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Cis-allosteric effects of cytoplasmic Na* /K* discrimination at
varying pH. Low-affinity multisite inhibition of cytoplasmic K* in
reconstituted Na* /K *-ATPase engaged in uncoupled Na -efflux
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In liposomes with reconstituted shark Na*/K*-ATPase the cffect of cytoplasmic K* was investigated in the ahsence of
extracellular alkali ions. During such conditions the Na* /K *-ATPasc is engaged in the so called uncoupled Na* efflux mode in
which cytoplasmic Na* activates urd binds to the enzyme and becomes translocated withom cnumcmansporl of K* asin the
physiological Na“ /K* exchange mode. In this uncoupled flux mode only luw-affinity inhibition by K * o is found io be present.
The inhibition pattern is consistent with a madel in which cytoplasmic X cxhibit mixed inhibiticn of Na* activation, probably
by binding at the three cytoplasmic loading sites on E;ATP (E,A). With determined intrinsic binding constants for wtoplasmlc
Na* to this form of Ky, Kgp, Kgy =40 mM, 2mM, 2 mM the mh|b|l|un patiemn can be sim:lated assuming whree K3, sites with
cqual affinity for K =40 mM, similar to K. for the first Nag, site. The discrimination betwesn cytoplasmic Na* and X' is
therefore enhanced by allosteric interaction initiated from the cis-side due to binding ¢ the first Na*, as opposed 10 K *, which
induces the positive cooperativity in the successiv2 Ma* bindings. pH is found to influence Wk paitera of | Yl nmbltm A
lowering of the pH potentiates the X, inhibition, whercas at increased pH the inhibition is decreased and transformed into a

pure competitive competition.

Introduction

A fundamental and unresolved property of the
Na*/K*.ATPase is its ability to discriminate among
Na* and X*. In order to examine this cation selectiv-
ity, investigations of the inhibition pattern of cytoplas-
mic K* on cytoplasmic Na* activation were performed
using reconstituted shark Na*/K*-ATPase in the ab-
sence of extracellular cations, i.e. during the uncoupied
Na* efflux mode {1-7], In this flux-mode no extracellu-
lar alkal: cations are occluded following dephospho-
rylation, and tic binding sites of the enzyme returns
without ecclusion, with occluded 2mpty sites, or maybe
with occluded H*. This flux mode which is oie of
several partial reactions the Na*/K*-ATPase can ac-
commodate 8,9} is especially suited to study the ion
interaction on cytoplasmic binding sites an E, since no
interactions from eatracellufar ions are present, and
the high-affinity K7, inhibition previously found [10) ic
absent. Joth could be a problem in previous studies of
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cytoplasmic Na*-K* interaction using red cells in
which random binding of cytoplasmic Na* and K* ro
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*-ATPase [13,14] and as demonstrated in sev-
eral studies using sided preparations of Na*/K*-
ATPase [10,15,16]. In the present :nvestigation it is
found that in the absence of extraceliular alkali cations
the high-affinity inhibition by cytoplasmic K* is absent,
and only a low-affinity inhibition persists. The inkibi-
tion pattern is of the multisite mixed type, where K,
binds both competitively with Naq,, 10 an e¢mpty en-
zyme form and uncompctitively to an enzyme species,
E\A, with bound Naj,. The cation selectivity of the
Na*/X*-ATPase appears to depend on the ability of
Na* 1o dnduce ihe positive cooperativity in binding.
The interplay between the three cytoplasmic binding
sites on EA is affected by pH in a way compatible
with 2 previous suggestion that cytoplasmic pH affects
the intrinsic si% dissociation constants for binding in
the E, A-pool [6].



Materiats and Methods

The Na*/K*-ATPase used is from salt glands of
the spiny dogfish, Squalus acanthias. The methods for
preparing the membrane bound enzyme, solubilized
enzyme, and its reconstitution into liposomes have
been described in previous papers {17,18]. In order to
study uncoupled Na* effiux the protecliposomes were
prepared to contain no alkali cations and in order to
balance osmotically the external NaCl an equivalent
amount of sucrose was inciuded internally {260 mM).
The Na'/Na' exchange was studied in proteo-
liposomes containing 130 mM Na*. In some experi-
ments the internal sucrose was replaced isosmotically
by TrisCl, The icrm efflux refers to the cetlular situa-
tion and when studied on inside ouwt incorporated
Na*/K*.ATPase molecules, it is equivalent to an in.
flux into the protenliposomes. For each of the proteo-
liposome preparations the fraction of the enzyme
moleceles eriented inside-out (it o), right-side-out
(r:0), and as non-oriented (n-0) was determined by
functional tests as previously descsibed [17]. Typically,
there was 15% 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?* and | mM inorganic
phosphate for 20 min at 20°C, pH 7.0 {18), The inside-
out mojecules were activated by addition of ATP in the
presence of the proper ligands and 1 mM ouabain,
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Under thesz conditions the non-oriented and the
right-side-out molecules were inactive.

The intensity of uncoupled Na* efflux as weil as
Na*/Na* exchange on i'n anyyme were assayed hy
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 performed at room
temperature.

The speeific hydrolytic activity for Na*/K* ex-
change of the reconstituted enzyme (with the lfipo-
somes made permeable by a low concentration of de-
tergent} was 600-900 pmol P,/mg protein per h with
Na* 130 mM, K* 20 mM, Mg?* 4 mM, ATP 3 mM, 30
mM histidine, pH 7.0, 20°C.

"The hydrolytic activity of the two reactions oy sided
preparations was as follows: ATP hydrolysis accompa-
nyirg uncoupled Ma* efflux amounted 1o 40-60 gmol
P,/ing protein per h with 130 mM NaCi, 2 mM MgCl.,
25 uM ATP, and 30 mM histidine at the cytaplasmic
side and 260 mM sucrose, 2 mM MgCl,, 30 mM
histidine at the extracellular side at pH 7.0, 20°C. For
ATP hydrolysis accompanying Na”/Na™ exchange with
Na* replacing sucrose at the extracellular side it
amounted to 60-190 wmol/mg protein per h.

Resuits

During uncoupled Na* efflux mode the maximum
turnover is between 5 and 10% of maximum Na*/K*

Na*:Na* exchange
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Fig. 1. Activation by inversely vasied cytoplasmic concentrations of Na* and K* of ATP hydrelysis {given in relative units) at 1 pM ATP

sccompanying (A) uncoupled Na“ efflux (300% equals 43 pmol/mg per h) and (B) Na*/Na* exchange (100% equals 55 wme!, "mg per h),

Proteoliposomes contain either 260 mM sucrose (uncoupled Na* efflux) or 130 mM NaCl (Na* /Na* exchange) besides 30 mM histidine (pH
7.0)and 2 mM Mg?*. Points 1 S.E. (1 = 4) arc given.
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Fig. 2. Typical experiments identical to the one depicted in Fig. | but at 25 .M ATP.

exchange, a little less than for Na*/Na* exchange,
Hydrolysis wccompanying uncoupled Na* efflux is acti-
vated by ytoplasmic Na* along an S-shaped cuive
with a K4 of about 4 mM at 1 uM ATP, pH 740
{results ngt shown), i.e., with a comparable K5 as
found for Na*/Na* exchange, which at the same oH
has a K, of about 6 mM [19]. An ATP concentration
of 1 #M is found near-saturating for ATP hydrolysis in
reconstituted shark Na'/K'-ATPase engaged in un-

pH 7.0, ATP 1uM
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coupled Na* efflux, where a hyperbolic activation by
ATP with apparent K, of 0.20£0.02 uM is found
{resulls not shown). Similar affinities for ATP exist in
both the uncoupled Na* efflux and the Na*/Na*
exchange mode of pump operations, as previously
shown for Na*/Na* exchange in both inverted red
blood cclls (20} and reconstituted shark Na‘/K*-
ATPase {21} and for uncoupled Na™ efflux in red cells
[22).

pH 7.0, ATF 284M
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Fig. & Typical experiments showing ATP hydrolysis (1) accompanying useoupled Na® efflux as a function of K, concentration ot different,
fixed cytoplasmic Na' concentrations at 1 gM ATP {panel A and at 25 xM ATP (panel B). The symbols are: (*}, 50 mM: (), 30 mM: (D), 10
mM: Cad 5, {ud 2mM:{+ ). 1 mM. Cytoplasmic Na ' is replaced isosmoticuily with sucross, pH 7.0, X°C.



The sclectivity of the Na*/K*-ATPase regarding
cytoplasmic Na* and K* is demonstrated in Figs. |
and 2 where the effects of inversely varied concentra-
tions of Na® and K*, their sum kept constant, are
shown at ! uM and 25 pM ATP for both uncowpled
Na* efflux and Na*/Na* exchange. As indicated in
these two fipures the high-affinity inhibitory effects of
K, in the presence of high Na, concentrations secn
during Na*/Na* exchange {panels 1B and 2B) are
absent during the wncoupled mode (panels 1A and 2A)
where extraceltular Na¥, as well as other alkali cations
are omitted, This allows the lower affinity effects of
cytoplasmic K* to be investighted without interference
from the higher affinity K, inhibition.

The activation curves for the combined action of
Na* and K* as depicted in Figs. 1 and 2 are iltustra-
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tive of sodium pump selectivity but rather comelicated
to analyze kinetically due tu the concomitantly, recip-
rocal variation of Na* and K*. Instead, the ichibition
pattern of cytoplasmic K* during uncoupled Na* ef-
(lux is investigated at varying cvtoplasmic K* concen-
tration at different fixed cytoplasmic Na™ concentra-
tions, The osmolarity is here kept constant by the aid
of sucrose, In Fig, 3 a series of such curves are shown
at 1 uM ATP (panel A) and at 25 pM ATP (pancl B)
for cytoplasmic Na* fixed at concentrations from 1
mM to 50 mM. When the data at saturating ATP (25
uM) are plotted in a 1/0 versus K, plot, an approxi-
mately straight line relationship of slope from such
plots versus inhibitor concentration (slope replots, not
shown) is found for only very limited Na* concenira-
tions between 2 and 10 mM and therefore demonstrate

15 2.0

B

15 2.0

Fig. 4. Repluts of the data from Fig. 3 as Hill plots. (A) 1 @M ATP and (B) 25 oM ATP. The symbols are the same as i Fig, 3, To signily the
slopes, straight lines with slopes - 1 are presemted. '
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non-tinear inhibition by K, outside this limited inter-
val of Na_,. This indicates ihat the turnover can be
satisfactory described by a velocity equation which con-
tains only first degree terms of the inhibitor concentra-
tion, {1], only in this narrow range of Na,,. For higher
concentrations of NaZ, than 10 mM and less than 2
mM the inhibitios? is non-linear {i.c., ti2 slope replots
are curved), indicating the piesence of [1? or higher
degrec [THterms ir. the velocity aguation.

The non-linear K, inhibition as found except out-
side a veiy limited range of cyioplasiic Na* concen-
trations, where one K7, inhibitor constant may domi-
nale, makes kinetic analysis using traditional slope
replots inaccurate and non-diagnostic for the mecha-
nisre of inhibitior’. Therefore, in order to vxamine the
inhibition pattern aver a large range of figand concen-
trations (Nag, and K7, also including the non-linear
inhibition part, the model analysis was extended for
reasons described below to cover multisite inhibition.
In such a system a Hill plot of log r;/(r, = 0,) versus
logfl] at different fixed substrate concentrations gives
curved fines with limiting slopes of —1 (for [ — 0) and
—a; (for { - =), in wnich a; is the number of inhibitor
sites, In this plot ¢, is the velocity at a given fixed NaJ,
and at zero inhibitor concentration (and not ¥}, and
v; the velocity at a given concentration of inhibitor.
Fig. 4 depicts the Hill plots for the data obtained at |
£M ATF (panel A) and at 25 pif (ranel B). The
limiting slopes approach —1 as seen by comparison
with indicated straight lines in the figures with slopes
of -1,
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Effects of pH

Previous results have suggested that at lower pH
{ptl = 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* decreases 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 of K,
inhibition at various fixed Na, concentrations is de-
nicted at pH 6.0 (panel A) and at pH 8.0 (panel B).
The inhibition by K¢, at each fixed Nag, concentra-
lion is mere pronounced at pH 6.0 than at pH 7.0
{compare Figs. 5A and 3A), and as demonstrated in
the Hill plot (Fig. 6A) the limiting slope for high K7,
voncentrations increases at pH 6.0 (approaching —3)
relative to pH 7.0 (compare Figs. +A and 6A).

At pH 8.0 the inhibition pattein is somewhat differ-
eni i ihat a plateau for low K, concentrations ap-
pears at the high Nal, concentrations (Fig. 5B). The
equivalent Hill plot for K, inactivation at pH 80 is
shewn in Fig, 6B and demonstrates increased curvature
as the conceniration of K7, increases (limiting slope
approachcs ~3) compared to the results obtained at
lower pH (coinpare with Figs. 4A and 6A).

Model simulations

In order io arrive at a kinetic model that at least
qualitatively describes the inhibi.ion nattern for cyto-
plasmic K* a series of computer simulations were
performed for different models of multisite K7, inhibi-
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concentrations (symbols as in Fig. 3). Compare with Fig. 3, which depicts the same type of experiments performed a1 pH 7.0,



tion. In the light of previcusly abtained 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 cytoplasmic K* [11,12], it
seems anpropriate as a first approximation to assime
that cytoplasmic K* can compete at ali uiree Na™ sites
on E\A with identical affinities, forming both purc
K*-forms of E,|A and hybrid, Na' /K *-ferms in which
both Na* and K* are bound to E,A. The equilibrium
species for the proposed model are shown in Table 1.

In a previous study of Na*/Na™* exchange assuming
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
Nu™. the activation by cytoplasmic Na* rould be de-
scribed by a positiv. cooperative moadel [19] in which
three binding sites on E, A are successively filled, with
intrinsic site dissociation constants of Kg, > Kgy =Ky

195

TABLE !

Scheme to show positble kinds of enzyme species assuming three sites
for both substrate (5) and inhibitor (1)

Enzyme speeies with either exclusive [, ¢ buth [ and 8 hound are
assumed kinetically incompetent in 1he overali reaction.

ES ES, ES,
Compeicni 900 580 558
08¢ 08§
WS S05
El  El,and EIS El,, B8, and EIS,
Incompetent 100 110 18D GS1 W IS1 581
00 0N S0 oIS sl 815
L1} m WS sa IS IS5

at 130 mM extraceliular Na*. Making the same as-
sumptions for uncoupled Na* efflux the equation for
multisite mixed inhibition with three non-cooperative
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Fig, 6. Repiots of the dale shown in Figs. SA, B as Hill plots. Note the increased curvature as [ —+x.
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It is further assumed in this model that binding of
cations are in rapid equilibrium and that turnover of
hydrolysis () is proporiiesal to fractional saturation of
the enzyme (E) with substrate (5, Na*), This implicitly
means that the rate of turnover per binding site is
cqual, allowing for the possibility of variable stoichiom-
etry zs found during some conditions of low Na* and
pH (Rets. 6 and 23, see Discussion). Binding of in-
hibitor (I, K,) to any of the three sites forms a
dead-end complex that is kinetically incompetent, i,
it cannot vontribute to hydrolysis (see Table 1), In such
a model an increased curvature as £~ % shows up in
the Hill plot even though cooperativity in the binding
of inhihitor is ant anticipated. As demonstrated in the
Hill plots the slope dues increase as the K, concen-
trations increases, most clearly observed at pH 6.0 and
pH 8.0 (Fig. 6).

Using the velrrity equation given above, it is at-
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tempted to stimulate the experimentally found inhibi-
tion patterns at pH 740 at the various fixed Naf,
concentrations by assigning proper values for the disso-
ciation constunts K, Ky Ky, and Kg,. Assirming
tiat the mutual effects of ATP and K[, arc solely to
displace the equiiibrivm between the E-form and the
E-form of the enzyme, K; describing K7, binding to
the E;A-form can be tuken to he identical to the
constant describing KJ, binding to the E -form. The
intrinsic K, binding constamn to the E -form is proba-
bly large and has been deduced from work with
formvein nucleotides or intrinsic protein fluorescence
1o be within the range of 5-80 mM [24,23). As indi-
cated in Figs. 7A and B a reasnnable simulation of the
experimental data can be obtained for both the pure
Ma* aviivation {panct 7A) and the combined Na*/K*
activation (panel 7B) by assuming site constants for
cytoplasmic N activation of K, =40 mM. K, =2
mM, and Ky =2 mM, which are close to the ones
previously found for Na' /Na™ cxchange {19), and an
inhibitor constant for cytoplasmic K* of K, =40 mM.
By using these site constants qualitatively guite good
simulations of the K* inhibition curves at fived Na*
are also obtained. compare the calculated curves in
Fig. 7C with the experimental curves depicted in Fig. 3.
The impurtant point appears to be that K; must be
close 0 Ky and far from Ky and K, in order to
simulate the experiments and to produce the proper
inhibition pattern.

The effects of loweting pH on the inhibition pattern
is to increase the relative inhibition of K3, at a given
concentration of Na,,, and as seen from the Hill plots,
to increase the slope for high inhibitor concentratians.
This cun be taken to indicate a bringing logether of the
inhibitor affinity K; with the atfinities for the second
and third NaZ,, i.e., the pH effects can be accounted
for using one and the same model only by modifica-
tions of the inhibitor dissociation constaat (K} for
cyloplasmic K. Accordingly, by increasing the affinity
of K.,,. by lowering the dissociation constant for cyto
plasmic K' 10 10 mM without affecting the site cons
stants for Na,, it is possible with the same model to
simulate the cxperimental curves ebtained at pH 6.0
(Fig. 7D).

At pH 80 the inhibition pattern (Fig. 5B) at the
higher NaZ, concentrations exhibit & platcau phasc far
small concentrations of inhibitor, and the relative ini-
hition by K e deerensed compared o pH 240, This
shows that Na* protection against K* inhibition is
enhanced at pH 8.0 and the pattern of inhibition could
indicate a purc competitive inhibition, or the affinity of
K for the ES complexes has decreased to an extent
that it cannot be detected in the pints. i.e., at pH 8.0 in
the range of Na* and K* tested, hybrid forms can he
assumed no Jonger to be formed to any appreciable
extent. The simulation shows that with pure competi-
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tive inhibition good! agrecments are abrained between
experimental and simulated data when K; is set to 40
mM (Fig. 7E).

Discussion

In the conventional reaction scheme the transition
between the two major conformations E, and E, oi the
cnzyme 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* i5 on the E,-form which binds Nu* or K*
competitively (see, however, Refs. 27 and 28), and the
effect of ATP-hinding is to accclerate deocclusion of
K% stabilizing the E-form. it docs not. howceer,
consider successive binding of Na}, and/or K,

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 [15] using reconstituted kidney Na*/K*-
ATPase lead 10 the suggestion of high-affinity cytoplas-
mic K* sites with a dissociation constant in the uM
arca. Van der Hijden and De Pont [16] find botis
high-affinity and low-affinity K{, inhibition aof
phosphorylation in reconstiluted rabbit kidney
Na*/K*-ATPase, and supgest that the high-aidnity
K* site are on the E*form, a form intermediate
between the E,- and the E,-formi [29,30), whereas the
low-affinity inhibition is on the E -form, Cornelius and
Skou also find both high-affinity and low-affinity X,
inhibition in revonstituted shark Na* /K *-ATPase [10]
and we suggest that the high-affinity K7 inhibition s
through binding to the occluded E,-form but only
when extracellular Cs*, Li*, or Na* are replacing
extraceflular K*.

In the present experiments extracellular K* is ab-
sent and interfercnce from high-affinity cvtuplasmic
K* inhibition, probably on the enzyme form with oc-
cluded K '-congeners [10], are avoided. Moreover, only
Ka®/K* competition on the E,A-form with high affin-
ity for ATP need to he cousidered, since high concen-
trations of cytoplasmic K* are nceded in order 1o
inducc the Efarm: even at 50 mM K, only high-af-
finity ATP binding is detected in the ATP substrate
curve and about 75 roMi K;.‘ must be present to induce
tite low-affinity ATP binding indicating the presence of
the E,-form [21), Similar conclusions were aiso reached
from studies in red-cells of Na* interaction on K* /K’
exchanze {12]. During the present conditions ihe inhi-
bition by cytoplasmic K* of ATP hydrolysis zeciunpa-
nying uncoupled Na* eflluc in the reconstituted
Na*/K*-ATPase is non-linear, cven at very limited
concentrations of cytoplasmic Na* und the tuhibior
dissociation constent is high in accord with fluores-
cence work [24,25] and with flux-studics from red cells

[12], much higher than found in several studies on
unsided preparations {13.34,31).

A multisi ¢ inhibition model in which K, compcics
with three similar sitc dissuciation constants cqual 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
madel the observed effects of pH on the inhibition
patterns can be ascribed to variations in the relaive
magnitude of K, (for K*) compared to K {for Na*).
It is not assumed that apparent intrinsic binding con-
stants for cylgplasmic Na* and K* inferred from
steady-state measurenic s reflect the actual, absolute
binding constants in uncoupled Na* efflux, which will
depend on the ctual location of the rate-limiting steps
at suboptimal Na® concentrations. Since these are
helieved to be located along the dephosphorylation
steps rather than along the Na* translocation steps
during uneoupled Na* efflux and during Na'/Na*
cxchange it may be conceivabic, that steady-state mea-
surements do not give a realistic description of the
absolute site dissociztion constants, onlv of their rela-
tive variation. On the other hand, equilibrium titration
with Na* of the eosin fluorescence of membrane bound
<hark enzyme in the absence of K gives an almost
identical sigmoid activation curves as presenicd here
with a Ky of 4.65 mM (2 M cosin, pH 7.0 Skou,
J.C., personal communication), which iz intermediate
between the ones found in the present investigation
using either uncoupled M2* efflux or Na*/Na' ex-
change.

Several additional mechanisms for cytoplasmic K*
inhibition were tested in order to evaluate and com-
parc their characteristic inhibiticn pattern with the
experimental data: (a) single site K* inhibition is oaly
attainable within 2 timited range of NaJ, and K,
whercas for higher K* concentrations it is clear that
non-linear inhibition patterns are encountered. {b) The
pure comyetitive inhidition is not compatible with the
inhibition pattern outside very limited K* concentra-
tions at pH 7.0, and would give, with K;=40 mM, a
plateau in the inhibition curves at cach fixed Na*
concentration at the lower K* concentrations. This is
not observed at pH 7.0 and 6. (sce Figs. 3 and 5A).
whereas ot p* 8.0 such plateaus are apparent (sce Fig.
SB). Therefore, it could be that, e.g., brain and 1e¢ ¢ell
Na*/K*-ATP.e, exhibit an inhibition prtern more
like the shark Na*/K*-ATPase at high pH, since, s
carlier mentioned, the inhibition pastern of K* in
these preparations [13,31] cauld be accommodated by
model (a) and/or (b), although the high-affinity K*
inhibition, found i the unsidcd preparation of brain
{31} vuuld speak in favour of 4 mixed effect where K*
binds 1o several enzyme specics in the reaction schemg.
(¢) The partial inhibition in which also enzyme species
with hybrid binding of Na* und K* are kiretically
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Fig. 8. Calculuted tv.n-over comsibuted by the enzyme species with

ong, wo, and three Na ™ bound Givrinsic site dissociation constants

of Kgu Kya, Kga=40 mM, 2 mM, and 2 mM) assuming that the

turn-over is prapastional to the saturation of E,A with Na*, which
means that the rate per binding site is equai,

competent can be excluded since at high concentra-
tionis of K* complete inhibition is observed, (d) In the
rate equation used enzyme species with 1 and 2 Na*
can contribute to turn-over in order to accommodate
the variable stochiometry present duning special condi-
tions of low Wa* aud pH [6.23], hawever, with the
dissociation constants assigned (X,) a very small frac-
tion of the enzyme species in the E;A rapid cquilib-
rium segment will be present with fewer than three
bound Na* ar the Na*-concentrations high enough t¢
see an effect on the coupling ratio (see Fig. §).

An important featuce of the Na* /K *-ATPase is to
discriminate between cytoplasmic Na* and K* {32]. In
the present medel this discernment is achieved partly
by the positive ‘oeperativity exhibited by the binding of
the first Na, ion on successive Na* binding [1Y] a5
opposed to suceessive K, bnding, and parily by the
kinetically ‘acompetence of hybrid forms, The Na*/K*
discrimination is fiund to be pH dependent and since
a downward shift in pH from 7.4 to 5.5 only change:
the apparent K,; for Nag, activation of the vncou-
pled Na* efflux mode from about 4 mM to about 6
mM [6] the quite pronounced effect of pH previously
repurted on wnsided preparations and there ascribed
to a cytoplasmic effect [33] seems to indicate either a
shift in the inhibitor affinity of K* relative to the
activation by Na* with pH, or that extracellular effccts
arc involved. According to the nodei presented Lere
ths change in cytoplasmic Na*/K* selectivity with pH
is caused by different mechanisms at low and high pH:
The effect of lowering pH (nH 6 0) car be simulated by
an equally increased K, affinity at all three sites,
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wheress an increased pH (pH 5) seems to increase
the selectivity by excluding hybrid binding.

If the interpretation presented is correct it appears
that even viwough the filling of the first binding site
takes place with almost identical affinity for cytoplas
mic Na* and K* only the Na* binding induces the
potentiation in binding affinity for the successive Na™*
binding, and this allosteric (cis) effect of the fiist Na*
binding enhancing Na*/K* discrimination is potenti-
ated at high pH.

At physiolsgical concentrasivns of cytoplasmic Na*
and K* (low Na*, high K*) and apprecigble portion of
the enzyme species in the E,A-pool must be present
with bound K* and therefore inactive in turnover, This
does probably decrease the overall turnover rate dur-
ing conditions wherc the rate limiting step in the
overall reaction is located to the E,A — E,P transi-
tion, which is probably the case during physiological
conditions due to the presence of extracellular 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* /X selectivity compensates partially for a
decreased turnover which would otherwise results dur-
ing transient alkaline loads.
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