obstrvat it )tl that tint- pint Isphil -enszynut-

li )rnlsed ins t lie presemu(e of Cru4 � is resist rinit

to k� numud very stmnsitivt- to Al)l� (((must it utts

tlue first ident ifieat it mu of E1- P iii I lit

tint ive, uninuinibit ed (Na4 + K4 ) -AT I �nus

Fineoreticrully it sin muld be possible to them-

inst rate a stquemsf irul reirut �( Imnshsi1) bet wt-tn

t hue I�]�- P raid I�’� --P inntennutdinut es tit her

by cineinuting out thue (‘ru+4 or by ridding

eX(ess )1g41. However, tint tffeet (If nud(limsg

FXTA atu(i \Ig”� was only l)rtmtirtl rind

simnuply rtdueed fist sensitivity (If tine imiter-

nuutdiate tt� AI)P. Inn othier experiments

variable th:nnmgts Iii till sennsitivity 0! the
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after the additionu of i\1g�+ amud EG�L� were

observed, but these cinnunges were mnot sta-

tisticaily sigmlih(ant. �FIuis iruabihitv of \1g4”�

to overconne flue actiomn of Ca++ agrees witis

t me muonuconupet it ive imut errt(t ionu bet uveemu

finese two iomns observed inn Fig. 5. Neverf he-

less, tine ability of Na� to irucrease the prt�-

port i( as t if t In phuosplno-emuzynue wlnicin re-
ricte(l wifin AI)P amid the ability of \1g�”1 ft�

reduce its rtactivify with AI)P is supportive

evidenuce for flue 1)tistulate(l L’�---P ±

5(((ti(ti(t of imutermediates it5 tine n(ntcti(inl

nnecluannisnn (if tluis enuzvme (3 ; but see ref.

1). �FIuese obstrvrutionus also agree witlu thue

recemnt observrut iomns of Bit ist (inn ansd Burt
(8), wino ctimucluded that flit rictiomus of

NI�’u1 omu fine (Xa� + lu�)-ATPase mnt�- not
be tltie enutirely to XI�\1 J)(r Se but also to

Cni+�, XE\1 rictilug to senusitize fine enszynne

systenu t() emndogenuous (‘a++.

Sinuilar exj)erimenits2 tinu the effects of Na+,
� anud AI)P �inu tine E1---P ±

(quihibriuni inn guinsea �ig kidnuey preparmi-

tions hnrtve shtiwn nuimsimal (tiutugii quahitru-

tively similnsr) effects, suggestinug tissue- or

species-depetidennt differenuces (23 , 40) . Tlnese

(lifferemices mnuy be related to the phnvsio-

iogicrsi role (If remsal (Na1 + K�)-ATPrnse.

Cole numn(i I)irks (41) inrivt sluownu flint remunul

(Nat + K�) kTPtse is quite imusennsifive to

tIne imnluibitory effects of huighu c(Imucenutratit)ns

tif Nnu+. They suggested fhuat this resistance
to Nnu1 ituhibititinu is related to tine act ionn iii

iiro of rennnul medullary (Na+ + K�)-ATPase,
whuich must pump agrninnst higher (300 mum)

eonucenntrations (If Nnu� fiunnn the pump en-

zymes of other tissues. Therefore it seems

reasonnruble tisnut the Er--P to E2----P trruns-
formnntiorn, whiciu energizes Na+ trannsport

(3), sinnuld be l(ss sensitive to inigh comucenu-

tratiomus of Na1 iii enzymes of rennal origins.

line (nbservrutiomn flint Ca4”� stimulates

PhnosI)hnorylation of tine (Na1 + K�)-ATPnuse
without sfimulat mug [3H]t )uabainn binudinug (If-

fers strong supptirt for the inypothuesis tiuat

tine st)dium-stinuulated binudinug (If [3H]oua-

bainu is related to tine sodium-stimulated for-

nnatiomn t)f tint 1�2P form (If the pinospino-

enuzvnue (3, 12, 22). Previous experimemnts

witlu NI�\1-frenuttcl ennzymes showed no ourn-

bairn bimudirug to tIne plnospho-enuzvme at 0#{176},

aitiuoughn binnding occurred at 23#{176}(3). Tine

presemnt results show that flue rat brains cnn-
zynne (�tii be �iuos�inory1ated at 37#{176}inn the

l)resems(e ()f Ca�� without stinnulatinug ann
tquivalenst timoumnt of [31I}ounnbmuin bindinsg.

I�or the full bimnding potennfial of the l)huOs-

j)ho-enszynne ftirnned inn tine Pr(s(nn(�( of (1a++,
\1g�”1 must be presemst, tine same connditionu
require(l for tint apperurruuce tif K� sennsitiv-
ify. Fineref(Ire the results suggest that

Na+ErATP rand Nrt� (‘a�”1E1-P nrc numn-
( iurnbnuimi-binndinug species, inn agreenuemut u�it in

tine recennt c)bservati(Inus of Hanusemn el al.

(42) munch I(Ibinn ci al. (24) thuat

NnuTh\Ig++L’rAI)P is ns(it Ii bimndinng species.

These observnit ions rure conssistenuf witin

schemes whichu attribute a l)riminr� role to

flue Nnu4-stinnunirtfed fornuationu of l)htIsPiuO-

(nnzyme in tine Na+_sf imuilrnt((1 mechanuism
of [3H]ounubrnimn binudinng (3, 12-14, 22, 24).

Recenst tibservafionus suggest tluat fist ins-

tera(ti(inn of (�nn�1 witin the (Na+ + K+)_

ATPase muua� hunive c Imssidernubl( J)lu�5i( ilogi-

crul sigruificansce. lint entry of Ca�� inuto
liver cells (43), aplvsirt mneuronis (44), rinnd

red blood cells (43) imicreases K+ exchnannge

by finest tissues. inn tine red cell thuis effect

I)ntralleis tine depletion tf inutrntceiiuiar A11P
(46), mud sinsce it is inlnibited by ouabnuinu,
mihigtimycins, annd furosenuide, it is comnsidered

tti proceed via fine Nnu4 rump muiechnnumiism

(43). it appears thuat inn tine absenuce of ATP
tine imnterrnctiomu of Ca”1� wit In tine emnzvrne

allows tine pump to medirufe runs effiux ()f K1

fronu fIne cell. Tiuis actionu of Ca4”1, like its

insinibitioms of (Na1 + K�)-ATPase, is inntra-
cellular (47, 48). Tinese observationus suggest

a possible actitinn (If Ca4� betweens the for-
mation tif K�E2 rind the binding of ATP to

tine emuzvnuue, whiclu is apparenutly a rate-

limiting step inn tine (N& + K�)-ATPase
reaction (33). It appears reasonnable tinat inn
tine presence of 1(1w conncernfrafionus of ATP

(1a4”� tnr Cnt4”1 plus K1 could stabilize us par-

ticular connfngurnsfionn of tine enzyme ansd thuaf

ann import runt action of (‘a4”1 inn tint over-all

react ions sequence nuight be fti delay tine for-

mmuti(Inn of the Na�E1MgATP frrunnspinos-

phorylation complex.
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