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reconstituted Na+/K+-ATPase engaged in uncoupled Na+-efflux 
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In liposomcs with reconstituted shark Na+/K%ATPas¢ the effect of cytoplasmic K* was investigmed in the absence of 
extraedlular alkali ions. During such conditions the Na+/K*-ATPasc is engaged in the so called zmcoupled Na + ¢fflux mode in 
which cytoplasmic Ha* activates and binds to the enzyme and becomes translncated wilhmn eounlertransport of K + as in the 
physiological Na*/K + exchange mode. In this uncoupled flux mode only low-affinity inhibition by K,~ is found In be present. 
The inhibition pattern is consistent wttl~ a model in which cytoplasmic K + exh~it mixed inhibition of Na + activation, probably 
by bin;ling at the three cytoplasmic loading sites on EIATP (EIA). With determined intrinsic binding constants for ~ltupt~smic 
Na* to this form of Ks1. Ks:,, gs~ = 40 mM 2 mM, 2 mM the inhibition pattern can be sim:lated assuming d'lree K~, sites with 
equal affinity for K, = 40 raM, similar to Ks, for the first Na~, site. The discrimination between cytoplasmic Na + and g.+ is 
therefore enhanced by allosteric interaction initiated from the c~-s]d¢ due to binding 6: :he first Na +, as opposed to K +, which 
induces the positive cooporativity it. the successi:-: Na + bindings~ pH is found to influence .he ~:a~tt,'a ,a," K ~  i?,hi~itiG~: A 
lowering of the pH polcnti,,tes the !g~i, inhibition, wher,'as at increased ph the inhibition is decreased and transformed into a 
pure competitive cmnpetitirm. 

introduction 

A fundamental and unresolved property of the 
Na*/K+-ATPase is its ability to discriminate among 
Na * and K +. in order to examine this cation selectiv- 
ity, investigations of the inhibition pattern of cy~oplas. 
m i c g  + on cytoplasmic Na ~ activation were performed 
using recons',ituted shark Na+/K+-ATPase in the ab- 
sence of extracetlular cations, i.e. auring the uncoupled 
Na ~" efflux mode [1-7], In this flux-mode no extraccllu. 
lar alka][ cations are occluded following dephospho- 
rylation, and ti~c hi.riding sites of the enzyme returns 
without occtusion, with occluded :.'now sites, or maybe 
with occluded H +. This flux mode which is one ~f 
~verol partial reactions the Na+/K'-A1"Pase can ac- 
commodate [8,9] is especially suited to study the ion 
interaction on cytoplasmic binding sites on E s since no 
interactions from e~tracdluiar ions are present, and 
the high.affinity K~, inhibltioa prc'~[ously found [10] i~. 
absent. Both could oea problem in previous studic:~ of 
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cytoplasmic Na+-K + interactioLi using red cells in 
which random binding of cytoplasmic Na + and K" ~o 
three equivalent sites on the E, form of the enzyme 
was suggested [11,12]. 

The Na ' /K"-ATPase  is inhibited by cytoplasmic 
K + at both high-affinity and low-affinity sites as sug- 
gested from experiments on unsided preparations of 
Na+/K+-ATPas¢ [13,14] and as demonstrated in sev- 
eral studies using sided preparations of N a + / g  ÷- 
ATPase [10,15,16]. In the present investigation it is 
found that in the absence of extraee]iular alkali cations 
the high-affinity inhibition by cytoplasmic K* is absent, 
and only a low-affinity inhibition persists, The inHbi- 
tion pattern is of the multisite mixed t~pc, where K ~  

+ 
binds both co, repetitively with N a ~  to an empty on- 
z/me form and uncompetitiveLy to an enzyme species, 
E,A, with bound Na~ .  The cation selectivity of the 
Na+/g+-ATPase appears to depend on the ability of 
Na" to i,duce ibe posi6ve cooperativity in binding. 
The interplay be~veen the three cytoplasmic binding 
sites on EtA is affected by pH in a way eoazpatib[e 
with a previous suggestion that cytoplasm],' pl-'r affects 
the intrinsic si,~: db'socialion constants for binding in 
the EjA.pool [6]. 



Materials and Methods 

The Na+/K*-ATPase used is from salt glands of 
the spiny dogfish, Squalus acanthias. The methods for 
p~paring the membrane bound enzyme, solubilized 
enzyme, and its reruns]Station into liposomes have 
been described in previous papers [17,18]. in order to 
study uncoupled Na + efflux the proteoliposomes were 
prepared to contain no alkali cations and in order to 
balance osmotically the external NaCI an equivalent 
amount of sucrose was included internally (260 raM). 
The Na*/Nu + exchange was studied in proteo- 
Iiposomes containing 130 mM Na +. In some expert. 
ments the internal sucrose was replaced isosmotically 
by TrisCl. The ~¢rm efflux refers to the cellular situa- 
tion and when studied on inside out incorporated 
Na+/K+.ATPase molecules, it is equivalent to an in. 
flux into the proteoliposomes. For each of the, proteo- 
liposome preparations the fraction of the enzyme 
molecules or!eared inside.out (i:o), right.side-our 
(r'o), and as non-oriented (n-o) was determined by 
functional tests as previously described [171. Typically, 
there was 1.5% inside-out, 65% right-side-out and 20% 
non.oriented. 

The non-oriented enzyme molecules were inhibited 
by preincubation of the samples with 1 mM ouabain in 
the presence of 5 mM Mg 2+ and I mM inorganic 
phosphate for 20 rain at 20°C, pH 7.0 [18]. The inside- 
out molecules were activated by addition of ATP in the 
presence of the proper ligands and i mM ouabain. 
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Under these conditions the non.oriented and the 
right-side-out molecules were inactive. 

The intensity of uncoupled Ha* efflux as well as 
Na*/Na + exchange on !,n en~me were assayed h~ 
measurements of the accompanying hydrolytic activity 
as previously described [18]. The assay period was kept 
below 20 s during which the rate of hydrolysis was 
constant. All measurements were 0cdormed at room 
temperature. 

The specific hydrolytic activity for N a + / g  * ex- 
change of the reconstituted enzyme (with the lipo- 
somes made permeable by a low concentration of de- 
tergent) was 600-900 ~.mol P~/mg protein per h with 
Na + 130 mM, K* 20 mM, Mg z+ 4 raM, ATP 3 mM, 30 
mM his':4ine, pH 7.0, 20°C 

The hydrolytic acti,ity of the two reactions o~ sided 
preparations was as follows: ATP hydrolysis accompa- 
nying uncoupled ]'ra ~ efflux amounted ~.o 40-60 pmol 
Pil~llg protein per h with ]30 mM NaCi, 2 mM MgCI:, 
7_5 ~M ATP, and 30 ram him[dine at the cytoplasmic 
side and 260 mM sucrose, 2 rnM MgCI:, 30 mM 
hisddine at the extracellular side at pl-I 7.0, 9.0~C. For 
ATP hydrolysis accompanying Na"/Na" exchange with 
Na + replacing sucrose at the extraeellular side it 
amounted to 60-190 #mol/mg protein per h. 

ResuRs 

During uncoupled Na + efflux mode the maximum 
turnover is between 5 and 1(]% of maximum Na*/K + 
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ex,:hangc, a little less than for Na+/Na + exchange. 
Hydrolysis '~ccompanying uncoupled Na* effiux is acti- 
vated by 4'~oplasmic Na* along an S-shaped car~c 
with a Ko. s o [  about 4 mM at 1 fl, M ATP, pH 7.0 
(results not shown), i.e., with a comparable K,.s as 
found for Na+/Na ÷ exchange, which at ihe same vH 
has a K~r. ~ Of about 6 mM [19]. An ATP concentration 
uf I .aM is found near-saturating for ATP hydrolysis in 
reconstituted shark Na+/LLATPase engaged in un- 

coupled Na + efflux, where a hyperbolic activation by 
ATP with apparent K m of 9.20+0.02 .aM is found 
(resulls not shown). Similar affinities tot ATP exist in 
both the uncoupled Na + efflux and the Na+/Na + 
exchange mode of pump operations, as previously 
shown for Na+/Na + emhange in both inverted red 
blood ceils [20] and reconstituted shark Na+/K +- 
ATPase [21] and for uncoupled Na + efflux in red ceils 
In}. 

oH 7.0.  ATP I~M 

°., 
! 0 "+'" • "o.,. 

0 20 40 rio 80 I~0 
K~,-cenCelTtr~t i0n ~m~'.] 

p+l 7.0,  ATP 25~M 

50! ............ B 

30 5 ' . ,._.% 

> fly. 

m ~ o  "'/. J " " t l .  
+ ~  '+. " ' D . .  "&- - , ,  " ~ ] - -  . ~  

i ,_ ~ i ........ L 

Key t concenLrot iron ~mMi 

F@ 3. Typical czl~timcnt.~ sh+~ing ATP hydrolysis (+ i) m:companving u~uptcd Na' effl.ux as a fnnclion of K~, concentration at different, 
fixed ~.TIoplasmi¢ Na ' ,~uncent~'atians at I u M ATP <pa~e[ At and at 2.5 ~ M ATP (panel B). The symbols ate: ( * ), 50 raM- (eL 30 raM; < O). l0 

raM: ( z, }, 3 ilit~.~. (v) .  2 mM: ( + ). I mM. Cytoplasmic Na' i5 replaced imsmoticaily with sucrm,.', pH 7.(J. 2lJ~'C. 



The selectivity of the Na+/K+-ATPase regarding 
cytoplasmic Na + and K + is demonstrated in Figs. ] 
and 2 where the effects of inversely ,,'."-tied concentra- 
tnons of Na + and K ~, lheir sum kept ccmstant, are 
shown at l p.M and 25 .aM ATP for both uncoupled 
Na + efflux and Na+/Na * exchange. As indicated in 
these two figures the high-affinity inhibitory effects or 
K~, in the presence of high Na~, concentrations seen 
during Na+/Na + exchange (panels lB and 2B) are 
absent during the uncoupled mode/.panels IA and 2A) 
where extracellular Na +, as well as other alkali cations 
are omitted. This allows the lower affinity effects of 
Cyloplasmic K + to be investighted without interference 
from the higher affinity K~.~t inhibition. 

The activation curves for the combined action of 
Na* and K" as depicted in Figs. l and 2 are iliustra- 
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tire of sodium pump selectivity bat rather comolicatcd 
to anaiyze kinetically due t~ the concomitanflv, recip- 
rocal variation of Na + and K +, Instead, the ir.hibition 
pattern of e,/toplasmic g + during uncoupled Na + of- 
flux is iave.stigated at varying cytoplasmic K + cancan. 
tration at different fixed ~toplasmie Na + concentra- 
tions, The nsmolarity is here kept constant b~, the aid 
of sucrose, in Fig, 3 a series of such curves are shown 
at 1 ,aM ATP (panel A) and at 25/zM ATP (panel B) 
for cytoplasmic Na + fixed at concentrations from 1 
mM to 50 raM. When the data at saturating ATF (25 
~.M) are plotted in a l / v  versus K~, plot an approxi- 
mately straight line relationship of slope from such 
i~Iots versus inhibitor concenttration (slope rcplots, not 

shown) is found for only very limited Na ~" concentra- 
tions between 2 and 10 raM and therefore demonstrate 
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Fig, 4, Replols or the dala from Fig, 3 as Hill plots. (A) 1 ~-M ATP aad (B) .~S .~M ATP, Th~ symbols are Ihu same as in ]=i]~, 3, To ~ignJfy II1¢ 
slopes, slr'&ght Bines with slopes .. I arc prc~llled. 
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non-linear inhibition by K~, outside this limited inter- 
val of Na~. Thin indicmes that the turnover can be 
satisfactory descried by a velocity equation which con- 
tains only first degree terms of th," inhibitor concentra- 
tion, [I], only in this narrow range of NaUt. For higher 
concentrations of Na~ than 10 mM and less than 2 
mM the inhibltio(: is non-linear (i.e., h~: slope replots 
are curved), indkating the p~csenc¢ of [I] ~ or higher 
degree ill-terms ir~ the velocit.~, equation. 

The non-linear K~, inhibition as found except out- 
side a ~et~. limited range of cytoplasmic Na ÷ concert. 
trations, where one KZ:: inhibitor constant may domi- 
nate, makes kinetic analysis using traditional slope 
replots inaccurate and non-diagnostic for the mecha- 
nism of inhibitior,. Therefore, in order to examine the 
inhibition pattern over a large range of [igand concen- 
trations (Na~, and K~,), also including the non-linear 
inhibition part, the model anab~is was extended for 
reasons described bdow to cover multisit¢ inhibition. 
In such a system a Hill plot of log ~,i/(co-v i) versus 
Iog[I] at differen~ freed substratc concentrations gives 
curved lines with limiting slopes of - 1 (for 1 ---, il) and 
-n~ (for I ---, ~k m winch n~ is the number of inhibito, 
sites, ]n this plot r .  is the velocity at a given fixed Na~, 
and at zero inhibitor concentration (and not Vm,~), and 
~'~ the velocity at a given concentration of inhihitor. 
Fig. 4 depicts the Hill plots for the data obtained at I 
#M ATP (panel A) and at 25 ~.rv. ~ q.anel B). The 
limiting slopes appr,~ach - 1 as seen by comparison 
with indicated straight lines in the figures with slopes 
o i  - l, 

Sffect~ of pH 
Previous results have suggested thzt =t lower pH 

(pH = 5-6) the relative site affinities for the successive 
binding of the three Na + ions shift in a way such that 
the affinity for the third Na + decreas~.s relative to the 
binding of the first two, without changing the overall 
half-maximum activation [6]. If this is correct the pH 
might also affect the affinity of the multiple inhibitor 
sites, in Figs. 5A, B the inhibition pattern at K~,t 
inhibition at various fixed Na~ concentrmions is de- 
picted ~t pH 6,0 (panel A) and at pH 8.0 (pane[ B). 
The inhibition by K ~  at each fixed Na~, concentra- 
tion is mere pronounced at pH 6.0 than at pH %0 
(compare Figs. 5A and 3A), and as' demonstrated in 
the Hill pier (Fig. 6AI the limiting slope for high K ~  
concentrations increases at pH 6.0 (approaching -3) 
relative to pH 7.0 (compare Figs. ,~A and 6A). 

At pH 8.0 the inhibition pattern is somewhat differ- 
+ e~.~l hi that a plateau for low K~, concentrations ap- 

+ pears at the high Nao, concentrations (Fig. 5B). The 
equivalent Hill plot for K,~, inactivation at pH 8.0 is 
shown in Fig. ~B and demonstrates increased curvature 
as the concentration of K~  increases (limiting slope 
approaches ~3) compared to the results obtained at 
lower pH (compare with Figs. 4A and 6A). 

Model s~mutations 
In order to arrive at a kinetic model that m least 

qualitatively describes the [nhib:.:.ion pattern for cyto. 
plas'nic K + a series of computer simulations were 
performed for different models of multisite K,~t inhibi- 
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lion, In the ligni of previoasly obtained results from 
red cells that during Na÷/K * exchange and K*/K* 
exchange the three cytoplasmic sites for Na + on E~ are. 
also equally accessible to cytoplasm;¢ K + ill,a2], it 
~e~ms aporopriate as a first approximation to assume 
that cytoplasmic K ÷ can compete at all dLree Na + sites 
on EnA with identical affinities, forming both pure 
K+-forms of EtA and hybrid, Na'/K÷-f?rms in which 
both Na + and K + arc bound to EnA, The equilibrium 
species for rhe proposed model are shown in Table I. 

In a previous slody of Na+/Na + exchange assumin8 
quasi-equilibrium conditions by which the binding of 
cations are in rapid equilibrium, and that rate of hydro- 
lysis is proportional to the concentration of bound 
N,~ +, the activation by c~oplasmi¢ Na + ~uld be de- 
scribed by a posit6.' cooperative mx:lel [19] in which 
three binding sites on EIA are successively filled, with 
intrinsic site dissociation cons;a~t~ of Ksl > Ksz = Ks. ~ 

TABLE l 

Schetne to s~ow pos~ibte kinds of e#z),~r,~ ~pe¢ies as~mi~8 darze sfzes 
for botl~ sub,Irate (S) and inhibitor (D 

Eni.~.mc spcci=s with either exclusive l, ~, hnzh [ an'.] S hnqnd arc 
as,~umed kiflelieally incompetent in the overall reaction. 

£S ES 2 ES.~ 

Cohlp¢i,~ai 580 550 ~$v 
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lncompclcnl 100 ]tO IS0 0St lit ISI SSl 
0lO @IX $10 (~15 5It SIS 
Off] l{)l 10S S(~] l[S I$S 

at 130 mM -xtracellular Na +. Making the same as- 
sumptions for uncoupled Na ÷ efflux the equation for 
multisite mixed ]nhibLtion with three non-coopcz'ativ¢ 

3,0 

I .q ? o/~e_" " . . . . . . . . . . . . . .  A 

2.0 "-- 

~- - ~ , . : ~ o ~ ' . . . . .  ,, 

-~ .0  L¢¢ ~ ~ . . . . . . . .  - • . . . . . .  ~ . . . . . . . .  
0.5 1.0 :1.5 2,0 

I~9 [Kcyt) 

3r-" 
L ° 

~,, 

0 5 t .0 ~ 5 2.0 
log IK=yt] 

Fig, (i, Rapiers of the dale shown inn ]Figs, $A, ]~ aS Hill plots. NOte the increased eun, ature as ! ~ x.  



196 

in 

L" 

100 
~, f - -  

/ 
,'o 

I,'s:, 40 mM 
K5;¢~ rlI,1 

[ I, ~n=;. ~1,1 

?0 40 60 eO #0O 

Cgn:enLra~on [m;.:i 

m&xe~ 

,3 

\.\ ~'\ ..... -.. 
' \  

' \ \  '",, ,. 

2,0 40 6b ~C ~.00 1 ;!C,[K] 

]00 i- 
~ .  (2 

g a 40 m~ 
k~ "".% 

\ ""- 
g t, ,,, ~. 

:" 63 '\ ' \  .. #: ", ..,. 
L 

"\ ".,.. 

'~ \ ' \  
:~ 4[ '., % \  

I ~ 0 ~ -  

u, 

Ks~:40 m~, 
Kse:2 mM 

K5~=2 mg 

;'.S i 

"O~ @b 6L 45 
[O*~rLt-q'~d' LC'" ' " ' i  

m.~e~l 

~'°°t D 

i' ;<:= |0 ml.~ ,BO ~\ 

@ 

@ 

;5 5 iqal 

60 i ':, \. ! 
h ~ \ I 

4°I! ,, ,. 
, \ 

\ ',, ' - .  . . . . .  
~\'\ \ . \  " - - . .  
l 

0 L "~-~ .... ~,. : - - '~ . . . . . . . . . . .  _ _  
0 #0 40 60 e,z :oo t20[.~i 

CoRcent-aL~nn imM] Cnnce~trat~un [mM] 

F@. 7. Mudr:l ~inml~.lion:., oz" Na[~j aclivation in tile ahs~:m:=: ~ff K~., |pan,:l A) am1 "~hen Na ~ and K '  a'r,.: *~a6,.:d R*dpro,~ally (pane| B), Ihe 
la',int,,, sl,,own '.'or et~nl,~arL~,on ar~ cx'p~Zl'imu.'lllp] dn'i:L Sifltuhqion in panel A is io :1 3-sit~z C{'H.lp~TzlJ'¢¢ IIlod~l ~l,".ing th~/',dair-~qLlalion (~e h~hrv,.), 
~'ith Est. K~,  K.~ = 40 raM, 2 mM. 2 mM. 5e|llr~g K L - ~;. SimuLizkm~ ,.b:pMed in panel B c~rrcspouds to a 3-site m[~ed inhibilim~ ~s amlrding 
to the cqaati~r~ eivm, b,:h~w ,~i~h K, - 4('~ raM. The K ~, inh[~,iti~m pultcrn obll.ined at pit 7,(I at diff,~rent fixed NL¢ (panel C) where tb~s~ ibm 
site Ctll£dLfflL~ itX¢ empln)'ed shOllld bc compared I~1 the dala sbL:,wn in Fig. 3. Pan,:l D si'nl'alales the inhibitim~ p,zlter~ .~11~)~1 in F']£,. 5A nhl;~incd 
al pH 6,(! k~duced by din'easing g~ w NI m~. In p~.llC] ~ the inhibitt,,n ~a(tern rahtain,:d at pH ~.1! ~re ~;mulLIt~.~ I))' using a Fare ~m~p~,lltiv~, 
m~deL excluding hybrid hindinE, with K, = 4(I mM (cnmpar¢ FiLZ. ~B). In MI rondel ~imulat[nns. Ihc ~il,: enndu~ts K~, Ks:. K~., for Na~ 
bindin[ t~ EIA arc ¢onManl arid se~ Io 4~) raM. '~ [uM, and " hiM, HOle the plal~:atJ [,.~r :~man K~.,~ ¢once.'3lr~lllOn.'~ in plm¢l E as ~mlpared tn 
panel C and D. ThE ¢lJi",'C~, shown arc calculated from the foltowinL~ velocity equalizln a.,, d=:~t?a,:d it, tit,~ ~:xt, with K, set zo infinity ~:¢)r p~Ji'C 
Na" .~l'tJValJe.~, :rod Na" :,1.:1 Iv either 2 ~M, ~ raM, 1il m~,! .~..! raM, or 5() raM: 

- -  + - - - -  "1 . . . .  
.~ r  = Kst Ks~Ks~. f;slKs:Ks~ 

I~,,,, 35 3,~-" $~ M 31: t,.,.'~l 3S:I ~ i "  I ~ 

Ki "~ KSlh" i K:q/~szK i KSl$; K~ 



lg7 

lOG 

. . . . . . . . . .  K~:aO m~ 

\ ' \ .  
",.. 

\ .  

\ .  
\ 

\ 

60 \ ' \  

,I0 "'. 
, \ .  
"\,\ \ 
L ,\,\ 

i , "%. 

0 ,RO /,o ~o ~o too IP.OIKI 

C.Onc~n'~:'qt l~Irl imM] 

Fi.~. 7 (¢ontim~qd L 

inhibitt.,r site dis~t~ei~lion constants (K,~ and three 
cw~perative substrate sites [ K w Ks,., Ks~) is: 
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It is further assumed in this model thai binding of 
~',ions are in rapid equilibrium and that turnover of 
hydrolysis (r) is proportional to fractional saturation e[ 
the enzyme (E) with snbstratc (5, Na + ), This implicitly 
means that the rate of turnover per binding site is 
equal, allowing for the possibility of variable stoichlom- 
etry as found during some conditions of low Na + and 
pl.-I (Rets. 6 and 23, see Di~ussion). Binding of in- 

+ hibitor (I, K,.,) to any of the three sites forms a 
dead-end complex that is kinetic;Jlly incomp(:ler~t, i.e., 
it cannot uontributc to hydrolysis (see Table 1). In such 
a model an increased curvature as / -,  ~ sho~,,~ up in 
the Hit1 plot even though eooper~tivity in the binding 
of ir~hibltnr !.': ~.t anticipated. As demonstrated in the 
Hill pints the :lope does increase as the K~ concen- 
trations increases, most clearly observed at pH 6.0 and 
pH 8.11 (Fig. 6). 

Using the vel~,.,:i~ equation given above, it is at- 

tempted to stimulate the experimentally found inhibi- 
tion patterns at pH 7.11 at the various fixed Na~, 
concentrations by assigning proper values for the disso- 
ciation constants Ki, Ks1, Ks:, and Ks3. Asspming 
Ib.h: the mutual effects of ATP and Kc~ a are solely to 
displace the eqwilbrium between the Et-form and the 
E~-form ~[ the enzyme, K i describing K~, binding to 
the EiA-form can be taken to be identical to the 
constant de~ribing K~t binding In the El-form. The 
inlrin,~ic K~t binding COOStdm to tke Err'arm is proba- 
bly large and has been deduced from work with 
fu~veir, nuclear(des or intrinsic protein fluorescence 
Io be within the range of 5-80 mM [24,25]. As indi- 
cated il~ Figs. 7A and B a rcasnnable simulation of the 
experimental data can be obtained for both the pure 
Na + ace(ration (panel 7A) and the combined Na+/K * 
~ctivation (panel 7B) by assuming site constants lot 
cytoplasmic Na ~ activation of Kst = 40 raM, Ks,." 2 
raM, and gs.~ = 2 raM, which are close to the ones 
previously found for Na ' /Na-  uxchange fig], and an 
htltibitor constant for cytoplasmic K ÷ u[ K, = 4(I raM. 
By using these site constants qualitatively quite good 
simulatiou.~ of the K ÷ inhibition curves at fixed Na ÷ 
are also obtained, compare the calculated curves ia 
Fig. 7C with the experimental curves depicted in Fig. 3. 
The impt;rtant point appears to be that Kj must be 
close to Ks~ and far from Ks., and K.~.~ in order to 
simulate the experiments and to produce the proper 
inhibilion patlern. 

The effects of lowering pH on the inhibifinn pattern 
is to increase the relative inhibition of K~t at a given 
concentration of Na~,, and as seen from the Hill plots, 
to increase the slope for high inhibitor concentrations. 
This can he taken to indicate a bringing together of the 
!nhibitor affinity K i with the affinities for the second 
and third Na~t, i.e.~ the pH effects can be accounted 
for using one and the same model only by mad(flea. 
tions of the inhibitor dissocialion constant (K)  for 
cytoplasmic K'.  Accordingly, by increasing the affinity 
of K,~,. by lowering the dissociation constant for c~o. 
plasmie K ~ to 10 ram without affecting the ~ite con. 
stants for Na~p it is possible with the same model t~ 
simulate the experimental curves obtained at pH 6.0 
(Fig. 7D). 

At pH 8.0 the inhibition pattern (Fig. 5B) at the 
higher Na~, concentrations exhibit a plateau phase for 
small concentrations of inhibitor, and the relative in(d. 
bition by E~r , i~ ~ecre~"~':."~ ~e~p:!red ro pH ~,(~. Tifi~ 
shows that Na ÷ protection against K ~ inhibition is 
enhanced at pH 8.1) and the pattern of inhibition eottld 
indicate a pure competitive inhibtfion, gr the affinity of 

÷ K~,t for the ES complexes has decreased to an extent 
tltat it cannot be detected in the pints. Le., at pH 8.0 in 
the range of Na ÷ and K + tesled, hybrid fhrms can he 
assumed no longer to be formed to any app-eeiable 
extent. The simulation shows thal with pure camper(. 
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tire inhibition good agreements are obtained between 
¢~pcrimenta] and s~mula~ed dat~, when K~ is set to 40 
mM (Fig. 7E). 

Discussion 

In the conventional reaction scheme 1be transition 
between the two major conformations E t and E: of the 
enzyme ;nvolves the binding and release of Na ~ and 
K* at the cytoplasmic aspect [26]. in a common inter- 
pretation of this scheme the cytoplasmic exchange of 
Na + and K ~ is on the Ecform which binds Na + or K + 
competitively (see, however, P,.efs. 27 and 28), attd the 
effect ~.:f ATP-h;nding is to accelerate deocelusion of 
K,~, stabilizing the Ecform, tt does not. ho*¢~,er, 
consider successive binding of Na~ and/or K~+w 

Several studies on sided preparations have previ- 
ously indicated high-affinity K ÷ binding presumably at 
the cytoplasmic surface. A model analysis by Karlish 
and Stein 115] using reconstituted kidney Na+/K +- 
ATPasc lead to the suggestion of high-affinity cytoplas- 
mic. K + sites with a dissociation coastam in the i.tM 
area. Van der Hijden and DE Pont I161 filtd both 
high-affinity and low-affinity K~+yt inhibition of 
phosphorylarion in reconstituted rabbit kinney 
Na+/K+-ATPas¢, and suggest that the high-a~iinity 
K + site are on the E*-form, a form intermediate 
betv,'ee~l the El- ~nd the E:-form [29,30], whereas tl-,: 
low-affinity inhibition is on the E :-form, Cornelius arid 
Skou also find both high-affinity and low-affinity K,~ t 
inhibition in reconstituted shark Na*/K+-ATPase [10] 
and we suggest that ~.he high.affinity K~,. t inhibition is 
t'rrough binding to the occluded E2-form hut only 
wh'.n extraeeltular Cs", Li +, or Na + are replacing 
extraceihlnr K +. 

In the present expcritr, ents extracellular K + is ab. 
sent and interference f:om high-affinity cytoplasmic 
K + inhibition, probabb; on the e~z, yme form with oc- 
cluded K'-omgeners [10], are avoided. Moreover, only 
Na ' /K  + competition on the E~A-form with high affin- 
ity for ATP need to be considered, since high concen- 
trations of cytoplasmic K* arc needed in order Io 
induce the E:-form: even at 50 mM K~.~ onty high-af- 
finity ATP binding is detected in the ATP substrate 
curve and about 75 r.~M K~, must he prose.at to induce 
t|xe low-affinity ATP binding indicating the presettce of 
the Ez-ft~rm [21]. Similar conclusions were also reached 
trom studies in red.cells of Na ÷ interaction on K */K * 
escha~2e [12], During Ihe present conditions the ir~hi- 
bition by cytoplasmic K* of ATP hydrolysis aec:.,,npa- 
hying uncoupled N~ + effln~ in t.he recon.~titutcd 
Na~/K+-ATPase is non-iil;c~r, even at vet? limited 
concentrations of cytoplasmic Na + and the inhibitor 
dissociation coast,rot is high in accord with fluot'es- 
cenc¢ work [24,25] and with flux.studies from ted cells 

[12], much higher than found in several studies on 
unsided preparations [13.14,M]. 

A mulfisi.e inhibition model in which K+t competes 
with three ~,:imi[ar site disst,eia~ion constants equal to 
the first site dissociation constant of the three loading 
sites for cytoplasmic Na + is found in principle to 
describe the present inhibition patterns. In such a 
model the observed effects of pH on the inhibition 
patterns can be ascribed to variations in the relala,~ 
magnitude of K~ (for K ~) compared to K s (for Na+). 
It is not assumed that apparent intrinsic binding con- 
stants for cytoplasmic Na + and K + inferred from 
steady-state measurenLeals reflect the actual, absolute 
binding constants in uttcoup[cd Na ÷ efflux, which will 
depend on the actual location of the rate-limiting steps 
at suboptimal Na + concentrations. Since these are 
helP.veal to be localed along the dephosphorylation 
steps rather than along the Na ÷ translocation steps 
duri,¢ uncquplcd Na* cfflux and during Na' /Na ÷ 
cxchan~,e it may he concEi~ab;c, that steady-state mea- 
surements do ,~ot give a realistic descript;on of the 
absolute ~ite dissociation constants, pal:: of their rein. 
tire variation. On the other hand, equilibrium titration 
with Na ~ of the eosin fluorescence of membrane bound 
,.hark enzyme in the ahsence of K'  givc~ an almost 
identical sigmoid aefiva~i¢,,a cuwes as prescn~c::l here 
with n Ka 5 of 4.65 mM (2 ,t~ M costa, pH. 7.0: Skou, 
J.C., pc~mal communieationL which i~; inlermcdiate 
between the ones found in the present investigation 
using either :uncoupled N~ + efflux or Na+/Na ~ ex- 
change. 

S~veral additional meeha]dsms ibr cytoplasmic K ÷ 
inhibit:on were tested in order to evaluate and com- 
pare fi~eir characteristic inhibition pattern with the 
experimental data: to) single site K* inhibition is only 

, ÷  + attainable within a limited ran~c of Na~ t and K<~t, 
whereas for higher K + concentrations it is clear that 
non-linear inhibition patterns att~ t u¢ouatered. {b) The 
pure com~/~etJtive inhibition is not compatible with the 
inhibition pattern outside very limited K + concentra- 
tions at pH. 7/J, and would give, with K i = 40 raM, a 
plateau in the inhibition cuwcs at each fixed Ha" 
concentration at the lower K + concentratior~s. '[his is 
not observed at pH 7.1j and 6.0 (see Figs. 3 and 5A). 
whereas ~t ,,q.t 8.0 such plateaus are apparent (see Fig. 
5B). Therefore, it could be that, e.g., brain and tf'd cell 
Na*/K÷-ATP~:c, exhibit an !nhibition p~tern more 
like thL: shark Na*/K+-ATPase at high pH, since, ~,s 
cftflicr mentioned, the inhibition pattern of K* in 
the~ preparations [!2,31] c~uld be accommodated by 
model (a) and/or (b). althourh the high.affinity K + 
inhibifio~ found in the unskled preparation of brain 
[31] could speak in favour of a mixed effect where K + 
tsiJlds to several enz';m¢ species in the reaction scheme, 
(C) The partial inhibition in witiclt also enzym(, species 
with hybrid binding of Na ÷ ~,nd K ÷ are kiretieaily 
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Fig, 8. Calculated .~u,n.over contributed by Ihe enzyme species ~iilt 
une, iwo, and three Na" bound (intrinsic site d.i~ociation constants 
Of Ksp KS2 , KS3=4~ ' raM, 2 raM, and 2 raM) ass*truing that the 
turn-over is prop~rliou~l In the saturation of EIA with Ha +, ~hi,:h 

means Iha! the rate per binding s~tc ts equal, 

competent can be excluded since at high concentra. 
lions of K ÷ complete inhibition is observed, (d) In the 
rate equation used entyme species with. 1 and 2 Na ÷ 
can contribute to turn-over in order to accommodate 
the variable stotchiometry present dining special condi. 
ti~ns d low ~,la + arid pH [6,2.:1]. h~,ever, with the 
dissociation constants assigned (K~) a very small frac- 
tion of t~',e enzyme species in the E~A rapid equilib- 
rium .~egment will he presetlt with fewer than three 
bound Na + at the N~÷-coneentrations high enough it'. 
see an effect on the coupling ralio (see Fig. 8). 

An important feature of the N~+/K%ATPase is to 
discriminate between cytoplasmic Na ÷ and K* [32], In 
the present model thi.~ discernment is achieved partly 
by the positive ,'~perativity exhibiteo by the binding of 
the first Na~t itsP on successive Na + binding [tg] as 
opposed to sue.;essive K~t b nding, and partly by the 
kineti."ally !ncompctence of hybrid forms. The Na ÷/K* 
discrimination is f.und to be oH dependent and since 
a downward shift in pH from 7,0 to 5,5 oniy chang,'; 
the apparent Ko,~ for I~a~ activation of the ~mcou- 
pied Na + efflux mode from about 4 mM to about 6 
mM [6] the quite pronounced effect of pH p~viou~ly 
rept, rted on t, nsided preparations and there a~crihnd 
to a cytoplasmic effect [33] seems to indicate either a 
shift in the inhibitor affinity of K + tdative !o the 
activation by Na + with pH, or that extracetMar effects 
are involved. According to the a~od¢i presented ~ere 
the change in cytoplasmic Na+/K * selectivity with pH 
is caused by different mechanisms at low and high pH: 
The effect of lowering pH (pH 6 (I) can he simulated by 
an equally increased K,~ t affinity at all three sites, 

where~s an increased pH (pH S,i}) scem~ to increase 
the ~lectivity by excluding hybrid binding. 

If the interpretation presented is co~rcct it appears 
that even ti~ough the filling of the first binding site 
takes place with almost identleal affinity [or eytuplas. 
mic Na + and K" only the Na + binding induces the 
potentiation in binding affinity for the successive Ha* 
binding, and this ailosteric (c/s) effect of the lit'st Na + 
binding enhancing Na+/K + discrimination is potenti- 
ated at high pH, 

At physio[c, gical eoncentra, ions of cytoplasmic Ha + 
and K + (low Na +, high K +) ~.nd appreciable portion of 
the enzyme :~pecies in the E~A-poot must be present 
with bound K* and therefore inactive in turnover. This 
does probably decrease the overall turnover rate dur- 
ing conditions where the rate limiting ster, in the 
overall reaction is located to the EIA ~ EzP transi- 
tion, which is probably the case during physiological 
conditions due to tile prc~'.'nce of cxtraceliular K" and 
high ATP [35,36], Due to this a certain buffer capacity 
in the turnover of the pump will be present during 
physiological conditions, and at elevated pH the in- 
creased Na'/K- selectivity compensates partially for a 
dccrcascd turnover which weal0 otherwise results dur- 
ing transient alkaline loads. 
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