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ABSTRACT

	

Reseal ed human r ed bl ood cel l ghost s wer e pr epar ed t o cont ai n

a r ange of ADP concent r at i ons at f i xed ATP concent r at i ons and vi ce ver sa .

ATP/ ADP r at i os r angi ng f r om ^- 0 . 2 t o 50 wer e set and mai nt ai ned ( f or up t o

45 mi n) i n t hi s syst em. ATP and ADP concent r at i ons wer e cont r ol l ed by t he

addi t i on of ei t her a phosphoar gi ni ne- or phosphocr eat i ne- based r egener at i ng

syst em. Ouabai n- sensi t i ve uni di r ect i onal Na ef f l ux was det er mi ned i n t he pr es-

ence and absence of 15 mM ext er nal K as a f unct i on of t he nucl eot i de

composi t i on . Na/ K exchange was f ound t o i ncr ease t o sat ur at i on wi t h ATP

( K1 / 2 99 250 j uM) , wher eas Na/ Na exchange ( measur ed i n K- f r ee sol ut i ons) was

a sat ur at i ng f unct i on of ADP ( K112 a 350 j uM) . The el evat i on of ATP f r om

- 100 t o 1, 800 j Mdi d not appr eci abl y af f ect Na/ Na exchange . I n t he pr esence

of ext er nal Na and a sat ur at i ng concent r at i on of ext er nal K, i ncr easi ng t he

ADP concent r at i on at const ant ATP was f ound t o decr ease ouabai n- sensi t i ve

Na/ K exchange . The decr eased Na/ K exchange t hat st i l l r emai ned when t he

ADP/ ATP r at i o was hi gh was st i mul at ed by r emoval of ext er nal Na . Assumi ng

t hat under nor mal subst r at e condi t i ons t he r eact i on cycl e of t he Na/ K pump i s

r at e- l i mi t ed by t he conf or mat i onal change associ at ed wi t h t he r el ease of oc-

cl uded K [ E2zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ( K) " ATP - - > E] - ATP + K] , i ncr easi ng ADPi nhi bi t s t he r at e of

t hese t r ansf or mat i ons by compet i t i on wi t h ATP f or t he E2( K) f or m. Al ess l i kel y

al t er nat i ve i s t hat i nhi bi t i on i s due t o compet i t i on wi t h ATPat t he hi gh- af f i ni t y

si t e ( EI ) . The accel er at i on of t he Na/ K pump t hat occur s upon r emovi ng

ext er nal Na at hi gh l evel s of ADPevi dent l y r esul t s f r om a shi f t i n t he f or war d

di r ect i on of t he t r ansf or mat i on of t he i nt er medi at es i nvol ved wi t h t he r el ease

of occl uded Na f r om E, P. ( Na) . Thus, t he nucl eot i de composi t i on and t he Na

gr adi ent can modul at e t he r at e at whi ch t he Na/ K. pump oper at es .

I NTRODUCTI ON

The Na/ K pump nor mal l y oper at es t o exchange i nt er nal Na f or ext er nal K

acr oss t he cel l membr ane . Not onl y can t hi s pr ocess be i nhi bi t ed by car di ot oni c
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st er oi ds such as ouabai n, but t he Na/ Kpump can al so car r y out sever al al t er nat i ve

ouabai n- sensi t i ve modes of exchange ( f or r evi ew, see Gl ynn and Kar l i sh, 1975 ;

Cavi er es, 1977 ; Robi nson and Fl ashner , 1979) . The pr esent wor k at t empt s t o

char act er i ze f ur t her bot h Na/ K exchange and one of t he al t er nat i ve modes, Na/

Na exchange . These pump- cat al yzed exchanges ar e exami ned i n r eseal ed human

r ed bl ood cel l ghost s wi t h par t i cul ar r ef er ence t o t he ef f ect s caused by syst emat i c

changes i n t he i nt er nal adeni ne nucl eot i de composi t i on .

Na/ K exchange has been st udi ed ext ensi vel y i n human r ed bl ood cel l s, am-

phi bi an skel et al muscl e, and squi d gi ant axon . Pump- medi at ed Na/ Na exchange

has al so been obser ved i n al l t hr ee pr epar at i ons ( Gar r ahan and Gl ynn, 1967a- c;

Levi n et al . , 1968 ; Baker et al . , 1969 ; De Weer , 1970 ; Keynes and St ei nhar dt ,

1968) . Bot h of t hese modes of exchange have been char act er i zed as a f unct i on

of i nt er nal and ext er nal al kal i met al i on concent r at i ons . However , ver y f ew

st udi es have been made t o eval uat e t he r esponse of t hese t r anspor t syst ems t o

st abl e al t er at i ons i n t he adeni ne nucl eot i de composi t i on pr esent at t he i nner f ace

of t he pump . Li mi t ed anal yses have been car r i ed out i n di al yzed squi d gi ant

axons ( Br i nl ey and Mul l i ns, 1968 ; Mul l i ns and Br i nl ey, 1967 ; Beauge and Di Pol o,

1981) , i nj ect ed squi d axons ( De Weer , 1970) , and r eseal ed human r ed cel l ghost s

( Gar r ahan and Gl ynn, 1967b; Gl ynn and Hof f man, 1971 ; Cavi er es and Gl ynn,

1979 ; Kapl an and Hol l i s, 1980 ; Hof f man, 1980 ; Ei sner and Ri char ds, 1981) .

The pr esence of adenyl at e ki nase act i vi t y ( Tat i bana et al . , 1958) , whi ch equi l i -

br at es ATP wi t h ADPand AMP, has made i t di f f i cul t t o var y nucl eot i de r at i os

ext ensi vel y enough t o t est whet her speci f i c changes i n t r anspor t can be associ at ed

wi t h a par t i cul ar t ype of nucl eot i de . On t he ot her hand, nucl eot i de ef f ect s on

ouabai n- sensi t i ve Na, K- ATPase act i vi t y i n por ous ghost s or mi cr osomal pr epa-

r at i ons have been st udi ed i n dept h ( Gl ynn and Kar l i sh, 1975 ; Robi nson and

Fl ashner , 1979 ; Hof f man, 1980) .

The pr esent st udy empl oys r eseal ed r ed bl ood cel l ghost s ( Hof f man, 1962,

1980 ; Bodemann and Passow, 1972) , usi ng a pr ot ocol t hat i nvol ves t he i ncor -

por at i on of an adenyl at e ki nase i nhi bi t or and a nucl eot i de r egener at i ng syst em

t hat pr ovi des t he f l exi bi l i t y t o var y ei t her ATPor ADP at a f i xed concent r at i on

of t he ot her nucl eot i de . Ouabai n- sensi t i ve Na ef f l ux has been measur ed i n t he

pr esence and absence of ext er nal K t o assay Na/ K and Na/ Na exchange,
r espect i vel y ( Gar r ahan and Gl ynn, 1967c ; Gl ynn and Hof f man, 1971) . The

char act er i zat i on of t hese modes of exchange as a f unct i on of t he nucl eot i de

composi t i on at t he i nt er nal f ace of t he pump i ndi cat es ways t he pump r at e can

be modul at ed and pr ovi des i nsi ght i nt o i t s r eact i on mechani sm. Br i ef descr i pt i ons

of some of t hese r esul t s have pr evi ousl y appear ed ( Kennedy et al . , 1980, 1983 ;
Hof f man et al . , 1981) .

MATERI ALS AND METHODS

Thi s st udy i nvol ves t he use of r eseal ed ghost s t hat wer e made by a pr ocedur e i nvol vi ng
t wo hemol yses. The f i r st hemol ysi s was car r i ed out at a hemol yt i c r at i o of 1 vol cel l s t o
70 vol hemol yzi ng sol ut i on and was desi gned not onl y t o r educe t he cel l ul ar concent r at i on
of endogenous met abol i t es but al so t o di l ut e t he cyt opl asmi c concent r at i on of adenyl at e
ki nase . At t he second hemol ysi s ( 1 vol cel l s t o - 30 vol sol ut i on) , an adenyl at e ki nase
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i nhi bi t or was i nt r oduced, t oget her wi t h adeni ne nucl eot i des and a r egener at i ng syst em.

The det ai l s of t he pr ot ocol f ol l ow.

Pr epar at i on of Reseal ed Ghost s

Bl ood f r omheal t hy donor s was dr awn i nt o hepar i n ( 5 mg/ 100 ml ) and t he r ed cel l s wer e

washed t hr ee t i mes at 4° C by suspensi on and cent r i f ugat i on ( 1 mi n at 12, 000 g) wi t h 5

vol of sol ut i on cont ai ni ng 150 mM NaCl and 10 mM HEPES ( pH 6 . 8 at 20° C) . The

packed cel l s at t he end of t he t hi r d washi ng ( 1 mi n at 12, 000 g) wer e cool ed i n an i ce bat h

and t hen hemol yzed by squi r t i ng 50 ml of cel l s i nt o 3, 500 ml of vi gor ousl y st i r r ed

hemol yzi ng medi um( 3 mMMgC1 2 , 0 . 1 mMEDTA, and 5 mMHEPES, pH 6 . 5 at 0 . 3 ±

0 . 2 ° C) . Af t er 5 mi n, equal vol umes of 3 MNaCl and 3 M KCl wer e added t o br i ng t he

concent r at i on of Na pl us K i n t he hemol ysi s mi xt ur e t o 150 mM. The pH was adj ust ed

t o 6 . 8 and t he ghost s wer e r eseal ed by i ncubat i ng t he suspensi on f or 30 mi n at 37 ° C.

Appr eci abl e adenyl at e ki nase act i vi t y r emai ns i n ghost s even af t er consi der abl e di l ut i on

of t he i nt r acel l ul ar cont ent s ( Cavi er es and Gl ynn, 1979; Hof f man, 1980) . We t her ef or e

f ur t her decr eased t hi s act i vi t y by hemol yzi ng a second t i me and i ncor por at i ng t he

adenyl at e ki nase i nhi bi t or P' , P5- di ( adenosi ne- 5' ) pent aphosphat e ( Ap5A) , descr i bed by

Li enhar d and Secemski ( 1973) . Thus, t he r eseal ed ghost s obt ai ned af t er t he f i r st hemol ysi s

wer e washed t wi ce at ^- 1 ° C wi t h 5 vol of 150 mMNaCl pl us 10 mM HEPES, pH 6 . 8,

and concent r at ed at 48, 000 g f or 5 mi n . These packed ghost s wer e t hen r ehemol yzed by

squi r t i ng a 30- 40- ml al i quot i nt o 1, 000 ml of 5 mMMgC1 2 , 0. 1 mMEDTA, and 5 mM

HEPES, pH6 . 5 at 0 . 3 ± 0 . 2' C. Two di f f er ent enzyme syst ems ( r ef er r ed t o as r egener at i ng

syst ems) wer e used t o mai nt ai n st abl e i nt er nal ATP and ADP l evel s i n t hese exper i ment s .

Each r egener at i ng syst ement ai l ed di f f er ent addi t i ons t o t he second hemol ysi s and r ever sal

medi a, so each syst em i s descr i bed separ at el y bel ow.

The hemol yzed ghost suspensi on ( f r om t he second hemol ysi s) was nor mal l y di vi ded

i nt o f our equal par t s, each of whi ch was t o be r eseal ed separ at el y and pr epar ed t o cont ai n

a di f f er ent nucl eot i de mi xt ur e . I n ear l y exper i ment s, t he suspensi on was br ought t o pH

7 . 4 and t hen added di r ect l y t o f l asks cont ai ni ng t he desi r ed r ever sal medi a at 1 ° C. The

f l asks wer e next t r ansf er r ed t o a wat er bat h at 37 ° C f or 15 mi n t o al l ow t he ghost s t o

r eseal . Si nce l ar ge r eseal i ng vol umes wast e si gni f i cant quant i t i es of i sot ope, nucl eot i des,

and ot her component s of t he r ever sal mi xt ur e, we deci ded i n l at er exper i ment s t o

concent r at e t he por ous ghost s by cent r i f ugat i on ( 27, 000 g f or 15 mi n at ^- 0 . 5 ° C) bef or e

r ever sal . The concent r at ed ghost s wer e t hen added t o t he r ever sal medi a ( at a 10- f ol d-

l ower vol ume t han used i n t he ear l i er exper i ment s) and r eseal ed as descr i bed above . The

r esul t s obt ai ned wi t h ghost pr epar at i ons f r omt he t wo pr ot ocol s wer e compl et el y equi va-

l ent .

Cr eat i ne Ki nase Syst em

A r egener at i ng syst em i nvol vi ng cr eat i ne phosphat e, a hi gh- ener gy phosphat e donor , has
pr evi ousl y been i ncor por at ed i nt o r ed bl ood cel l ghost s t o r epl eni sh ATP hydr ol yzed
dur i ng t he cour se of an exper i ment ( Gl ynn and Hof f man, 1971 ; Gl ynn and Kar l i sh,
1976) . I n t he pr esent wor k, cr eat i ne ki nase ( r abbi t muscl e or beef hear t , ^100 U/ mg;
Si gma Chemi cal Co . , St . Loui s, MO) was i ncor por at ed at t he second hemol ysi s ( 0 . 1- 0 . 2
mg/ ml hemol ysat e) . Cr eat i ne phosphat e ( sodi um sal t ; Si gma Chemi cal Co. ) was added at
r ever sal f r oma 500- mMst ock sol ut i on t o gi ve a f i nal concent r at i on of 10- 15 mM. The

ATP ( sodi um sal t ; Si gma Chemi cal Co . ) concent r at i on was var i ed by i ncor por at i ng

di f f er ent amount s of a 100- mMst ock sol ut i on at r ever sal . Fi g. 1 shows t he r el at i onshi p of
ATP i ncor por at ed at r ever sal t o t he aver age concent r at i on of ATP pr esent dur i ng a 30-
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mi n ef f l ux exper i ment at 37° C. The scat t er of t he dat a poi nt s i n Fi g . 1 ( and Fi g . 2 as

wel l ) i ndi cat es t he r epr oduci bi l i t y of pr ocedur es f or est abl i shi ng i nt er nal nucl eot i de

concent r at i ons . We do not know t he basi s f or t he var i abi l i t y . I n al l exper i ment s usi ng t he

cr eat i ne ki nase r egener at i ng syst em, t he aver age decr ement i n ATP concent r at i on over

t he 30- mi n ef f l ux per i od was 5%and t he mean concent r at i on of ADP pr esent dur i ng t hi s
per i od was 0 . 08 mM. Under t he condi t i ons of our exper i ment s, t he mai nt enance of a l ow

ADP concent r at i on i n t he pr esence of excess cr eat i ne ki nase was expect ed si nce Wat t s

( 1973) has r epor t ed t he equi l i br i um const ant K= ( MgADPxf r ee cr eat i ne phosphat e) /
( MgATP) ( f r ee cr eat i ne) t o be ^- 0 . 01 ( pH 7 . 4, 30° C) , whi ch st r ongl y f avor s t he synt hesi s

of ATP.

2 . 0

Ar gi ni ne Ki nase Syst em

mM ATP ( Rever sal )

FI GURE 1 .

	

Rel at i onshi p bet ween t he ATP concent r at i on added at r ever sal , i n t he
pr esence of t he phosphocr eat i ne r egener at i ng syst em, t o t hat assayed i n t he r eseal ed
ghost s . Ghost s wer e r eseal ed t o cont ai n ATP concent r at i ons as shown . The ot her
const i t uent s of t he r ever sal medi a ar e descr i bed i n t he t ext . The ATPval ues pl ot t ed
on t he or di nat e ar e aver age val ues over a 30- mi n i ncubat i on at 37° C. I n gener al ,

^ - 2 h el apsed bet ween r ever sal and t he f i nal 30 mi n of i ncubat i on at 37 ° C. The

st r ai ght l i ne i s t he best l east - squar es f i t t o t he dat a poi nt s .

I n or der t o mani pul at e ATP i n t he pr esence of appr eci abl e l evel s of ADPand al so t o var y

ADP i t sel f , we needed a di f f er ent r egener at i ng syst em wi t h an equi l i br i um poi sed cl oser

t o uni t y t hat woul d t hus be abl e t o buf f er a st eady st at e composed of bot h ATPand ADP.

Mor r i son ( 1973) quot es t he equi l i br i um of t he ar gi ni ne ki nase syst em, K= ( MgADP) ( f r ee

phosphoar gi ni ne) / ( MgATP) ( f r ee ar gi ni ne) , t o be near 0. 5 . Our st r at egy has been t o
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i ncor por at e excess ar gi ni ne and phosphoar gi ni ne so t hat t hei r concent r at i ons wi l l not

change appr eci abl y over t he cour se of an exper i ment . By var yi ng t he phosphoar gi ni ne/

ar gi ni ne r at i o, a r ange of di f f er ent ADP/ ATP r at i os can be set and mai nt ai ned . We have

been abl e t o mani pul at e t he ADP/ ATP r at i o f r om- 0 . 5 up t o 5 . 0.

Ar gi ni ne ki nase ( 100 U/ mg pr ot ei n ; Si gma Chemi cal Co . ) was added t o t he second

hemol yzi ng sol ut i on at a f i nal concent r at i on of 3 mg pr ot ei n/ l i t er wi t h 5 mM2- mer cap-

t oet hanol al so pr esent ( t o pr ot ect t he ki nase f r om oxi dat i on) . Phosphoar gi ni ne ( 5- 10

mM) , ar gi ni ne ( 0- 35 mM) , ADP, and ATP wer e al l added t o t he r ever sal medi a. The

pr eci se concent r at i ons needed t o set a par t i cul ar ADP/ ATP r at i o wer e det er mi ned by

t r i al and er r or . We obser ved an appar ent K ( as def i ned above) equal t o 0 . 6 . Fi g . 2 shows

FI GURE 2 .

2. 0

mM ADP ( Rever sal )

Rel at i onshi p of t he ADP concent r at i on added at r ever sal t o t hat mea-

sur ed i n r eseal ed ghost s . These ghost s cont ai n t he phosphoar gi ni ne r egener at i ng

syst em. Exper i ment al det ai l s ar e as descr i bed i n t he t ext and i n t he l egend t o Fi g. 1 .

t he r el at i onshi p bet ween ADP added at r ever sal and ADP obser ved at t he mi dpoi nt of a
30- mi n ef f l ux exper i ment . On t he aver age, t he ADPconcent r at i on f el l by - S%and ATP

concent r at i ons i ncr eased by 10%( t hese number s wer e not si gni f i cant l y di f f er ent f r om

each ot her by a t t est anal ysi s) over t he cour se of an ef f l ux exper i ment .
Ot her component s common t o al l r ever sal medi a wer e as f ol l ows. Concent r at ed NaCl

and KCl wer e added t o gi ve f i nal concent r at i ons of 25 and 120 mM, r espect i vel y ( Na
added wi t h ATP, ADP, phosphocr eat i ne, and phosphoar gi ni ne was t aken i nt o account i n
t he amount of concent r at ed NaCl t hat was added t o br i ng t he bal ance t o 25 mM) . The
adenyl at e ki nase i nhi bi t or Ap5A, whi ch has been shown not t o i nt er act wi t h t he Na, K-
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ATPase ( Cavi er e& and Gl ynn, 1979) , was al so i ncor por at ed at r ever sal . 40 ' MAp5 A was
f ound t o el i mi nat e al l r esi dual adenyl at e ki nase act i vi t y pr esent i n t he ghost s . z " NaCl at a

f i nal concent r at i on of 4- 20 pCi / ml r ever sal suspensi on was al so i ncl uded i n t he r ever sal
medi umi n or der t o measur e t he uni di r ect i onal ef f l ux of Na .

Af t er r eseal i ng, t he doubl y hemol yzed ghost s wer e washed once at 4° C wi t h 5 vol of

an NaCl wash sol ut i on ( 150 mMNaCl pl us 10 mMHEPES, pH 7 . 4) . I n t hose cases wher e

ar gi ni ne had been i ncor por at ed at r ever sal , i t was al so pr esent at t he same concent r at i on

i n al l sol ut i ons t o whi ch t he ghost s wer e subsequent l y exposed. A 50%suspensi on of t he

ghost s i n t he NaCl wash sol ut i on was t hen l ayer ed ont o a sucr ose cushi on ( 42% sucr ose,

50 mMNaCl , 10 mMHEPES, pH 7 . 4) and cent r i f uged at 48, 000 g f or 30 mi n at 4° C

( see Bodemann and Passow, 1972) . Thi s pr ocedur e separ at ed t he ghost s i nt o t wo di st i nct

l ayer s : one at t he buf f er - sucr ose i nt er f ace, t he ot her at t he bot t om of t he t ube . The

f r act i on of ghost s l ayer ed at t he buf f er - sucr ose i nt er f ace was har vest ed ( t he yi el d bei ng

^- 50%) and t he ghost s wer e t hen washed t hr ee t i mes at 4 ° C wi t h 10 vol of t he NaCl wash

sol ut i on . Fi nal l y, t he ghost s wer e packed f or 15 mi n at 21, 000 g i n nar r ow Luci t e
cent r i f uge t ubes, t o be used i mmedi at el y f or Na ef f l ux det er mi nat i on . ( Sever al ot her
separ at i on t echni ques wer e t r i ed, e . g . , sucr ose cushi ons of var i ous densi t i es, l i near sucr ose
gr adi ent s, Per col l gr adi ent s, and di f f er ent osmol al i t i es, but no f ur t her decr ease i n t he
het er ogenei t y of t he ghost popul at i on was achi eved. )

I n one exper i ment , ghost s wer e r eseal ed t o cont ai n t he phosphocr eat i ne r egener at i ng

syst em but wi t hout " Na added . An al i quot of t he r ever sed suspensi on was r emoved and

assayed f or t ot al Na and K by f l ame phot omet r y . The r ever sed suspensi on cont ai ned 30

mMNa and 130 mMK. The r emai ni ng ghost s wer e t hen pr ocessed exact l y as descr i bed

above . The i nul i n space of ghost s packed i n t he Luci t e t ubes was measur ed t o be ^- 25%.

Af t er cor r ect i ng f or t he i nul i n space, t he f i nal cont ent of t he packed ghost s was 80 mM

K/ l i t er ghost s and 90 mM Na/ l i t er ghost s . I t shoul d be not ed t hat her e, as i n al l

exper i ment s, ghost s wer e washed i n t he NaCl wash sol ut i on ( K- f r ee) bef or e assay . Si nce,

as poi nt ed out l at er , t he l oss of " Na f r om ghost s f ol l ows a si ngl e exponent i al onl y af t er 5

mi n i ncubat i on, t he packed ghost s ar e ki net i cal l y het er ogeneous . Si nce t hey pr obabl y ar e

al so het er ogeneous r egar di ng t hei r Na and K cont ent , t hat i s, Na ent er ed and K was

washed out of t he l eaki er ghost s, t he anal ysi s pr esumabl y yi el ds a mi ni mumconcent r at i on

f or ghost K and a maxi mumconcent r at i on f or ghost Na . Because of t hese uncer t ai nt i es

i n t he concent r at i ons of i ons wi t hi n t he ghost s, compar i sons ar e pr esent ed i n t er ms of Na
ef f l ux r at e const ant s .

Na Ef f l ux

As not ed, " Na was i ncor por at ed i nt o t he ghost s at r ever sal . Measur ement s of " Na ef f l ux
wer e begun by addi ng 200 dal of a 50%ghost suspensi on t o 6 ml of medi umcont ai ned i n

an Er l enmeyer f l ask and t r ansf er r i ng t he f l ask t o a shaker wat er bat h at 37° C. Sampl es

wer e r emoved at - 5, 15, 25, and 35 mi n, t he ghost s wer e pel l et ed by cent r i f ugat i on

( Eppendor f f model 3200, Br i nkmann I nst r ument s, West bur y, NY) , and t he super nat ant s,

as wel l as an equal vol ume of t ot al suspensi on, wer e assayed f or r adi oact i vi t y i n a gamma

count er . Ouabai n- sensi t i ve Na ef f l ux was measur ed i n t he pr esence and absence of ext er nal

K. The 15 mMK medi um ( medi um A) cont ai ned 15 mMKCI , 135 mMNaCl , and 10

mMHEPES, pH 7 . 4 . The K- f r ee medi um ( medi umB) cont ai ned 150 mM NaCl and 10
mM HEPES, pH 7 . 4 . Medi um C i s medi um A pl us 10' Mouabai n and medi um D i s
medi umBpl us 10- " Mouabai n . Thus, Na/ Kexchange was t aken as t he ouabai n- sensi t i ve

ef f l ux of Na f r om ghost s suspended i n K- cont ai ni ng medi a, i . e . , A mi nus C. Na/ Na

exchange was t aken as t he ouabai n- sensi t i ve ef f l ux of Na f r omghost s suspended i n K- f r ee

medi a, i . e . , B mi nus D. I n a t ypi cal exper i ment , a si ngl e ghost pr epar at i on was di vi ded
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i nt o f our equal f r act i ons bef or e r ever sal , wi t h each f r act i on r eseal ed t o cont ai n a di f f er ent

nucl eot i de mi xt ur e . Ef f l uxes f or each nucl eot i de condi t i on wer e per f or med i n quadr upl i -

cat e f or each of t he f our medi umcondi t i ons .

The r at e const ant f or Na ef f l ux was det er mi ned f r om a l east - squar es l i near f i t of t he

l og t r ansf or m of t he r adi oact i vi t y r emai ni ng i n t he ghost s . A r api d l oss of r adi oact i vi t y

over t he f i r st 5 mi n of Na ef f l ux was r out i nel y obser ved ( r epr esent i ng ^- 20%of t he t ot al

count s) and onl y dat a obt ai ned bet ween 5 and 35 mi n, wher e t he l oss f ol l owed a si ngl e

exponent i al , wer e used i n t he det er mi nat i on of t he r at e const ant .

Nucl eot i de Det er mi nat i on

The concent r at i ons of ATP, ADP, and AMPpr esent i n t he ghost s wer e assayed i n ever y

exper i ment . For each nucl eot i de condi t i on, a 2- ml sampl e of t he ef f l ux suspensi on was

r emoved i mmedi at el y bef or e t he 37° C i ncubat i on ( zer o t i me poi nt ) , whi l e a si mi l ar sampl e

was t aken af t er i ncubat i on f or 35 mi n at 37° C i n par al l el wi t h t he ef f l ux det er mi nat i on .

The sampl es wer e pl aced i n Pyr ex t est t ubes and t he enzymat i c br eakdown of nucl eot i des

was i mmedi at el y st opped by t r ansf er r i ng t he t ubes t o a boi l i ng wat er bat h . The sampl es

wer e t hen st or ed at - 20° C f or up t o 1 wk ( whi l e " Na act i vi t y decayed) and t hen assayed

i n t r i pl i cat e f or nucl eot i des by usi ng t he f l uor omet r i c met hods descr i bed by Lowr y and

Passonneau ( 1972) . Al l concent r at i ons ar e expr essed per l i t er of packed ghost s, wi t hout

cor r ect i on f or ext r acel l ul ar medi um i n t he packed ghost col umn .

RESULTS

Thi s wor k concer ns a char act er i zat i on of t he r esponse of t he Na/ K pump t o

al t er at i ons i n t he composi t i on of t he adeni ne nucl eot i de pool , i n a syst em wher e

t r anspor t can be measur ed and wher e t he mode of t r anspor t can be var i ed . Si nce

t he ar gi ni ne ki nase r egener at i ng syst em i s used t o var y ADPat f i xed concent r a-

t i ons of ATP, we f i r st t est ed whet her t he i ncl usi on of a pr i mar y const i t uent

( ar gi ni ne) of t he nucl eot i de cont r ol syst em, per se, al t er s t he oper at i on of t he

pump . To eval uat e t he ef f ect s t hat ar gi ni ne mi ght have on t he Na/ K pump,

ar gi ni ne was i ncor por at ed i nt o t he ghost s at concent r at i ons r angi ng bet ween 0

and 35 mM. Thi s was done i n t he pr esence of t he cr eat i ne ki nase r egener at i ng

syst em, whi ch mai nt ai ned ATPat a const ant l evel hi gh enough t o r un t he pump

at a br i sk r at e . Tabl e I pr esent s t he r esul t s f r omf our separ at e exper i ment s. The

addi t i on of 12 mMar gi ni ne ( t he l owest concent r at i on r out i nel y used) evi dent l y

r esul t ed i n a smal l i ncr ease i n t he ouabai n- sensi t i ve Na ef f l ux . However , f ur t her

i ncr eases i n t he ar gi ni ne concent r at i on di d not augment t he ef f ect . Never t hel ess,

i t i s possi bl e t hat t he ef f ect s at t r i but ed t o ADP, as seen i n Fi g. 3, ar e sl i ght l y

over est i mat ed, whi l e, on t he ot her hand, t he ef f ect s of ADPon Na/ K exchange

( see l at er ) may be mor e pr onounced t han obser ved i n t hese exper i ment s .

Na/ Na Exchange as a Funct i on of ADP

I t i s known f r om pr evi ous wor k t hat Na/ Na exchange r equi r es t he pr esence of

ATPand i s act i vat ed by ADP( Gar r ahan and Gl ynn, 1967c ; Gl ynn and Hof f man,

1971 ; Cavi er es and Gl ynn, 1979) . Si nce t hese st udi es used t he cr eat i ne ki nase

r egener at i ng syst em, t he concent r at i on r ange over whi ch ADP coul d be var i ed

was l i mi t ed . Havi ng est abl i shed t hat t he ar gi ni ne ki nase syst em coul d be used t o

ext end t he ADP concent r at i on r ange, we t her ef or e st udi ed t he ef f ect s of ADP

at di f f er ent st abl e l evel s of ATP. Fi g . 3 pr esent s t he dependence of Na/ Na
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exchange on t he i nt r acel l ul ar concent r at i on of ADP. The ATP concent r at i on i s
cl amped at essent i al l y t he same l evel ( - 600 j uM) i n al l of t he exper i ment s
summar i zed i n t hi s f i gur e . The exchange i s seen t o i ncr ease t o sat ur at i on wi t h
ADP. The appar ent V, , , . , i s 0. 10 h- ' and t he appar ent K1/ 2

P i s 370 j uM. The ef f ect
of ADPon Na/ Na exchange was al so det er mi ned at 370 and 1, 000 , . MATP. I n
t hese cases, i ncr easi ng t he concent r at i on of ADP al so caused a st i mul at i on of

Na/ Na exchange and i n bot h cases t he exchange r at e al so appear ed t o sat ur at e .

Tabl e I I l i st s t he V, , , , , , , and K2P val ues obt ai ned at each ATP l evel . Because of

t he t r end t hat i ncr easi ng ATP i ncr eased Vn, ax ( Tabl e I I ) , t hi s poi nt was f ur t her

eval uat ed by st udyi ng t he ef f ect s of al t er i ng t he ATP concent r at i on at r el at i vel y

TABLE I

Ef f ect of Ar gi ni ne on t he Na/ K Pump

Ghost nucl eot i de

	

Na ef f l ux r at e const ant
Per cent

The ef f ect of ar gi ni ne on ouabai n- sensi t i ve Na/ K exchange i n r eseal ed ghost s cont ai ni ng t he phosphocr ea-

t i ne r egener at i ng syst em was car r i ed out , i n t he pr esence of ext er nal Na, as descr i bed i n Mat er i al s and

Met hods. The nucl eot i de concent r at i ons ar e aver ages over a 35- mi n i ncubat i on at 37° C. Each Na ef f l ux

r at e const ant i s t he mean of f our det er mi nat i ons, wi t h t he * SEMgi ven i n par ent heses . See t ext f or f ur t her

det ai l s.

const ant l evel s of ADP. The r esul t s of f our separ at e exper i ment s wher e ATP

was cont r ol l ed at f our di f f er ent concent r at i ons ar e shown i n Tabl e I I I . I t i s

appar ent t hat changi ng t he concent r at i on of ATP f r om - 100 t o 1, 800, UM di d

not appr eci abl y al t er Na/ Na exchange .

Na/ K Exchange as a Funct i on of ATP

The ext ent of ouabai n- sensi t i ve Na/ K exchange was det er mi ned i n ghost s by

measur i ng Na ef f l ux i n t he pr esence of ext er nal K. To expl or e t he ef f ect s of

ATP at l ow ADP ( - 50 , M) concent r at i ons, we used t he cr eat i ve ki nase r egen-

er at i ng syst em. ( The ef f ect s of hi gh ADP concent r at i ons, whi ch i nvol ve t he

ar gi ni ne ki nase r egener at i ng syst em, ar e t aken up l at er . ) Fi g . 4 shows t he

Exper i ment ATP

AM

ADP

AM

Ar gi ni ne

MM

Medi um A

( 15 mMK)

h - '

Medi umC

( + ouabai n)

h - '

Ouabai n-

sensi t i ve

h - '

change of

cont r ol

A 980 100 0 0. 590 ( 0 . 013) 0. 369 ( 0 . 011) 0. 221

950 100 30 0. 507 ( 0 . 007) 0. 309 ( 0 . 015) 0. 198 - 10. 4

B 770 70 0 0. 683 ( 0 . 003) 0. 373 ( 0 . 004) 0. 310

580 90 12 0. 677 ( 0 . 003) 0. 294 ( 0 . 004) 0. 383 23 . 5

620 80 25 0. 671 ( 0 . 019) 0. 311 ( 0. 006) 0. 360 16 . 1

760 80 35 0. 632 ( 0 . 003) 0. 286 ( 0. 011) 0. 346 11 . 6

C 730 80 0 0. 751 ( 0 . 014) 0. 442 ( 0. 006) 0. 309

670 70 12 0. 813 ( 0 . 013) 0. 420 ( 0 . 011) 0. 393 27 . 2

730 70 25 0. 815 ( 0 . 004) 0. 423 ( 0. 001) 0. 392 26 . 8

860 80 35 0. 828 ( 0 . 010) 0. 443 ( 0. 009) 0. 385 24 . 6

D 740 40 0 0. 923 ( 0 . 026) 0. 713 ( 0. 015) 0. 210

720 60 12 0. 919 ( 0 . 005) 0. 681 ( 0. 009) 0. 238 13 . 3

730 60 25 0. 922 ( 0 . 016) 0. 669 ( 0. 011) 0. 253 20 . 4

730 60 35 0. 913 ( 0 . 015) 0. 646 ( 0. 008) 0. 267 27 . 1
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Na/ Na exchange i n r eseal ed ghost s as a f unct i on of t he i nt r acel l ul ar

ADP concent r at i on . Ouabai n- sensi t i ve Na ef f l uxes measur ed i n t he pr esence of

ATP concent r at i ons cont r ol l ed wi t hi n t he r ange 500- 750 ; Mwi t h a mean concen-

t r at i on of 620 uM ± 20 ( SEM) ar e pr esent ed her e . The t ot al i nt r acel l ul ar concen-

t r at i on of Mg was 3 mMi n al l cases. The phosphoar gi ni ne r egener at i ng syst em was

used t o mai nt ai n const ant ATP and ADP l evel s . Each poi nt i n t he gr aph r epr esent s
t he di f f er ence bet ween t he means of quadr upl i cat e det er mi nat i ons of t he Na ef f l ux

r at e const ant , I N. ( i n r eci pr ocal hour s) , measur ed i n t he absence and pr esence of
ouabai n . Al l Na ef f l ux measur ement s wer e made i n K- f r ee, Na- cont ai ni ng medi a

( medi a B and D) . The cur ve r epr esent s t he l east - squar es f i t t o t he equat i on :

v = [ ADP] V� . � / ( [ ADP] + K, l l ) ,

wher e V. . . , t he maxi mal vel oci t y, was 0 . 106 ( ± 0 . 020) h - ' and wher e Kï sP , t he

subst r at e concent r at i on f or hal f - maxi mal act i vat i on, was 871 ( ± 172) j uM ( t he

number s i n par ent heses ar e t he st andar d devi at i ons associ at ed wi t h t he t wo par am-

et er s) . The aver age Na ef f l ux r at e const ant i n t he pr esence of ouabai n was 0 . 319 t

0 . 010 ( SEM) h' . Ouabai n- i nsensi t i ve Na ef f l ux sl i ght l y decr eased as a f unct i on of

ADP concent r at i on ( by - 20%over t he ADP r ange exami ned i n t hi s f i gur e) .

TABLE 11

Act i vat i on of Na/ Na Exchange by ADP at Var i ous Concent r at i on s of ATP

Ki net i c par amet er s char act er i zi ng t he r esponse of ouabai n- sensi t i ve Na/ Na exchange

t o el evat i on of t he ADP concent r at i on wer e det er mi ned f r om t he l east - squar es f i t of

t he dat a t o t he Mi chael i s- Ment en equat i on:

The r esul t s det er mi ni ng t he ki net i c par amet er s at 620 PMATP ar e pr esent ed i n Fi g .

3, and exper i ment al det ai l s ar e gi ven i n t he l egend t o t hat f i gur e . Anal ogous exper i -

ment s wer e al so per f or med at mean ATP concent r at i ons of 370 and 990 gM.

Mean [ ATP]

l um

V� , . . ± SD

h - '

KüP ± SD

PM

370 0. 096±0 . 013 118±67

620 0. 106±0. 020 371±172

990 0 . 1 82 ±0. 027 374±139
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act i vat i on of ouabai n- sensi t i ve Na/ K exchange by ATP when t he i nt r acel l ul ar

concent r at i on of ATP was var i ed f r om 10 t o 2, 300 uM. I t i s evi dent t hat t he

Na/ K pump- medi at ed ef f l ux of Na i ncr eased t o sat ur at i on . The appar ent K12P

f or t hi s pr ocess, est i mat ed f r om t he r esul t s pr esent ed i n Fi g . 4, was - 250 UM.

Thi s val ue compar es f avor abl y wi t h est i mat es of K112r obt ai ned by ot her s f or t he

l ow- af f i ni t y ATP si t e of human r ed cel l ghost s and r el at ed syst ems measur i ng

ei t her Na/ K t r ansl ocat i on or Na, K- ATPase .

Thus, measur ement s on t he ATP dependence of Na, K- ATPase act i vi t y of

mi cr osomal pr epar at i ons ( Neuf el d and Levy, 1969 ; Kanazawa et al . , 1970 ;

Ghost nucl eot i de

concent r at i on

TABLE I I I

Ef f ect of ATP on Na/ Na Exchange

Na ef f l ux r at e const ant

The ef f ect of var yi ng t he ATP concent r at i on at st abl e l evel s of ADP on t he r at e of ouabai n- sensi t i ve Na/

Na exchange i n r eseal ed ghost s was st udi ed . Al l exper i ment s wer e per f or med i n t he pr esence of ext er nal

Na wi t h ghost s cont ai ni ng t he phosphoar gi ni ne r egener at i ng syst em as descr i bed i n Mat er i al s and Met hods .

Each r at e const ant i s t he mean of f our separ at e det er mi nat i ons, wi t h t he ±SEM gi ven i n par ent heses .

Nucl eot i de val ues ar e aver ages t aken over a 35- mi n i ncubat i on . See t ext f or det ai l s .

Robi nson, 1976b ; Beaugé and Di Pol o, 1981) have shown t hat ATP i nt er act s

wi t h an appar ent af f i ni t y t hat var i es f r om 200 t o 500 uM. Gl ynn and Kar l i sh

( 1976) st udi ed Na, K- ATPase act i vi t y i n por ous ghost s and Ei sner and Ri char ds

( 1981) st udi ed ouabai n- sensi t i ve Na/ K exchange i n r eseal ed ghost s ( cont ai ni ng a

cr eat i ne ki nase r egener at i ng syst em t o var y ATP l evel s) and f ound t hat t he

K12P f or t he l ow- af f i ni t y si t e f or ATP was ^- 100 uM, whi ch i s somewhat l ower

t han t hat r epor t ed i n t he pr esent wor k . The val ue of t he K112r obt ai ned by Gl ynn

and Kar l i sh ( 1976) and by Ei sner and Ri char ds ( 1981) was obser ved i n l ow- Na

medi a, wher e t he ext er nal concent r at i on of K ( or Rb) was l ow ( up t o 1 mM) and

pr esumabl y sat ur at i ng . I n addi t i on, t he ghost concent r at i ons of i nt er nal Na and

Exper i ment ATP

AM

ADP

AM

Medi umB

( K- f r ee)

h- '

Medi um D

( + ouabai n)

h - '

Ouabai n-

sensi t i ve

h - '

A 80 180 0. 626 ( 0 . 006) 0. 574 ( 0, 009) 0. 052

260 190 0. 687 ( 0 . 0l 3) 0. 618 ( 0 . 0l 0) 0. 069

450 240 0. 675 ( 0 . 011) 0. 6l 2 ( 0 . 008) 0. 063

640 290 0. 699 ( 0 . 034) 0. 636 ( 0 . 0l 1) 0. 063

B 160 210 0. 634 ( 0. 0l 8) 0. 513 ( 0 . 005) 0. 121

340 230 0. 716 ( 0 . 0l 0) 0. 574 ( 0 . 007) 0. 142

C 610 370 0. 750 ( 0 . 008) 0. 563 ( 0 . 009) 0. 187

800 390 0. 767 ( 0 . 0l 0) 0. 564 ( 0. 009) 0. 203

D 540 110 0. 490 ( 0 . 0l 0) 0. 463 ( 0 . 002) 0. 027

890 160 0. 5l 2 ( 0 . 006) 0. 486 ( 0 . 003) 0. 026

1400 160 0. 519 ( 0 . 0l 9) 0. 474 ( 0 . 0l 2) 0. 035

E 290 220 0. 440 ( 0 . 025) 0. 335 ( 0 . 006) 0. 105

530 2l 0 0. 482 ( 0 . 003) 0. 401 ( 0. 008) 0. 081

1170 270 0. 501 ( 0 . 0l 1) 0. 429 ( 0 . 0l 7) 0. 072

1770 370 0. 516 ( 0 . 0l 9) 0. 393 ( 0. 005) 0. 123
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K wer e al so di f f er ent f r om t he concent r at i ons used i n our wor k . Whet her t hese

di f f er ences i n i oni c condi t i ons on bot h si des of t he membr ane ar e r esponsi bl e

f or t he var i at i on i n t he est i mat es f or K12P i s not cer t ai n, but one coul d ar gue

t hat t he di f f er ences ar e i n t he expect ed di r ect i on . I t shoul d al so be not ed t hat

Beauge and Di Pol o ( 1981) f ound a si mi l ar ATP af f i ni t y ( ^ - 200 AM) f or t he
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FI GURE 4 .

	

The ef f ect of var yi ng i nt r acel l ul ar ATP on t he ext ent of ouabai n-

sensi t i ve Na/ K exchange i n r eseal ed ghost s . Onl y exper i ment s i n whi ch Na/ K
exchange was assayed i n t he pr esence of a l ow ADP concent r at i on ar e pr esent ed
her e . The ouabai n- sensi t i ve Na ef f l ux r at e const ant , ° kNzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� measur ed i n t he 15 mM

K medi um( medi um A) i s pl ot t ed as a f unct i on of t he i nt r acel l ul ar ATP concent r a-

t i on, wher e t he mean ADP concent r at i on was 57 . 9 t 6 . 8 ( SEM) AMand t he mean

AMP concent r at i on was 2 . 4 ± 0 . 8 ( SEM) AM. The ef f l ux medi um al so cont ai ned
Na . I n al l cases, t he phosphocr eat i ne r egener at i ng syst em was used t o mai nt ai n a

const ant ATP l evel i n t he pr esence of t hi s l ow ADP concent r at i on . The t ot al

concent r at i on of i nt r acel l ul ar Mg was 5 mM. The mean of quadr upl i cat e Na ef f l ux

det er mi nat i ons i n t he pr esence of ouabai n was subt r act ed f r om t he mean of

quadr upl i cat e det er mi nat i ons i n t he absence of ouabai n t o det er mi ne each di f f er ence

poi nt pl ot t ed i n t he f i gur e . The ATP concent r at i ons gi ven i n t he f i gur e r epr esent

aver ages over a 30- 35- mi n i ncubat i on per i od ( at 37° C) r un i n par al l el wi t h t he

ef f l ux det er mi nat i on . The cur ve i s t he l east - squar es f i t t o t he equat i on :

v = [ ATP] V~X/ ( [ ATP] + K112 r ) ,

wher e V� � x was 0 . 364 ( ± 0 . 042) h' ' and K' / 2r was 254 ( ± 91) AM ( number s i n

par ent heses ar e st andar d devi at i ons) . The aver age ef f l ux r at e const ant i n t he

pr esence of ouabai n was 0 . 339 ± 0 . 019 ( SEM) h' . Ouabai n- i nsensi t i ve Na ef f l ux
was al so exami ned as a f unct i on of t he ATP concent r at i on and t her e was no
si gni f i cant cor r el at i on bet ween t he t wo var i abl es .

dependence of Na ef f l ux f r om i nt er nal l y di al yzed squi d gi ant axons . Fr om t hese

t ypes of st udi es, i t seems cl ear t hat t her e i s an equi val ence bet ween assayi ng t he

Na/ K pump act i vi t y as Na, K- ATPase i n an unsi ded pr epar at i on and i on move-

ment s acr oss an i nt act membr ane .
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The ef f ect of var yi ng t he concent r at i on of i nt r acel l ul ar ADP, at con-

st ant ATP, on ouabai n- sensi t i ve Na/ K exchange, i n a medi umcont ai ni ng bot h Na

and K. The ouabai n- sensi t i ve out war d r at e const ant , ° kN. , was det er mi ned as

descr i bed i n Mat er i al s and Met hods . The concent r at i on of Na was 135 mMand t he

ext er nal K was 15 mM i n t he exper i ment s shown her e . ( I n t he f ew exper i ment s

wher e t he K concent r at i on was i ncr eased t o 50 mM, at t he expense of ext er nal Na,

si mi l ar r esul t s wer e obt ai ned . ) St r ai ght l i nes connect poi nt s obt ai ned i n t he same

exper i ment . The phosphoar gi ni ne r egener at i ng syst em was used t o cont r ol ADP

and ATP l evel s at pr eset concent r at i ons . The mean ATP concent r at i on was 472 : t

24 ( SEM) kMf or t he 26 condi t i ons . I n any one exper i ment , each val ue f or t he ATP

concent r at i on i n t he ghost s was wi t hi n 15%of t he mean f or t he par t i cul ar exper i -

ment . The aver age r at e const ant f or ouabai n- i nsensi t i ve Na ef f l ux was 0. 446 t

0 . 011 ( SEM) h' . Ther e was a si gni f i cant negat i ve cor r el at i on bet ween t he ouabai n-

i nsensi t i ve f l ux and i ncr easi ng ADP ( or possi bl y i ncr easi ng ar gi ni ne, but see Tabl e

I ) concent r at i on . Thi s ef f ect was not l ar ge, bei ng on t he aver age an - 15%decr ease

over t he maxi mal r ange of ADP concent r at i ons exami ned i n t hese exper i ment s .
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Na/ K Exchange as a Funct i on of ADP

Ouabai n- sensi t i ve Na/ K exchange was f ound t o decr ease as t he concent r at i on of

i nt r acel l ul ar ADP was i ncr eased . The r esul t s f r om seven separ at e exper i ment s

i l l ust r at i ng t hi s ef f ect ar e pr esent ed i n Fi g . 5 . The ADPconcent r at i on was var i ed

f r om - 200 t o 1, 500 uMunder condi t i ons wher e t he base l evel of ATPwas hel d

at - 500 uM ( see f i gur e l egend) . Thr ee or f our di f f er ent ADP concent r at i ons

wer e st udi ed i n each exper i ment , as i ndi cat ed i n t he f i gur e by t he connect ed

poi nt s . The ef f ect of i ncr easi ng t he concent r at i on of ADP i s mar ked, wi t h

i nhi bi t i on obser ved i n each i nst ance . The maxi mal mean decr ease i n Na/ K

exchange was 35%i n t hese exper i ment s.

These r esul t s cont r ast wi t h t he r esul t s of pr evi ous wor k on f r og skel et al muscl e
( Kennedy and De Weer , 1977) and on squi d gi ant axon ( De Weer et al . , 1979) ,

TABLE I V

Ef f ect of Var yi ng ADP Concent r at i on on t he Rat e of Na/ K

Exchange at Hi gh Val ues of I nt r acel l ul ar ATP, i n t he Pr esence of Ext er nal Na

Al l exper i ment s wer e per f or med wi t h t he phosphoar gi ni ne r egener at i ng syst em as descr i bed i n Mat er i al s

and Met hods . The nucl eot i de concent r at i ons ar e aver ages over a 35- mi n i ncubat i on . Each Na ef f l ux r at e

const ant i s t he mean of f our separ at e ef f l ux det er mi nat i ons, wi t h t he ±SEMgi ven i n par ent heses . Fur t her

det ai l s ar e gi ven i n t he t ext .

wher e no si gni f i cant i nhi bi t i on of ouabai n- sensi t i ve Na/ K exchange was obser ved
when ADP was el evat ed . I n t hose pr epar at i ons, quant i t at i on of ATP and ADP
l evel s i s di f f i cul t , but i t i s al most cer t ai n ( Kennedy and De Weer , 1977 ; De Weer
et al . , 1979) t hat t he concent r at i on of ATP was hi gher t han t hat pr esent i n t he
exper i ment s summar i zed i n Fi g . 5 . Thus, i t was of i nt er est t o det er mi ne whet her
t he i nhi bi t or y ef f ect s of el evat ed ADP concent r at i on al so occur r ed at hi gher
l evel s of ATP. As shown i n Tabl e I V, i n t he pr esence of a hi gher ATP
concent r at i on ( al most 1 mM) , Na/ K exchange was vi r t ual l y unaf f ect ed by changes
i n t he concent r at i on of ADPover t he r ange of - 100- 700 j uM. Thi s may be due
t o t he f act t hat t he absol ut e l evel of ATP, as wel l as t he ATP/ ADP r at i o, was
hi gher t han t hose st udi ed i n connect i on wi t h Fi g . 5 . However , because of

Ghost nucl eot i de

concent r at i on
Na ef f l ux r at e const ant

Medi um A Medi um C Ouabai n-

Exper i ment ATP ADP ( 15 mMK) ( +ouabai n) sensi t i ve

AM At h - ' h" ' h - '

A 790 120 0. 872 ( 0. 048) 0 . 596 ( 0 . 007) 0 . 276

730 210 0. 867 ( 0. 012) 0 . 549 ( 0 . 017) 0 . 318

730 570 0. 873 ( 0. 010) 0 . 587 ( 0 . 020) 0 . 286

B 820 200 0. 762 ( 0. 016) 0 . 472 ( 0 . 003) 0 . 290

710 320 0. 755 ( 0. 014) 0 . 420 ( 0 . 011) 0 . 335

750 430 0. 732 ( 0. 023) 0 . 460 ( 0 . 012) 0 . 272

C 750 290 0. 640 ( 0. 027) 0 . 420 ( 0 . 015) 0 . 220

890 510 0. 588 ( 0. 017) 0 . 392 ( 0 . 023) 0 . 196

880 720 0. 550 ( 0. 025) 0 . 350 ( 0 . 018) 0 . 200
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l i mi t at i ons i mposed by t he ar gi ni ne ki nase r egener at i ng syst em, hi gher concen-

t r at i ons of ATP and/ or ADP coul d not be exami ned . I n any case, t he ext ent of

ADP i nhi bi t i on of Na/ K exchange seemed t o be af f ect ed by t he r el at i ve ATP

concent r at i on .

x
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FI GURE 6 . The per cent st i mul at i on of ouabai n- sensi t i ve Na ef f l ux caused by

r emoval of ext er nal Na, as i nt er nal ADP i s i ncr eased . The ouabai n- sensi t i ve ef f l ux

r at e const ant f or Na, ° kN. , was det er mi ned at 37° C i n t he pr esence and absence of

ext er nal Na, as descr i bed i n Mat er i al s and Met hods . The Na- cont ai ni ng medi um

( A) cont ai ned 135 mMNaCl , 15 mMKCI , and 10 mM HEPES ( pH 7 . 4) . The Na-

f r ee medi um ( B) cont ai ned 135 mMchol i ne CI , 15 mMKCI , and 10 mMHEPES

( pH 7 . 4) . Each poi nt r epr esent s t he per cent change i n t he ouabai n- sensi t i ve Na f l ux

component s cal cul at ed accor di ng t o t he equat i on :

( ' kNa) B
-

( ' kN. ) A x 100

The phosphoar gi ni ne r egener at i ng syst em was used t o set and mai nt ai n ADP and

ATP concent r at i ons . The mean ATP concent r at i on was 651 t 58 j uM ( t SEM) .

I nt r acel l ul ar Mg concent r at i on was 5 mM.
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Na/ K Exchange as a Funct i on of Ext er nal Na

I t has been f ound pr evi ousl y t hat , i n i nt act human r ed cel l s, t he ouabai n- sensi t i ve

ef f l ux of Na i nt o a medi um cont ai ni ng suf f i ci ent K( e . g . , 15 mM) t o sat ur at e t he

Na/ K pump i s essent i al l y not af f ect ed by t he r emoval of ext er nal Na ( Sachs,

1970 ; Hof f man, J. F. , unpubl i shed exper i ment s) . I n vi ew of t he f or egoi ng r esul t s

( Fi g . 5) , i t coul d be ar gued t hat t he i nabi l i t y t o see an ef f ect of ext er nal Na was
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I nhi bi t i on of ouabai n- sensi t i ve Na ef f l ux by el evat i on of ext er nal Na at

a cont r ol l ed pr eset r at i o of ATP/ ADP. The ouabai n- sensi t i ve Na ef f l ux r at e con-

st ant , ° kr ;zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , was det er mi ned i n medi a cont ai ni ng var i ous concent r at i ons of Na, as

descr i bed i n Mat er i al s and Met hods. The ext er nal medi umconsi st ed of 135 mM

NaCl , 15 mM KCI , 10 mMHEPES ( pH 7 . 4) wi t h equi osmol ar subst i t ut i on by

chol i ne( CI ) used t o l ower t he ext er nal Na( Cl ) concent r at i on . St r ai ght l i nes connect

poi nt s det er mi ned i n a si ngl e exper i ment . The phosphoar gi ni ne r egener at i ng syst em

was used t o cont r ol pr eset ADPand ATP concent r at i ons . The mean ATP concen-

t r at i on was 560 ± 50 ( ± SEM) AMand t he mean ADP concent r at i on was 1, 040 t

70 ( ± SEM) AM. I nt r acel l ul ar Mg was 5 mM.

due t o a hi gh r at i o of ATP t o ADP. Thi s i n f act t ur ns out t o be t he case, as

shown by t he r esul t s of t he exper i ment s i l l ust r at ed i n Fi g . 6. Each poi nt was

det er mi ned f r omt he di f f er ence i n t he ouabai n- sensi t i ve Na ef f l ux r at e const ant s

measur ed i n t he pr esence and absence of ext er nal Na ( chol i ne subst i t ut ed f or an

osmot i cal l y equi val ent concent r at i on of Na) . The r esul t s ar e pr esent ed as t he

per cent i ncr ease i n Na/ K exchange pr oduced by r emoval of ext er nal Na . I t i s
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appar ent t hat t he st i mul at i on of t he ouabai n- sensi t i ve component i ncr eases as

t he concent r at i on of i nt er nal ADP i ncr eases . I t shoul d be ment i oned t hat t he

ef f ect of r emoval of ext er nal Na was compar abl e when K r at her t han chol i ne
was used t o subst i t ut e f or Na ( dat a not shown) .

To exami ne f ur t her t he ef f ect of ext er nal Na on t he Na/ K pump, addi t i onal

exper i ment s wer e car r i ed out i n whi ch t he ouabai n- sensi t i ve Na ef f l ux was

assessed at t hr ee di f f er ent ext er nal Na concent r at i ons, each i n t he pr esence of

20 mMext er nal K. I n t hese exper i ment s, t he nucl eot i de l evel s wer e pr eset wi t h

t he phosphoar gi ni ne r egener at i ng syst em t o cont ai n - 550 1uM ATP and 1, 000

, . MADP. The r esul t s ar e pr esent ed i n Fi g. 7, whi ch shows t hat t he i nhi bi t i on of

THEJOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 87 " 1986

TABLE V

Ef f ect s of Var yi ng t he Concent r at i on of Fr ee Mg on Ouabai n- sensi t i ve Na/ K Exchange

Tot al subst r at e
Comput ed concent r at i ons

	

Na ef f l ux r at e const ant
concent r at i on

Bot h exper i ment s wer e per f or med usi ng t he phosphocr eat i ne r egener at i ng syst em. Tot al Mg concent r at i on

r ef er s t o t he Mg concent r at i on i ncor por at ed at r ever sal . St abi l i t y const ant s wer e 10, 000 and 1, 026 M̀ f or

MgATP and MgADP, r espect i vel y ( Al ber t y, 1969) . Fr ee Mg r ef er s t o Mg not compl exed t o ATP or ADP.

Tot al nucl eot i de concent r at i ons wer e det er mi ned by assay of sampl es t aken si mul t aneousl y wi t h ef f l ux

det er mi nat i on . Each ef f l ux r at e const ant f or Na i s t he mean of f our separ at e det er mi nat i ons gi ven wi t h t he

±SEMi n par ent heses . The ouabai n- sensi t i ve r at e const ant f or Na ef f l ux was det er mi ned, i n medi a cont ai ni ng

Na and K, as t he di f f er ence bet ween t he r at e const ant s i n t he absence and pr esence of 10' Mouabai n .

t he ouabai n- sensi t i ve Na ef f l ux i s pr opor t i onal t o t he concent r at i on of ext er nal

Na, wi t h t he f r act i onal i nhi bi t i on i ncr easi ng as Na i s i ncr eased . Some i mpl i cat i ons

of t hese r esul t s wi l l be consi der ed i n t he Di scussi on .

Na/ K Exchange as a Funct i on of Fr ee Mg

I n al l of t he exper i ment s descr i bed above, t he t ot al i nt er nal Mg concent r at i on

of t he ghost s was pr eset at ei t her 3 or 5 mM, even t hough t he t ot al nucl eot i de

concent r at i on var i ed f r om- 100, uMt o 2 mM. Si nce bot h ATPand ADPcompl ex

Mg, t he concent r at i ons of f r ee Mg necessar i l y var y, dependi ng upon t he nucl eo-

t i de composi t i on and concent r at i on . I t was t her ef or e of i nt er est t o est i mat e how

changes i n f r ee Mg l evel s may have i nf l uenced t he r esul t s descr i bed above . To

t hi s end, ghost s, af t er hemol ysi s, wer e di vi ded i nt o f our par t s, each of whi ch was

t hen r eseal ed t o cont ai n a di f f er ent Mg concent r at i on . Tot al ATP and ADP

Exper i ment Mg

MM

ATP

MM

ADP

MM

MgATP

MM

MgADP

MM

Fr ee

Mg

mM

Medi umA

( 15 mMK)

h- 1

Medi umC

( + ouabai n)

h- 1

Ouabai n-

sensi t i ve

h- 1

A 1 . 00 0 . 69 0 . 09 0 . 56 0 . 03 0 . 42 0 . 443 ( 0 . 010) 0. 232 ( 0 . 017) 0. 211

2. 00 0 . 64 0. 08 0 . 60 0 . 05 1 . 36 0 . 452 ( 0 . 020) 0 . 238 ( 0 . 012) 0. 214

4 . 00 0 . 57 0 . 08 0 . 55 0 . 06 3 . 39 0 . 494 ( 0 . 015) 0. 264 ( 0 . 011) 0. 230

6 . 00 0 . 52 0 . 07 0 . 51 0 . 06 5 . 44 0 . 454 ( 0 . 025) 0. 237 ( 0. 005) 0 . 217

B 0. 65 0 . 65 0. 12 0 . 43 0 . 02 0 . 20 0 . 476 ( 0 . 005) 0 . 244 ( 0 . 019) 0. 232

1 . 60 0 . 65 0 . 14 0 . 58 0 . 07 0. 95 0 . 496 ( 0 . 009) 0. 256 ( 0. 019) 0 . 240

3 . 50 0 . 72 0 . 12 0 . 70 0 . 09 2 . 72 0 . 539 ( 0 . 008) 0. 286 ( 0. 010) 0 . 253

5 . 40 0 . 52 0. 11 0 . 51 0 . 09 4 . 80 0 . 516 ( 0 . 009) 0. 271 ( 0 . 012) 0. 245
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l evel s wer e measur ed, and f r ee Mg, MgATP, and MgATP l evel s wer e t hen

comput ed . As shown i n Tabl e V, MgATPwas essent i al l y const ant f or al l condi -

t i ons i n ei t her one of t he t wo exper i ment s. Fr ee Mg l evel s wer e var i ed f r om

^- 0. 5 t o 5. 0 mMt o encompass appr oxi mat el y t he maxi mal r ange encount er ed i n

t he exper i ment s descr i bed i n t hi s wor k . Over t hi s r ange of Mg concent r at i on, i t

can be seen t hat no si gni f i cant ef f ect s on Na/ K exchange wer e obser ved .

I t shoul d be not ed t hat var i at i ons i n f r ee Mg can al t er Na/ K pump act i vi t y .

For i nst ance, Bodemann and Hof f man ( 1976) f ound t hat i ncr easi ng i nt er nal Mg

act i vat ed t he Na/ K pump, but t he l evel s of Mg wer e pr obabl y much l ower t han

t hose empl oyed her e ( see r ecal cul at ed Mg val ues i n Hof f man, 1978) . On t he

ot her hand, Fl at man and Lew ( 1981) al t er ed Mg l evel s i n i nt act cel l s ( wi t h t he

di val ent i onophor e A23187) over a mor e ext ensi ve r ange t han t hat st udi ed i n

t he pr esent wor k . They f ound, l i ke Bodemann and Hof f man ( 1976) , t hat t he

Na/ K pump was act i vat ed by i ncr easi ng t he f r ee Mg concent r at i on up t o - 0 . 5

mM. However , Fl at man and Lew( 1981) f ound t hat f ur t her i ncr eases i n t he f r ee

Mg concent r at i on, over t he comput ed r ange exami ned her e, i nhi bi t ed Na/ K

exchange by - r 30%( al so compar e De Weer , 1976) . Whet her t hese di scr epant

r esul t s r ef l ect di f f er ences bet ween i nt act cel l s and ghost s, or di f f er ences i n ATP

concent r at i on and ot her possi bl e i nt r acel l ul ar compl exi ng agent s, and/ or di f f er -

ences i n t he met hods used t o est i mat e t he f r ee Mg concent r at i ons cannot be

set t l ed wi t hout f ur t her wor k .

DI SCUSSI ON

The mai n pur pose of t hi s wor k was t o eval uat e t he ef f ect s of var yi ng t he ATP

and ADP concent r at i ons on t he magni t ude of ouabai n- sensi t i ve Na/ K and Na/

Na exchange i n r eseal ed human r ed cel l ghost s . We used t echni ques by whi ch

ATPl evel s coul d be var i ed at f i xed concent r at i ons of ADPand by whi ch ADP

coul d be var i ed at f i xed concent r at i ons of ATP under condi t i ons wher e any

ATP/ ADP r at i o coul d be cl amped over t he t i me per i od necessar y t o assay pump

f unct i on . Thi s was made possi bl e by ef f ect i vel y el i mi nat i ng adenyl at e ki nase

act i vi t y i n t he ghost s t hr ough ext ensi ve di l ut i on of t hei r i nt r acel l ul ar cont ent s,
coupl ed wi t h t he use of t he i nhi bi t or Ap5A, and by i ncor por at i ng a nucl eot i de
r egener at i ng syst em t o pr ovi de f or t he cont r ol of st abl e ATP l evel s i n t he
pr esence of ongoi ng ATPase act i vi t y .

The pr i nci pl e f i ndi ngs of t hi s st udy ar e as f ol l ows . ( a) For Na/ Na exchange, ( i )
t he f l ux i ncr eases t o sat ur at i on wi t h i ncr easi ng concent r at i ons of ADP ( Fi g. 3) ,
and ( i i ) t he K, / 2r f or ADP i s not par t i cul ar l y sensi t i ve t o t he concent r at i on of
ATP ( Tabl es I I and I I I ) . ( b) For Na/ K exchange, ( i ) t he f l ux i ncr eases t o
sat ur at i on wi t h i ncr easi ng concent r at i ons of ATPat l ow val ues of ADP ( Fi g . 4) ,

and ( i i ) at sat ur at i ng concent r at i ons of ext er nal K, i ncr easi ng ADPat const ant

l evel s of ATPdecr eases t he r at e of Na/ K exchange ( Fi g. 5) . Thi s ef f ect of ADP

i s seen at l ow but not at hi gh val ues of ATP ( Tabl e I V) . ( c) At a f i xed l ow

concent r at i on of ATP, Na/ K exchange i s i nhi bi t ed by ext er nal Na i n pr opor t i on

t o t he ADP l evel ( Fi g . 6) , and at hi gh ADP l evel s, i t i s i nhi bi t ed i n pr opor t i on t o
t he concent r at i on of ext er nal Na ( Fi g . 7) .

Bef or e di scussi ng t hese poi nt s i n mor e det ai l , i t i s of i nt er est t o consi der t he
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r esul t s f r om a di f f er ent per spect i ve by vi ewi ng t hem f r om a t her modynami c

st andpoi nt . Si nce, as expr essed by Li pmann ( 1960) , t he f r ee ener gy avai l abl e

f r om t he hydr ol ysi s of ATP var i es as a f unct i on of t he phosphor yl pot ent i al

( t aken her e as t he r at i o ATP/ ADP, at const ant AMP, P; , Mg, and pH) , changes

i n t he ATP/ ADP r at i o mi ght be expect ed t o al t er t he char act er i st i cs of any ATP-

consumi ng pr ocess such as t he Na/ K pump . I n par t i cul ar , si nce decr easi ng t he

ATP/ ADP r at i o decr eases t he f r ee ener gy avai l abl e f or t he . t r ansl ocat i on of t he

i ons, t hi s coul d be r ef l ect ed as a decr ease i n t he r at e of t r anspor t as ADP i s

i ncr eased r el at i ve t o ATP, whi ch i s i n f act what was obser ved ( Fi g . 5) . The ef f ect s

of al t er i ng t he concent r at i on of Na acr oss t he membr ane ( as i n Fi gs . 6 and 7)

can be expl ai ned by t he f act t hat when t he phosphor yl pot ent i al i s l ow, t he pump

can r un onl y under condi t i ons wher e l ess ener gy i s r equi r ed . For t he ci r cumst ance

wher e t he Na gr adi ent i s or i ent ed out war d, Na may st i l l be t r anspor t ed agai nst

an el ect r i cal pot ent i al ( i nsi de negat i ve r el at i ve t o out si de) , but we have not as yet

eval uat ed t he ef f ect s of var i at i ons i n membr ane pot ent i al at di f f er ent set t i ngs of

t he phosphor yl pot ent i al . On t he ot her hand, we al so expect t o expl or e mor e

ext ensi vel y t he ef f ect s of changes i n t he phosphor yl pot ent i al when i t i s al t er ed

by var yi ng t he concent r at i on of P; at const ant r at i os of ATP t o ADP. Pr el i mi nar y

( but var i abl e) f i ndi ngs i ndi cat e t hat t he addi t i on of 10 mMP; t o ghost s cont ai ni ng

r el at i vel y modest r at i os of ATP t o ADP r esul t s i n t he i nhi bi t i on of ouabai n-

sensi t i ve Na/ K exchange .

The above anal ysi s, of cour se, i s l i mi t ed because i t st at es t he case wi t hout

r ef er ence t o t he possi bl e det ai l ed mechani sms t hat coul d be i nvol ved . We can

consi der t he ef f ect s of var yi ng ATP, ADP, and Na mor e speci f i cal l y by r ef er r i ng

t o a r eact i on scheme such as t hat shown i n Fi g . 8 . ( An expanded ver si on of t hi s

scheme and t he r at i onal e f or t he i ncl usi on of t he var i ous phophor yl at ed i nt er -

medi at es i s ext ensi vel y di scussed by Gl ynn, 1985 . ) Four st eps ar e i ndi cat ed i n

Fi g . 8, l abel ed I , I I , 111, and I V, t hat appear t o be f ocal poi nt s f or pr ovi di ng

expl anat i ons f or t he r esul t s r epor t ed i n t hi s paper . I t shoul d be not ed t hat at

st eps I and I V, ADP i s t aken t o act as a compet i t i ve i nhi bi t or wi t h ATP, whi l e

at st eps I I and I I I , ADP and ext er nal Na act , r espect i vel y, as pr oduct i nhi bi t or s .

Pr esumabl y, as suggest ed by Post et al . ( 1972) , t he pr i nci pal r at e- l i mi t i ng st ep i n

t he over al l cycl e i s t he r el ease of occl uded K, f r om t he Ei ( K) f or m, f r om t he

i nner sur f ace of t he pump t o t he cyt opl asm ( see Gl ynn and Ri char ds, 1982, f or

r ef er ences) . ATP act s at i t s l ow- af f i ni t y si t e t o accel er at e t he r el ease of t hi s K

( st ep I V) i n t he t r anspor t pr ocesses t hat i nvol ve K, such as Na/ K exchange

( r esul t s pr esent ed i n Fi g . 4 ; Gl ynn and Kar l i sh, 1976 ; Beauge and Gl ynn, 1980 ;

Ei sner and Ri char ds, 1981 ; Beauge and Di Pol o, 1981) and K/ K exchange

( Si mons, 1974) . I t i s r easonabl e t o assume t hat ADP mi ght al so act at st ep I V t o

af f ect t hese t r anspor t pr ocesses by compet i ng wi t h ATP at i t s l ow- af f i ni t y si t e .

I t was shown i n Fi g . 5 t hat ADPact s t o i nhi bi t ouabai n- sensi t i ve Na/ Kexchange

wi t h a r at her l ow af f i ni t y . I t i s possi bl e t hat t hi s ef f ect of ADP i nvol ves compet i -

t i on wi t h ATP at ei t her st ep I or st ep I V. I f compet i t i on occur s at st ep I , t hen

t he hi gh- af f i ni t y si t e f or ATP i nt er act i on woul d necessar i l y be i nvol ved . Hegy-

var y and Post ( 1971) and Nor by and Jensen ( 1971) det er mi ned f r omequi l i br i um

bi ndi ng measur ement s t hat t he Na/ K- ATPase, i n t he absence of Mg, bound
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ATP wi t h a hi gh af f i ni t y ( Kd = 0. 1- 0 . 2 AM) and ADP wi t h a 5- 10 t i mes l ower

af f i ni t y ( Kd = 0. 5- 2 AM) . Per haps mor e t o t he poi nt , Sakamot o and Tonomur a

( 1980) have st udi ed t he ef f ect s of ADPon Na, K- ATPase at 37 ° Ci n t he pr esence

of 15 mMKand 10 mMMgCl 2 . They f ound t hat ADPi s a compet i t i ve i nhi bi t or

of Na, K- ATPase at bot h l ow ( 0 . 5- 32 AM) and hi gh ( 50- 400, M) concent r at i ons

of ATP. The val ues f or KzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA�A, TP I n t he l ow and hi gh concent r at i on r anges wer e,

r espect i vel y, 1 . 36 and 290 AM; t he cor r espondi ng val ues f or K^ DP wer e 73 and

FI GURE 8.

ATP

E2P" K

E2 " ( K)

- E2 P . E2P " No

EI P " ( Na)

E2- ( K) - ATP E, - ADP EI P- ADP- Ma)

- ADP I O
El

ATPI

El " K- ATP

	

- " " 4 .
E I " ATP

	

PEl ATP- Na

K;

	

Nai

A consecut i ve model f or t he mechani sm of t he Na/ K pump . The

symbol s E, , E2 , E, P, and E2P r ef er t o di f f er ent conf or mat i ons of t he unphosphor y-

l at ed and phosphor yl at ed f or ms of Na, K- ATPase ( E) , r espect i vel y . The subscr i pt s i

and o r ef er , r espect i vel y, t o i ons l ocat ed i nsi de and out si de t he membr ane . The

encl osur e of Na and K i n par ent heses r epr esent s occl uded f or ms of t hese i ons, t hat

i s, bound i ons t hat ar e i naccessi bl e t o t he i nsi de or out si de phase . St eps l abel ed I ,

I I , and I V denot e r eact i ons t hat can be af f ect ed by ADP. St ep I r epr esent s t he hi gh-

af f i ni t y bi ndi ng si t es and st ep I V r epr esent s t he l ow- af f i ni t y nucl eot i de bi ndi ng si t es.

St ep I I I i ndi cat es wher e ext er nal Na i s i nvol ved as di scussed i n t he t ext . The Na/ K

pump nor mal l y oper at es i n t he count er cl ockwi se di r ect i on . Evi dence suppor t i ng t he

var i ous phosphor yl at ed f or ms i s r evi ewed by Gl ynn ( 1985) . ( Scheme modi f i ed f r om

Kar l i sh et al . , 1978 . )

430 AM. Si nce, as seen i n Fi g . 5, ADP exer t s i t s i nhi bi t or y ef f ect s at concent r a-

t i ons onl y t wo t o t hr ee t i mes t hat of ATP, i t i s unl i kel y, al t hough st i l l possi bl e,

t hat t he hi gh- af f i ni t y si t e ( st ep 1) i s i nvol ved .

I t t hus seems mor e l i kel y t hat t he compet i t i ve ef f ect s of ADPwi t h ATPoccur

at t he l ow- af f i ni t y si t e ( st ep I V) . I n addi t i on t o Sakamot o and Tonomur a ( 1980) ,

Hexumet al . ( 1970) and Robi nson ( 1976a) have al so shown t hat ADP act s as a

compet i t i ve i nhi bi t or of ATP act i vat i on of Na, K- ATPase . Beauge and Gl ynn

( 1979) showed t hat ADP as wel l as ATP coul d r el ease occl uded K f r om t he
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enzyme . Fur t her mor e, measur ement s of i nt r i nsi c f l uor escence i ndi cat ed t hat a

K- i nduced conf or mat i onal change of t he enzyme coul d be r ever sed wi t h ei t her

ADPor ATP( Beauge and Gl ynn, 1980) . I n addi t i on, act i vat i on of Na, K- ATPase

by ADP at l ow concent r at i ons of ATP i n t he pr esence of K has been obser ved

by Mone and Kapl an ( 1982) , and i t has al so been f ound t hat ADPcan subst i t ut e
f or ATP i n pr omot i ng K/ K exchange ( Kapl an and Kenney, 1982) . Bot h t ypes of
r esul t s i mpl y t hat ADP can act l i ke ATP t o r el ease K f r om an occl uded f or m
( see Gl ynn and Ri char ds, 1982) . These var i ous st udi es suppor t t he i dea t hat t he

i nhi bi t i on of t he Na/ K pump pr oduced by i ncr easi ng ADP ( Fi g . 5) coul d be, at

l east i n par t , due t o ADP act i ng at st ep I V, pr ovi ded t hat ADP i s l ess ef f ect i ve

t han ATP i n pr omot i ng K r el ease . Thi s pr esumabl y means t hat t he conver si on

of E2( K) ADP t o i t s E, f or m i s sl ower t han t hat f or E2( K) ATP [ per haps f or t he

r eason t hat ADP has t o come of f of E2( K) ADP bef or e ATP can bi nd, wher eas

E2( K) ATP can cycl e di r ect l y t o E, ATP] . Si nce t hese compar at i ve r at es have yet

t o be eval uat ed under our condi t i ons ( but see Gl ynn and Ri char ds, 1982 ;

For bush, 1984) , i t i s not possi bl e t o di st i ngui sh bet ween st eps I and I V as t he si t e

f or ADP' s i nhi bi t or y ef f ect s . Per haps bot h si t es ar e i nvol ved . I t shoul d be not ed,

however , t hat t he i nhi bi t or y ef f ect of ADP i s dependent on t he concent r at i on of

ATP si nce t he ef f ect i s not appar ent when t he ATP concent r at i on appr oaches

t he mi l l i mol ar r ange ( see Tabl e I V) . Pr esumabl y t hi s i s t he r eason t hat Kennedy

and De Weer ( 1977) obser ved l i t t l e ef f ect on Na/ K exchange when i nt er nal ADP

was el evat ed i n f r og skel et al muscl e . As al r eady ment i oned, we wer e pr event ed

f or t echni cal r easons f r om st udyi ng t he ef f ect s of hi gh ADP concent r at i ons at

hi gh l evel s of ATP.

As pr evi ousl y not ed, st ep I V i s not t he onl y pl ace i n t he enzyme cycl e t hat i s

sensi t i ve t o ADP. Cer t ai nl y f or t he ef f ect s i n r el easi ng occl uded K, st ep I V i s

cr uci al . However , i t i s al so possi bl e t hat ADP coul d act at st ep I I t o modul at e

t he i nhi bi t or y ef f ect s of ext er nal Na, act i ng at st ep I I I , on t he t r anspor t of Na

by t he pump as pr esent ed i n Fi gs . 6 and 7. I n t hi s i nst ance, t he Na/ K pump i s

st i mul at ed by t he r emoval of ext er nal Na, wi t h t he st i mul at i on i ncr easi ng as t he

concent r at i on of ADP i s i ncr eased r el at i ve t o t hat of ATP. I t shoul d be empha-

si zed t hat t hese ef f ect s of ADPand ext er nal Na ar e dependent upon t he pr esence

of a sat ur at i ng concent r at i on of ext er nal K. Si nce hi gh ADPonl y al t er s Na ef f l ux

when K� i s pr esent , t he act i on of ADP at st ep I I pr esumabl y must be af f ect ed by

K� , separ at el y f r om t he i nvol vement of Ko i n K t r ansl ocat i on . The scheme, as

pr esent ed i n Fi g . 8, i s i nadequat e t o account f or t hese ef f ect s because no expl i ci t

r ol e i s cast f or ei t her Na, , or K0 . We t her ef or e suggest t hat t he scheme as depi ct ed

i n Fi g. 8 be modi f i ed t o i ncl ude enzyme i nt er medi at es wher e bot h ext er nal Na

( Na, * ) and ext er nal K ( K: ) ar e or can be l i ganded f or ei t her t r ansi ent or

per manent occupancy dur i ng t he r eact i on cycl e, dependi ng on t he l evel s of t he

di f f er ent nucl eot i des and t he concent r at i on and speci es of i ons pr esent on t he

t wo si des of t he membr ane . The ast er i sk i ndi cat es a l i ganded i on and t he subscr i pt

i ndi cat es t he si ded or i gi ns of t he bound i on . Ko* i s needed t o pr ovi de t he si gnal

f or t he pump t o oper at e, exchangi ng Ko f or Na ; as opposed t o, say, Na/ Na

exchange . Na* pr ovi des f or t he sensi t i vi t y, i n t he pr esence of K. , of t he Na/ K

pump t o t he combi nat i on of Na. and hi gh ADP. Al t hough i t i s i mpr act i cal t o
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speci f y whi ch i nt er medi at es cont ai n Na, * and Ko* , or whet her al l of t hem do, t he

pr esumpt i on i s t hat t hese i ons ar e l i ganded t o modul at or y si t es t hat , i n t hem-

sel ves, may or may not exi st t hr oughout t he cycl e . Evi dence f or Na. ( and Ko)

bi ndi ng t o ext er nal modul at or y si t es has been pr ovi ded by Sachs ( 1974, 1977) ,

Cavi er es and El l or y ( 1975) , and Hobbs and Dunham( 1976, 1978) . The i ncl usi on

of t he f or ms Na, * and Ko* i s not meant t o i mpl y bi as as t o t he under l yi ng r eact i on

mechani sm, t hat i s, whet her t he r eact i on i s pi ng- pong or not ( see Gar r ahan and

Gar ay, 1976) . Thus, KO* coul d be bound t o a modul at or y si t e or t o a f or mer Na

si t e wi t hout bei ng t r anspor t ed i nwar d . Thi s coul d i mpl y t hat one Na ( out of t he

t hr ee t hat ar e t r anspor t ed) i s r el eased and a Ko* i s bound bef or e t he r emai ni ng
Na i ons ar e r el eased . Ext er nal K coul d be bound f or i nwar d t r anspor t ei t her

af t er or bef or e t he r el ease of bound Na . ( Anot her i nst ance i n human r ed cel l s

t hat i ndi cat es t he possi bl e exi st ence of a f or m wher e [ some] K i s bound bef or e

[ al l ] Na i s r el eased i s t he modul at i on by ext er nal K of vanadat e' s ef f ect s on t he

Na/ K pump [ see Beauge and Ber ber i an, 1983] ) .

Thus, whi l e ADPcompet es wi t h ATP at st ep I V, ADP coul d act as a pr oduct

i nhi bi t or at st ep I I t o sl ow t he conver si on of an E, - t ype f or m t o an E2P- t ype f or m

wi t h t he subsequent r el ease of occl uded Na . The di st r i but i on of t he var i ous
enzyme f or ms, whet her phosphor yl at ed or not , t hat at t end t he E, P - _ E21? st eady
st at e, whi ch i s nor mal l y poi sed i n t he E2 di r ect i on when ADP i s l ow, i s pr esumabl y
r ever sed or shi f t ed t o t he l ef t when t he concent r at i on of ADP i s r ai sed . Thi s i s

t o say t hat t he r el at i ve concent r at i on of any of t he E, f or ms bel ow st ep I I coul d

be changed by i ncr easi ng t he concent r at i on of ADP or , al t er nat i vel y, t hat t he
r el at i ve t ur nover of t hese f or ms i s sl owed i n t hi s si t uat i on . Unf or t unat el y, t her e
i s no di r ect evi dence t hat bear s on t hi s i nt er pr et at i on because t he st udi es t hat
ar e avai l abl e have been car r i ed out i n K- f r ee medi a . I n t he absence of ext er nal

K, t he ef f ect s of i ncr easi ng ADP i n pr omot i ng Na/ Na exchange, such as t hose

pr esent ed i n Fi g . 3 ( see al so Gl ynn and Hof f man, 1971) , have been shown t o
occur i n concer t wi t h pr omot i ng ATP- ADP exchange ( Cavi er es and Gl ynn,

1979 ; Kapl an and Hol l i s, 1980 ; Kapl an, 1982 ; Cavi er es, 1983) . Thi s ki nd of

shi f t t owar d E, f or ms has al so been demonst r at ed, agai n i n t he absence of K, t o

be pr omot ed by i ncr easi ng concent r at i ons of Na ( Har a and Nakao, 1981) .

However , whet her i n t he pr esence of ext er nal K t he combi nat i ons of ext er nal

Na and hi gh ADPact i n an anal ogous way t o r educe t he l evel s of t he E21? f or ms
t hat i nvol ve Na, t o account f or t he i nhi bi t i on of t he Na/ K pump, cannot be
st at ed at t hi s t i me . However , i f under t he condi t i ons of hi gh Ko, hi gh Na. , and
ADP, t he net r el ease of Na i s hi nder ed ( st ep I I I ) , because t he f or ms i nvol ved i n
t he El P= E21? st eady st at e ar e shi f t ed t owar d t he E, f or ms, t hen t he cycl e woul d
be r at e- l i mi t ed at st eps I I and I I I r at her t han at st ep I V ( and/ or st ep I ) . Rel i ef
of t hi s swi t ch i n t he r at e- l i mi t i ng sequence of r eact i ons woul d t hen be obt ai ned
by r emovi ng ext er nal Na . Thi s expl anat i on i mpl i es t hat ADP act s wi t h gr eat er
ef f ect at st ep I V ( and/ or st ep I ) t o r et ar d Kr el ease or E, - ATP gener at i on t han
at st ep I I t o sl ow t he conf or mat i onal changes, because Na/ K exchange i s
accel er at ed ei t her by r emovi ng ext er nal Na ( Fi g . 6) and/ or by i ncr easi ng ATP
r el at i ve t o ADP( Tabl e I V) . I t shoul d be not ed t hat i n cont r ast t o t he compet i t i on
bet ween ATP and ADP at st ep I V ( and/ or st ep I ) , t hi s ki nd of i nt er act i on
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pr esumabl y i s l ess l i kel y t o occur at st ep I I si nce t he K12 P f or Na/ Na exchange

appear s t o be r el at i vel y i nsensi t i ve t o changes i n t hi s concent r at i on r ange of ATP
( see Tabl e I I ) .

Acr i t i cal and t aci t assumpt i on cont ai ned i n t he above anal ysi s i s t hat K i nf l ux

i s sat ur at ed at t he concent r at i ons of ext er nal K( 15 mM) used i n our exper i ment s.

We use sat ur at i on her e t o mean t hat ouabai n- sensi t i ve Na ef f l ux i s not l i mi t ed

by t he concent r at i on of ext er nal K, f or we have f ound t hat t hi s r at e r emai ns

const ant when medi um K i s r ai sed f r om 15 t o 50 mM( dat a not shown) . Thi s

i mpl i es t hat no Na/ Na exchange occur s, even at hi gh concent r at i ons of ADP.

Thi s has not yet been det er mi ned f or our condi t i ons, but i t shoul d be ment i oned

t hat t he ouabai n- sensi t i ve Na i nf l ux i nt o i nt act r ed cel l s was al most , but not

compl et el y, el i mi nat ed when ext er nal K was i ncr eased t o sat ur at i on ( Gar r ahan

and Gl ynn, 19676 ; Sachs, 1970) . I f Na/ Na exchange wer e pr omot ed t o any

appr eci abl e ext ent by r ai si ng i nt er nal ADP, f or i nst ance, i n t he t ype of exper i -

ment depi ct ed i n Fi g . 5, t hen t he modul at i ng r ol e of ADPsuggest ed f or st ep I V

( and/ or st ep I ) coul d be shi f t ed t o st ep I I . I f Na/ Na exchange wer e not st i mul at ed

( t hat i s, i f Na i nf l ux wer e not i ncr eased by i ncr easi ng ADP) , t hen we woul d

expect K i nf l ux t o i ncr ease when Na was r emoved f r om t he ext er nal medi um.

So f ar , ghost het er ogenei t y has pr event ed us f r om bei ng abl e t o accur at el y

eval uat e ei t her Na or K i nf l ux under t he appr opr i at e i nt r acel l ul ar condi t i ons .

Fi nal l y, we can consi der whet her t he ghost concent r at i ons of ADP and ATP

as r ef er r ed t o i n t hi s paper pr eci sel y r ef l ect t he concent r at i ons of t hese nucl eo-

t i des i n t he i mmedi at e pr oxi mi t y of t he i nner f ace of t he Na/ K pump . Ther e i s

now subst ant i al evi dence ( Par ker and Hof f man, 1967 ; Okonkwo et al . , 1975 ;

Segel et al . , 1975 ; Pr over bi o and Hof f man, 1977 ; Mer cer and Dunham, 1981)

i ndi cat i ng t hat ATP ( and ADP) may be compar t ment al i zed wi t hi n t he r egi onal

domai n of t he pump . ATP pool ed wi t hi n t hi s membr ane compar t ment appear s

t o be used pr ef er ent i al l y wi t h r egar d t o cyt opl asmi c ATP as t he pr oxi mat e

subst r at e of t he pump . Ther e i s a f l ow ( exchange) of nucl eot i des bet ween

cyt opl asm and membr ane pool ( see Pr over bi o and Hof f man, 1977 ; Mer cer and

Dunham, 1981) , but t he r at es of t hi s ki nd of equi l i br at i on ar e not known .

However , membr ane pool ATPseems t o come i nt o pl ay when t he pump act i vi t y

has been i ncr eased above i t s r est i ng r at e by i ncr easi ng t he concent r at i on of

i nt r acel l ul ar Na ( see Par ker and Hof f man, 1967) , whi ch i ndi cat es t hat l ocal

synt hesi s of ATP f r om ADP wi t hi n t he pool ( car r i ed out by r eact i on wi t h

membr ane- bound phosphogl ycer at e ki nase) occur s at a r at e f ast er t han cyt o-

pl asmi c ATP can gai n ent r y . I t i s not possi bl e t o est i mat e t he ext ent t o whi ch

t hi s si t uat i on may obt ai n i n our exper i ment s when t he Na cont ent of t he ghost s

i s hi gh but when t he oper at i ng r at e of t he Na/ K pump i s down- r egul at ed by

havi ng hi gh ADPat r el at i vel y l ow val ues of ATP. However , i t shoul d be kept i n

mi nd t hat t he nucl eot i de r at i o pr esent i n t he membr ane compar t ment may not

be t he same as t he measur ed nucl eot i de r at i os t hat def i ne t he cyt opl asmi c i f not

t he t ot al concent r at i on of ATP and ADP.

We wi sh t o t hank John Bar bar i a, Jean Mi l t on, and Paul Si nger f or t hei r t echni cal hel p dur i ng

t he cour se of t hi s wor k . We al so t hank Bl i ss For bush I I I and Mar k Mi l ani ck f or t hei r comment s

on t he manuscr i pt and I an M. Gl ynn f or hel pf ul di scussi ons .
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