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sum iLARY

Time (Na+ -F-- I��i+)_depentdenit ATPasc (EC 3.6.1 .3) fron rat kidniey micnosonial fraction
is-as inactivato’d by S n-tin \Lg++ and 10 nim� l’ after intcubatiomt for about 1 hr at l)H 5.5,
but lower PH values or the presence of 30 nun KC1 enhannco’d the �‘nizyn�’ activity. Tine inn-

hibit-cd enmzymc ivas nnot appreciably reactivated by repeated wnshinmg of tine particles isith

0.1 mn Tnis buffer, pH 7.4, at- 00, or by incubation isitin buffo’r at 37#{176}.

Regen(’ratiOnt rates measured in-i tIne ircs’mic’ of Na+ ros(� isitin increasing concenntrationns tif

this catio)ni and were greatly (‘rihanced by tine innchnsion of 15 mu Tris-ATP inn the inncubationn

medium. Preparationts svhich had beent inactivated by 1’ in-i ti-ic preso’nnce o�f 30 nuit K� or

hind been temporarily exposed to K+ after prior inmactivationi recovered activity at about

tivice the rate of inimibited particles that- had never been exposed to K�. Thus, after 10 mini

at 37#{176}in-i 30 mm Na� and 15 mit Tris-ATP, particles oniginnally imhibited inn the preso’n-ice of

30 nun K� regained 54 #{176}� of tine activity of controls, tin-id l)reparationms inhibited by Na I” alont(’
reganned 22 #{176}�. \\imen 30 nun K4 was added to tine solution of 30 nuun Xa� and 15 mit ATP inn
which regeneration was attempted, rio reactivation of the enmzynie occurred.

Tho’ data suggest that K+ conmverts tine intactivated enmzymc to a K+ coniplex tinat r(’sists

reactivation, and tlnat this reaction is associated ivith a chnanige in-i conforniation of tin(’ cnn-

zymo’. Aft-er timis cinange in conformation, tho’ enmzyme-potassiumn complex isould appear to

have a. dissociationi constanit of time ord(’r of 2 X 10-i in. Tine affinity for potassium is tinnis

sufficiently low so that wasiminig of tine particulate enzyme isould be expecto’d to) removo’ tinis

cation. The enzyme is th(’nm left- inn a form that regenerates rapidly with Na� ann(l AlP.

INTRODUCTION

It- is nois- ivell established that the i\Ig�-

requinimng, (Xa� + K�) -dependent AT Pase

(ATP pi-iosphoi-iyclrolase, EC 3.6.1.3) bout-id
wit hint ccli membranes is responsible for

cation-i transport (1-3). TI-ic mechanism by

which tine actual transport takes place is still
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not umtdo’rstood, largo’Iy because t hn(’ o-nnzyme

or ennzvnies responsible resist isolmtt ion ann(l

purification. Hosvo’ver, intermediate steps

associated with tho’ (Xa� -f- N+)_do.pendennt

phosphohydrolasc activity earn ho- traced by
kinetic studio’s of the innconh)oration of .121)

from terminally labeled [32PJATP innto mem-

branme pimosphoprot-cini. laitn et a!. (4) have

proposed t i-iat Na+_dependcnii, reversible

h)hosPi�orYlatiort to a high-energy phos1)hno)-

l)roto’inm and a subsequent change, possibly ann

\Ig��-dcp(-nR!emut conformational shift to a
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I)iiosPinoProteimi of lois-er energy, precede the
final Ic�-dependcnt hydrolysis of phospho-

protein. It is also possible that- Na� and ATP
simply put the enzymo’ in-ito a conformation

which inas a Inigh(’r affinity for �Ig#{176}#{176}(5).

Albers et al. (6) inave pointed out that, what-
ever the initerpretationi of tIme kinetic studies,

the vectorial charact(’r of the various ion-i
activations of the (‘nzvnie in-i intact cells
suggest 5 t I nat the neciianiisnn inivolves a

series of reversible contfornuationnal shifts in-i a

system of allostcnically linked proteins. I’�iinue-
tic tim-id other evidence suggestive of ti-ic allo-
stenic nature of (Na+ + J�±)..ATI)nLse has, in

fact, appeared in several Publications (6-15).

It is tinus miot- surprising that a number of

efforts should have been made to provide

physical evidence for ioni-dependent confor-
mationial changes (16) and to determine how

nnan-iy proteins in ti-ic crude nuembrane prep-

arationns might actually participate in-i the

tranmsport ATPase nu’chnnnisni (17, iS). Ap-

l)aren-it-iy a sinngle protein-i with a molecular
ssi’ight of about 93,000 (19) is labeled by the

sodiu m-dcp( nidentt mcorporat iomt of 32p fron-t
[32PIATP amid ti-ic ouabain-depcndenmt intcor-

porationt of 32� from .121)� or from p-rntro-
pinenyl phosphate (0, 15, 20, 21). In rat
kidney prepanat-ionts, other proteins are also

labeled by diisopnopvl [Plfluorophosphate

(17). Timis Iabelinmg is pno’vented in the pres-

o-ncc of ATP, but thnere is no evidence that

tine labelo’d proteints participate iii the

ATPase reaction nwchanism. Although incu-

bation with DiP has bet-n-i knowni for several
years to inninibit- (Na� + Kj-ATPase from

various sources (22-24), it was already ap-

parent- in tIne earlier work (24, 25) ti-tat

labeling by DI”P did iiot correlate isith

inhibitioni umider several connditionns. Sin-ice

fluoride ion-i iniimibits (Na� + K+)-ATPase

(26-2M), Yoshida et a!. (26) have suggested
thiat- liberation of tinis ion fronu 1)FP might

account for tine inhmibitorv effects. Recenit
work b� Lahini ann! Wilson (29) indicates

tinat- inhibition by DFP is indeed ascribable
to F. In tlnis laboratory (Nat + K�)-
ATPaso’ from rat- kidney is-as found to be

inihibito’d by incubationt isith DFP and
\lg��. Tine inii-iibitionn was enhanced by K+

2 The abbreviation used is: DFP, diisopropyl

8 uorophoisphat e.

amnd pro’vemnt(’d by AT1�, but tine effects of

t-Imese ligann(ls ()1 innactivat-ion did not parallel

t-inein effects 0)ri the inicorporation of 1)hOS-

ph-io)rus from [32P]DF’P in-ito enmzynnc protein.
Under the conditionts of our experin-tents,
fluoride ion-i from enzvnue-intdo’pendent

inydrolvsis of DF’P is�as found to enter the

reaction-i systenu at 4.2 mnuoles 1w, a rate
sufficient to account for niost, if n-tot all, of

ti-ne inimibit-ion. It isas thus o’vident that
stl1(lieS of ti-ic niechanisnu of fluoride inhibi-

tion ivo)uld be more informntt-ive than the

continue(I u�e of DFP. During such studies,
it has become apparent ti-tat cat-ion-depend-
en-it conifornmtiomis existing at the time of

inactivation arc preserved in-i the fluoride-

treated enzyme. Event thought tine fluoride
form of ti-ic einzyme remains intact.ivc through

repeat(’d ivasinings, K+_dcpo�,ndent changes
can be demonstrated to occur in-i tine intactivc

state.

mATERIALS AND METHODS

Rat kidm no-V microsomes isere prcpan ‘ci ac-

cordin-ig toi ti-ic mctinod of Skmi (30) and

treated isitim NaI solutiont according to

Nakao ci a!. (31). The fimial conmcenitration of

cnzynie ranigo’d froni 5 to 10 mg/ni svit-h an

(Nat + K�)-ATPase activity of sO-130
�moles of P1 j�’r milligrann per hnour and ann

Mg�-ATPasc activity of 2-6 Mmoli-s of P�

per nuilligram per h-tour. The o’nzyme ivas
frozen at. - 20#{176}in 0.5-n-il aliquots an-id used

for tip to 2 mouths isith little loss in activity.

Incubations with DFJ� or F- were carried

out- at 37#{176}.The incubation tubes contained

in a 1.0-mi volume, 0.1 ii Tnis-HC1 (either

pH S.5 or, in sonue o’xperiments, pH 7.4),
0.7-1.0 nng o)f protein-i, and 5 n-tin MgCl2,

except ivhno’mt \Jg++ was studied as a variable.
After incubation tIne reaction was stoI)ped by

tie additioim of 5 ml of cold Tris-HCI (0.1 ii,

pH 7.4). TIme enzyme is-as centrifuged, and

the pellet- was resuspended in-i Tris an 1(1 again

centrifuged. The etizyme was titen diluted mu
deionized 1120, an-id alit iuot-s ss’cre added to

the ATPase reaction mixture. Tic size of the

a.liquot was chosen so that no mont’ than

20 % of the ATP in-i time incubation nmuixture

would be ii drol zeci durimtg the standard

4-mint incubation period, sin-icc’ P1 ri-li-a-se is

linear with tinic within this limit-. In prep-
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arationts expo’cted to mayo’ low activity, 0.7-

1 .0 mg of protein was usually used. The
ATPase assays ivere carried out at 37#{176}using

32P-labeled ATP according to the method of

Chignell ci al. (32) , with-i tine following modifi-

cations. The volunue of ti-ic assay system was

1 .0 ml, and it conttained 2 mit [32P]ATP, 5

mM MgCl2, 100 nun Tris-HC1 (pH 7.4), at-id,
when used, 120 DiE NaC1 and 30 mit KC1.

Each determination of liberated P� ivas

carrieoi out in-i triplicate. The react-ion was
stopped by addifiomu of a mixture containing
0.2 ml of 10 x HS04, 0.2 ml of 10 #{182}ammon-
nium molybdate, and 0.1 ml of 0.1 ii silico-

tui-igstic acid. With the concentration of K’
used, regeneration-i of fluoride-inhibited ac-

tivity (luring the assay period was negligible.

Fluoride consistently inhibit-ed the enzvn-ie

to within 2-3 Ye of controls. A 3 % increment

over ti-ic baseline of Mg#{176}�-dependent ac-

tivity is not statistically significant. Protein

ivas measured by the nicti-tod of Lowry ci a!.

(33). (Na4 + Kj-ATPase activity was cal-

culated as the increment in-i activity observed

is’ho’n Mg�+ ivas replaced by a mixture of

Mg�#{176}, Na�, at-id K as the activating

cations. Studies of the rate of formationi of
F from DFP is-crc carried out in-i a Radiome-

ter pH-st-at at- pH S.5 by automatic titration

of newly formed HI’ isith 0.01 ii 2-amino-2-

minet invi- 1 -propantol.

1-or ti-ic recovery experiments, ti-ic enzyme

is-as first treated with 5.0 mit XaF isith or

without 30 mM T(Cl, as in-i tine prelimintary

inhibit-ion studio’s. The incubations iVer(-

StOpj)o’dl by ti-ic addition of 5 ml of cold rf�.js

HCI as beforo-. Time enzyme ivas centrifuged
ann! ivashed once. Afto’r centrifutgation ntntdl

removal of the fintal w-ash solutionm, 0.1 Rut

Tnis containinmg S n-i-tin MgCl, together with

NaCi, ATP, and KC1 as ticeded, was added

to tine tube conut-aining time pellet. This is-as

quickly suspended in ti-ic reaction mixture

isit-in the aid of a Teflon-i plunger, and ti-ic

tubes were incubated at 37#{176}for ti-ic appropni-

at-c intervals. Time inicubationus iso-re termi-
nated as before wit-i-i 5 ml of cold Tris. Ti-ic

microsomes ivcre ivashed twice isit-h Tnis,
an-id the pellets is-crc flnnaliy susp(’ndcd itu

cleiomuized 1120 for assay of ATPasc activity.

Diisopropyi [32P�fluorophosphat e ivas sup-

plied by Amensham/Searle at a specific ac-
tivitv of SO mCi �mmole. Unlabeled DFP ivas

purcimased fronu Calbioci nenu. Termimtally

labeled [32P]ATP sv’is kinmdly slnpplie(l by
Mr. George Icoval.

RESULTS

Tine time course of NaF inhnibition was

examined, wit-h th(’ results shown in Fig. 1.

Tine enzyme activity decreased with time in

the presence of 5 mit NaF, atd time rate of

inhibition was dramnatically increased by tIne

addition of K�. Timo’ activities of samples

incubated with k+ alone iscre ido-nntical witin

thtosc of time comitrols. At tint’ o-mmd of 60 mimn.
there is-as essentially n-to differo-nce bet-weenm

tine tiso methods of inmhibitioni. lahe ennzvme

without- F sponAanio-ouslv lost about 30 Y- of

the original activity during the incubationn at

37#{176}for 60 mm. It appears from tine.se data

ti-tat the inhibition by F- caninot be describeol

as a- simple ps(’u(lo)-first-ord(’r reactionm.

T4ahiri amnd Wilson (29) postulated that- t-hneir

guinea pig kidnney enzyme might conitainn two

connponent-s, one of ivhmichn w-as resist-aint to

attack by F-. Tint’ reason for tin(- decreaso’

ivith tin-ic of the apparentt nt-itt- contstanut for

inactivation is unknownt. Similar effo’cts of

potassiumn isero- seemn isinen perco’mitage inninibi-

tion wa-s plotted against incrcasin-ig Nal’

concentratiomns (I’ig. 2). Figure 3 shnoivs that-,
as in-i ti-ic experiments with DFP, disodiurn

ATP in sufficient conncentrations can 1)rott’ct

ti-ic enzyme from ininibitiomt by F. Inn tint’

absence of K�, tine activities witin high ATP

- -
.1FN�JTES

FIG. 1. Time course of in/i ibilion of (.Va#{176}+ At) -

ATPasc by .VaF

Inmcubations with 5 mini I )FP were carried omit at

pH 8.4 as described in the text. Poimnt-s arc time
meanis of two separate (letermnimnatiomns of (Na4 +

K�)-ATPase activity inn rat- kidnmey mnticrosommmo’s

imncuhated witinout NaF (0), with 5 nnn NaF (�,

and with 5 mn� NaF plus 30 mm KCI (A).



2

152 PENZOTTI ANt) TITUS

�1
0

z
0

z

U

a.

mM NoF

FIG. 2. Effect.� of increasing concentrations of

NaP on (.Va + K�)-ATPase activity of rat kidney

nnicrosome.s

Innoimhationns were carried out for 60 mm as mm

Fig. 1 in tine presemice of various concenmtrations of

NaF (0). or NaF plus 30 n-t�r XC! (s). Points are
the nmeanns ± the range of values, from three cx-
perimemnts, of ti-ic emnzynnatic activity remainming

after inn(nlhatiomt -

-J
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Fnu. 3. Effect of disodiurn A TP on inhibition of

(.Va� + K�)-A TPase by 5 in.nr NaP
Inncubationis were carried out as in Fig. 4, but

with varied concemntrations of disodium ATP pres-
ent (luring exposure to 5 mM NaF (0), or 5 mmn

NaF plus 30 m�i KC1 (Li). Points are the means ±

rammge of values, from three experiments, of the

enzymatic activity remaining after incubation.

concentrations were sligi-itly greater than-i
100 %, probably because disodium ATP

help to stabilize the enzyme during incuba-

t-ionn at 37#{176}.

Protect ionn againust t im(- intact-ivating effects

of F’ could also be obtained with Na+ alone,

but at Imiginer concentrations than-i those

afforded by the addition of disodiunu ATP.

Thins, in experiments isith ti-ic san-ic batch of

enzyme used im-i Fig. 3 and under the same

conn(litions, tine additioti of sufficient NaC1 to

give a total Na+ concent-rationu of 15 mit did

i-tot significantly increase ti-ic (Xa+ + K+)�
ATPasc surviving after o-xposure to 5 niui�r F-.

Concentrations of 25 n-tin and 100 numi Na+,
however, gave 41 % and S4 %, respectively,

Time inminibitiom by NaF is knowni to be

affected by Mg+� aiR! pH (26-29) as is-eli as

by KC1. Inn the rat- kidnnev system at lower

pH values, i.e., 5.S ann! 0.5, inhibition was

cssenntially complete in 5 n-tin wit Ii or without

K+. As tine pH iVas imtcrcased, ti-ic rate of

inthibitionn decro’ased, unmtil at- l)H 9 thnerc was

Pn’acticallY no inninibitiont by Na I’ alone,
whd’reas tin- r-action is-it-i-i NaY ann! NC! si-as

stillinhibited about 70 Y (Fig. 4).

Mg� is-as required for tiio’ inuhibit-ory
effects of F (Fig. 5). TIne conuccntrat-ion of

\Ig�� neco’ssary for half-maximal inhibit-ion

is-as approximately 0.25 mit, ivhicii is close

to tio’ valut- of 0.3 mm found by Lainiri an-ic!

Wilson (29). Inhibitionn by F could n-iot be

expressed as a simple hypo’rbolic function of

\ Ig++ concerntrat-ionm, since there appeared to

be a timreshohd lo’vel of ?�Ig� wlnich had to be

surmounnted before imihibition occurred. Sonic

noitspecifie adsorptiont of Mg�t to nmicro-

-�‘M M�:2

FIG. 4. Effect of .lIgCl2 on inhibition of (.Va� +

Kt)�A TPase by 5 inn! .VaF

Incubatiomns were carried out at 37#{176}for 30 nmin

with 5 fliM NaF and variable conneentrations of

MgCl,. Points represent the means of two deter-

minations of enzyme activity remainimng after

incubation, as described in the text.



FORMS OF (Na+ + �

>-

>

C)

‘1

0

a:
z
0

z
0
a:
a.

pH

FIG. 5. Effort eif pH on rate of inhibition of

(Nat + K+)�A TPase In, 5 -mw Na!”

Incubat-iomns were tarried out at 37#{176}for 5 nm-tint inn

5 nmM NaF (S) or 5 inst NaF plus 3() mmn XCI (0).

Poimits are the nneamts of (Implicate determimmat-ionts

of enzynme activity ro’mmnainmimtg after inncnnbatiomn.

somal phosphnolipid minay inave accoumited for

this.

The imuhibit-ion by F- is-as tlnougimt to) be

irreversible (20), bunt latt-r observations imncli-

cated a slois recovery (25, 29). In this lab-

oratory, ssashnintg is-it it Tnis buffer caust’d

very little r(’covo-ry. Time expt’rimt-nts of Fig.

4 suggest tinat tint- ininibited fornu of tine cmi-

zyme is probably a complo’x including nuag-

nesium nun-id fluoride ionns. Pneparatiomns ti-tat-
had been extensively innact-ivated by 30 nuinu

of exposure to Nal” nut pH �.4 ivt-rc thmt’refore

iVasined with EDTA to) test svhether removal

of magnesium could dissociate ti-ic complex

and restore normal activity. At 0#{176}tlmer(’ was

no effect of EDT:�, and o’vent at- 37#{176}tine

rt’g(’neration of o’nzymatic activity is-as mini-

mal (Table 1).

Sinuce the cxpenimentts describt-d abovo’ as

well as those of otier laboratories (25, 29)

inndicated timat disodiinm ATP protects

againtst fluonido’ intlnibition, it is-as decided to

test whether disodium ATP mighmt regenierate

enzymatic activity. As sinownn inn Table 2,

incubation for 30 mimi with disodium ATP

did inideed reverse the ininibition, tie degree
of reversal increasing with disodium ATP

concentration. Moreover, at all conco’nt rn-i-
tions of disodium ATP, the enzyme whichn
had been ininibited in-i the presence of 1s� re-

covered to a greater degree than o-nnzyme

which had bccnn treated solely with Ni-iF.

i’�nsm�m-� 1

Effect of ‘l’ri.s-E1)’1,4 on recovery of (.\a ± K4)-
A ‘I’I’(i.’)C aelil(t!/ after ui/i ibition ‘!I �

Suspemisionts c(imtt Ui mi mng I mmmgof Proteimi Po’r nail-

hut-er, 5 rI-iM 1’�lg(’l2 , annol 5 m�i NaF in-i 0.1 mmTris, pIE-I

8.4, were imicubateol for 30 mimi at :37#{176}.\Vhtemt used,

KC1 was present at a comicemitratiomi of 3() maim. The

reaction was stopped by dilutiomi as described in

the text, amid the wasined pellets were stnimjeeted to

a secoral 30-mmuimn imncunbatiomm inn 0.1 mmTnis, 1)11 7.4,

svith or without E1YFA. Th(’ meactiomi was St(il)p(’d

by dilution, ammd the pellets is-em-c wasined before

assay as described elsewhere. (‘onmtrtil sannples were
canned t inrough i mtcul)at i(i�tS mm tlie Tris butlers

without other additiomis. Experimncnnts at 00 amid

37#{176}were po-rformnned wit it olifTemenit aluimnots of cmi-

zymne. Each valmn(’ is t he mnmeann of tss-o detemmninta-

t i omis.

KC1 in Secommd incubation
first - _____________ -_______I erccmmtage of

controlnncu- I emperahation ture I rns-F,1)I .-� actnvntv

flZ.1!

0 0#{176} 10 31.5
0 0#{176} 0 31.4

30 0#{176} 10 13.9

30 0#{176} 0 14.4

0 37#{176} it) :39.5
0 :37#{176} 0 25.3

30 37#{176} 10 25.8
30 37#{176} 0 l5i

This occurred t-m-emt tint)ugin both forms were

innhibited to tio- stun-it’ degree bt-fore addition

of disodium ATP. Wlneni 30 mit K4 was

presennt duninng treatmt-nt of the previously
inmimibited (‘nzyme with disodiumn ATP, tine

recovery was less thami tlnat obscrvo’d inn 0.1

in Tnis buffo-r. Time rt-cov-rv of tino’ enzvmne

inninibited b� Nt-il” tin-id ti-tat innhibited by NaF

plus K� was a linnt’ar function of tin-it- through
at least 10 minn (experiment 2 of Table 2).

Brief exposure of the intact-ivatt-d -nnzyn-te to

K+ converted time slowly rt-coverinig form to

the more rapidly reactive form (experimenut

3 0)f Table 2).

Sinmce replacement of disodiunu ATP by 15
mit Tris-ATP markedly decrcaso’d tine re-

covery rate of the inhibited enzyme, it

appeared ti-tat Na+ vt-as required for re-

covery. In-i accord with this vieiv, increasing

concentrations of Ntv� alone accelerated tine

recovery of both-i forms of the ininibited en-
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T�mim�m: 2

Recovery of (�V&- + K�)-A 7’Pase activity after inactivation with F

The enzyme was inactivated in the first incubatiomm, which was carried out at 37#{176}in 5 mmt NaF for 30
mm as described in-i the experinmennts of Table 1, but at pH 7.4. The reactiom was stopped by dilution as

described in time text, an-id the washed particles were resuspemided mm 0.1 mi Tris-HCI, pH 7.4, contaimiimng

5 nnM MgCl2 and various comicentrationms of disodium ATP as showm. KCI, when inmcluded inn either the
first or seconnd incubation, was prcsennt at a commcent ration-i of 30 nun. The react ionn was stopped by dilutiomm

at the times shown, and the particles were washed and assaye(l as described elsewhere. Values are the

meamis of two determinations uni!ess otherwise indicated. Emnzyme activities are expressed as a per-
cenntage of the activity of a control carried through idenntical operations except that fluoride was omitted.

KCI in firstEx1a. incubation

Second incubation
-

I)isodiunm
KC1

ATP

Activity recovered after second incubation for

0 mm 5 mm It) mm 30 mm

inn! ni_nt control

0 0 0
30 0 0

0 5 0

30 5 0
0 10 0

30 10 0

0 15 0
30 15 0

0 5 30
30 5 30

0 13 30

30 15

2.3

0
34. 1

17.9

68.8

48.6

90.9

59.2
3.3
0

3.9

3#{176}

Inn timese experirn-ients the particles after the first inncnnbat-ion were suspemided for 2 mini inn 30 mit KC1

annd 0.1 in Tris, pH 7.4. The reaction was stopped, amnol tit’ recovered washeol particles were themi imncu-
bated for 10 mimn as usual in-i a nmmediunm without XC!. Standard errors were oletermined for four experi-
nm-tents, each carried tint with tril)licate determimnatiomns of ATPase activity.

Mean ± standard error.

2 1)

0

3�j

0

15 0

15 0

15 0
0 30

2.4 9.9

11.5
2.6 25.9

22.6

24.6

47.4

3.5

1)
3()

(I

t-)

3)

(1

15 0
15 0
15 30#{176}

0 0
(1 0

() 30’-

26.9 ± 1.2”

48.6 ± 2.6

46.5 ± 6.1

3.5

di - 2

2.6

zyme (I’ig. 0). Tine differenict’ bo-t-iso-t-nn the

rt-covcry rn-ito-s of tine two forms inn tine

absenmcc of ATP, as sinowmn inn tint- lois-cr curves

of Fig. (1, is small, and tim(-ro- art- insufficiennt
data to establish a statistically significanut-

separation o)f tine tss-o) curves. itt tint- prt-semnce

of ATP, Inoiso-ver, t-Ino’ dificrt-nicd’ bt’tss-cenu tine

tivo forms becomes rt-ntdilv apparenmt. It can

be s(’t’ni Irom Fig. 6 tinntt tint’ depenndennce on

sodiun-i conucent rnu-tit)ni cannm not he dt-scriht-d
by tint- usual simplo’ inypt-rbolic relat-iontsiiip.

Altinougin tine curvt-s in-i l-’ig. 6 nngimt appear

at- first glannct’ to) bd- sigmoidal, ti-ic clnta did

nuot give a lint-ar Hill plo)t. If it- is assumed

ti-in-it- ito rcni�ctionn occurro-ti unitil a tinrcshold

conncenitration-i of 10 ruin Na+ mad been cx-

cct-ded, tint- recovery ratt-s of tine inhibited

enzyme in the iiresertce of ATP can-i be
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FIG. 6. Effect of Na� and ATP on recovery of

t)Va� + K’)-A TPase activity after inhibition with

NaP
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The emnzynme was inncnnhated for 30 main at 37#{176}

amid pH 7.4 in 5 mit NaF (0, �) or 5 TflM NaF plums

30 mit Kel (�, A)- The reaction was stopped by

dilutionm, and the cemitrifuged particles were
washed as olescrihed mm the text. The preparationns

were imncubated for a further 10 mitt at pH 7.4 and

� inn various commcentratiomns of Na+ (�, A) or
Na� plus 15 n-in Tris-ATP (0, #{149}).Poimnt-s are the

means of two) deterniimnat-ionns (�, A) or time
meamms ± standard errors of five dctcrnnmimiations

(0, #{149})of emmzyme activity. Activities are cx-

pressed as a percemit-age of control preparations

carried through idemntical treatnment except for the
omissioni of fluoride.

accommodated reasomnablv wt-ll by ti-ic con-

ventional Linewo-aver-Burk double-recipro-

cal j)lot (Fig. 7). Tine apparennt K�, values for

Na+ calculated from ti-ic data of Fig. 7 are

54.1 mit for ti-ic en-izymt’ that was inactivated

by NaY alote and 25.4 mit for the enzyme

exposed to K+ durin-ig inmactivation.

The data presented ti-i-ins far suggest tis-o

conformations for the fluoride-ini-iibitccl en-

zyme, but ti-ic response to K+ becomes para-

doxical if tine ft)rms of the cnzynne are limited

to only tw-o. Tlnus, aithougin ti-ic slowly re-

covcrinng ft)rm of tine en-izyme could be con-

verted to a rapidly regenerating form by

temporary exposure to K�, recovery svas

blocked in-i ti-ic presence of K+. It therefore

seems prcfo’rabic to assume that this conver-

.sion proceeds by way of a Jc+containing

intermediate isiiicin is inucapabie of regenerat-

ing enzymatic activity. The affinity of thus

form for K�, Inossevt-r, ssouuld bt’ r(-Iatively
low, sinnco- washing witin buffer is suiflick-nut- to

yit-ld tint- rnupidiy ro’activat-able conmforniation.

If this modt-h is co)rrect, it should be l)ossible

to c!t-terminne nu dissociation constant for the

compit’x betweent tint- fast--renuct-inng form nun-id
K+ by measuring tin(’ effect of incrt-menntal

additionns of K� on tine sodium-du-j )( -nident

rate of regt-nerationm. Sucim additionns of N+

are simoss-n in 1’ig. S to slow the rate of reg-n-

cration. \lt’asunrernennts iverc macic in 1)0th

lois- (15 mmn) amid might (120 mit) conncenttra-

tionms of Na� is-itim time expectation that tine

apparennt- (!issociation constants for tint’ K+

complex niigint bt’ a fummction of tin’ Na+
present. Tine conmct’ntrat-ions of K required

for Inalf-nnaximal inhibition, however, were

essennt.ially ti-ic same in-i both experimennt�.

DISCUSSION

Several nnembranne-bounnd o’nzvmt’ svst (-n-i-is

that require magnncsiunn ion-i appear capable
of fornning stable conuplexes i�itii fluoride

iomm. The conmscquenct’s of this complexation

can bo- tiuite different is-it-h-i differennt pr�-parn-i-
tiomns. A.dcniyi cyclast’ of brain (34) can he
converted by flmnoriolo’ to a lontg-lastinng, active
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FIG. 7. Liiieu’eaver-RurA plot of nato frion Pig. 6

Reciprocnn-ls of ennzyme activity were plot ted

againmst the reciprocal of Na+ concemit rat mn (10

mit). The symbols (0, #{149})are definmed inn Fig. Ii.
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FIG. 8. Effect of K+ on Na+_dependent rate of

recovery of (Na� + K4)-A TPa.se after inhibition by

1\(iF plus KCL

The ennzynme was imnoumbateol with 5 mnmmmNaF l)ltis

30 nun KC1 for 3() mm-tint at :37#{176}nnnmd pH 7.4. The meao-

tiomm was sto)p�)ed by (Iilnntionm, anmd the cennt-rifungeol

particles were washeol as inn previouns experimennts.

The particles were theni incubated at 37#{176}for 10

nnimn mnnvarious commcemmtrat ionms of I�(’l comntainninng

eitiner 30 mit Na� amid 15 nnim ATP or 120 nun Na�

and 15 imut ATP. Poinits are the meamms of duplicate

deternnmimmat-iomns of enmzynnatic activity renmaininig

aft-er tie 10-maimm incubat iou#{236}.I )ashed limmes inndicat c

time ((inn cent t rat n inn of K + me(lUi red foi r inal f-nmaxi ma!

inhihitiomm.

form finn-itnno longer rt-quirt-s int)rmonlal nicti-

vnttiomn. On tine ot-Iner inamid, tro’nntmo’mntof tin(’

(Na� + K� )-ATPase witin flunorido-connvt-rts

if to n-inninactive form-i-ithnat remains it-it-mt

tinro)lnghout rt’pt-att’d washninngs. Tine rnupic!

relo’nm-st- of flunoritic from I)FP undt-r condi-

t-it)nis of hiH annd! ttmperntt unrt eornntonuly ust’d

for emnzvme incubation-is has bt-t-nm founnnd

sufficient to (‘Xplainn tine ininibitioun tif

(Na� + N)-ATPaso- by I)FP (29). Tine

requirement for i\lg�’, tint- enihaiict-mo-nnt by

K4, nun-ic! ti-ic prevt-n-itnvo- o-ffects of ATP all
ap�)ly to thl(’ inmhibitor� -ffo’cts of fluoride nus

well nis to thmos(’ earhio-r rt-portcd for 1)Fl�.

Times - observat it mns unmfort unat ely render i mu-

valid entrhit’r effoirts (17, 22-24) to ido-intify

membran noins pro)t o’i ins associato’d witi u tine

transport ATPaso- by int roductionu of np
from� DIP into) sites protectn-iblt- by ATP. It�

moss. appenmrs, inosvever, that tint’ fluorido- itint

it-self rutty offer a useful tool for o’licit-ing inn-
format ion nm-bout ti no’ nnaturc o�f f-he ATI �aso -,

Si nnct- ro-covery from tiit- imnact-ive st at- occurs

at (‘nuSilV flTlt’niStirttbl(’ rates ivimicin difft-r for

different- ion-dependent comnfo)rmnutions.

Tine actual nnechnanism by winich fluoride

innimibits thd’ t’mnzynu- is still unknosvnm. Mg� j�

rO’qUir((l for tit- inhnibitionn as well n-is for tine

nnornmi (-nmzymatic activity (I’ig. 5) (27, 25).

Since till’ extt’nt of inhibition increases with

Mg� concentration, removal of this ion
from time enzyme into soluble MgF2 seems

lt-ss likely ti-ian the formation of an inactive

enzymt’-nutgnm(’siunm-fluo)ridc complex . The
magnesiunm inn tint’ ct)mpiex is presumably

very stably bound, sin-icc incubation of the

innactivatcd enzymt’ isith EDTA gave nio

more tinnt-nn 15 � rt’activationu. Removal t)f tim(’

activatinig �s1g++ as a salt d)f (‘ntZ�’mtticall�

genio’ratt’cI flunoropi iospi nat o- inns beo’mi shmown

to be tint- mt-chnarnism by ishich I’ inhibits
eniolttse (3.5) , ttnnd is tt J)inttisiblt’ bti-sis for t-inese

obs(’rvatiomms. lucre is ttisti the possibility
t inn-it tint’ stoicinionnt’t nc quanit it.ies of fluoro-

J)inospinnutt’ fornit’cl at tin(- active co’ntcr nunncl
ro’nudnminmg bouunnd to tint- o-nzyn�’ \st)uitl bo-

innhnibitorv. All nnttennI)ts to detect raolio)aef IV(’

flunoropinosphat e by j)tLj)tI’ cinrt)niatt)grnt�)i ny

of mi-in-iterial rt -cov( ‘rt-(I fronn i nicubnt id)nt macdint

or fron o-nnzyn�t’ iniactivato-ci in thu’ l)r(’s(’nnce

of snmall anuounnts of [PIATP or 32�J inavc
been unnsuccessful.

Thno- inimibitionu by i-’ was tinoungint n-it- first

to) be irrevcrsibit- (20), but inn lato-r reports
was c(imnsid!ero’d to be slowly ro’versibh- (28,

29). Inn tiunr experiments it ivtis founnd tinnut
tine inniuibitioni could b(- signiiflcanttiy revt-rso’ol

in-i a shnt)rt tin-it’ if tint- t-nnzymt- is-i-is inncubnttt-cl
at 37#{176}isit-h (lisoi(hum AlP.

Inn tint’ prescnnco’ of a fixo’d conict-nnt-rnutitini

of ATP, tine rat- of regeneration isas n-i funnc-

tiomn of Nt-i � conmco-mutrnution. Time ratimo-r
unusual cunrves depict inng tint- rt’lationmshnip
ho-f sveo’nm reactivation rn-itt’ n-into! Na+ coin-

ccmntrat-ionn (Fig. 0) could not bt- accom-

mioidato-cl by a Hill plt)t-, tumid isert’ clearly i-tot

tine simple inypt’rboiiae to be -xpectt-d from

t inc \ I icina-lis- II\lo’nnto-nn fornnuiationn. Tiney

comic!, mt iwever, bt- accommodated in-i t Inis

funnctiont if it iso’re asstnmt-d tint-it n-i t-hresinold

connco’nntrnn-tio)n of 10 mit Na+ mad to) b(’
exco’eth’c! beforo- tinis ion hcgnun-i to activate

thn(- ro’cov(-ry proct-ss. kin(-tic analysis of tho-

regt-nn( -rat-ion curvt’s inn tint- abscnmcc of AT P

was nnot attemptedi, bo-caust- a statistically

signnificanmt diffen -nec bo’t sso-o-n ti-ic two cuurv -s

could niot be proved. Ev(-n in the presennce of

ATP, tint’ exto’ntt- d)f ro-covery in 10 nuinn lit--

connes unreliable n-is n-i mt-n-isure of rate ssim(-nn

rccoiverv aj pro iacho’s 100 -� . Statemennt s



FOititS OF (Na+ + K+)�ATPASE 157

about r(’covery mechantism art’ nno’cessariiy

somewhat o’quivocal. If, howcvcr, tine

Michaclis-Menten model obtains, ti-ic Km

for Na+ in the regend-ration process would be
approximately 54.1 mit for the enzyme not
exposed to K� and 25.4 mm for that treated

with K�. TIne latter figure is in good agree-
macnt with a value of 22.7 mit observed in a

rat liver microsomal preparation (not

treated wit-h NaI) by Chignell and Titus

(36). If some binding site for sodium must

be saturated before the ion cam-i interact- wit-h

the enzyme, it is not- olear is-hat this site

might be.

A surprising finding was timat tit’ enzyme

ini-iibited liv F in-i ti-ic jrcsence of K� ivnts

n-tore responsive to ti-ic effects of Na+ than
was enzyme inthibited liv F’ aionme. This is-a-s

t rue, hoivever, only for t most’ preparations
ti-tat mad been washed nufter inhibition. If

K+ rt-mainied pr(-so-n-it, disodium ATP is_n-is

unable to promote recovery. Thcso’ observa-

tions could be explainued by the scheme

shown in-i Fig. 9, in ivhiciu the conversioni of

the Nnv�-depcndenit connformat ion of tin -

fluoridt--inactivatec! enzyme to) an easily

clissociabie K+ complex is associated with a

conformational cinan-ige. Alti-iougi-i t inc K�

complex itself is clepict-d n-is difficult to

restoro’ to normal activity, washing out of

tint’ cationi lt’aves ti-it- o-nzvnnd- imn its more

rapidly regenerated conformation. Sucin a

model predicts tinat tint- binndin-ig of the K�

in-i ti-ic complex should be reiativo’ly weak,

nnnd tine dissociat-ionn constannts of inpproXi-

mately 2 X 10� in suggested by the data o)f

Fig. S n-ire in-i accord ivit-im f-i-is idea. Some of

tine fo-tutures of this scino’me for tint- flunoride-

inhibited enzyme art’ reminisct’nnt- o)f ti-ic

brain enzyme studio-d by N#{248}rby annd .Jo’mnsen

(37). In their studies, tine dissociation con-

stant of ti-ic o’nzvme-ATP complex incro’asecl

from 0.177 pin to a mnuximum of 0.604 pin

as time concentration-i of K� was increas(-d.

There is this a preco’do’nit for nu K+_depenmd(nmt

decrease it-i affin-iity for ATP, and it is pos-

sible that a similar o-ffo’ct is responsible for
the blockntdc by I’� of ATP-depo-ndcnt

Nagai ci al. (14) inttvc found fLint f-he

fluorescenco- of anililmo)niapint imlo-nmesulfonic

acid was cinnutged is-h-it-tn I’�� svas added to a
system connttiininng tint- substannce bound to

the microsomal ATPaso- from guimu’a pig

cerebral cortex. Tho’y in-it erpreted these
cinanges as cvido-ncc for u conformationnal

simift caused by tine addition of K�. Akera nund

Brody (38) showed tint-it time ouuabainn-binmchimg
site in-i n-in-i enzvnne pro’paro’cl fronn mit brain

is.nus o’xposed only svino’n fine o’mnzvme is_n-is in-i a

particular co)nft)rniintionn, and that Km ist)Uid
induce nu co)nfomnm-fionnai traimsit ion-i in whicin
tine bindinng sitd- was tinucin less acco’ssibie.
In ti-ic latter o-xperinienuts, the fort-i-i of tint’

emmzvnw- ivimicim normal lv mo-leased bouummd

ouabainn rapidly ss-as found to relo’aso’ tine

drug vo’ry shoivly is-I-ten-i K+ was i)r(’so-n-it in

thnc mediunm. Allen et at. (39) hav- also
sino)wn finat- tint’ rn-itt’s of dissociation-i of

ATPase-glycoside complexd’s ro’flo’ct- tine

conndif ionms ummder ssinici n tine� wert- formed.

Km stabilized tint’ less st-able complex, i.e.,

ti-tat prepart-d in-i tint’ preset-ice of ATP, Mg�4,

and Na+. Expo-rino-tmts on time effects of

temporary o’xposure to K� omn time relo’ase of

bound ouabait-i w(-r(’ mot carrio’d! out. If such

to-mporary o-xposuure to) K� sinouk! cttnvcrt-

ti-to- sloivly relo-asinng formn of tin- ATPtus(--

ouabaitm con-iplex to) ti-to’ rapi(!ly relo’nusimng

forn, tint- ion-(i( ‘p-ndo’tnt co)nf 0 irmat lotial

chainges post tilt-if o-c! by fhno’st-ssorko’rs co)uld

be annaiogo)us td) finoso’ ro-porto-d mo-re.
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