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SUMMARY

Specific [3H]ouabamn binding to guinea pig kidney (Nat 4 K')-ATPase (ATP
phosphohydrolase, EC 3 6 1 3) at 37° was determined At less than 1 107% M ouabamn
spectfic binding to the native enzyme was neghgible Specific binding occurred 1n two
ways Binding was stimulated by Mg2?+ or Mg?+ and P, which greatly mcreased the
affinity of the enzyme for ouabain This binding was saturated at 1o uM ouabain and
reduced by Na* or EDTA The Na* inhibition showed cooperative effects, apparent
K, values between 2 5 and 70 mM and appeared to be indirect K+ at low concentra-
trons stimulated, then at higher concentrations mhibited this binding The mhibition
appeared to be competitive Binding in the presence of 200 mM Na* required ATP
and Mg?+ In the presence of ATP and Mg?+, binding was stimulated by o-16 mM Na!
and further increased by 200 mM Nat SrCl, or ADP did not support binding in the
presence of Nat The half-life of the enzvme-ouabain complex was g h at 0° On
warming, the rate of dissociation increased exponentially with temperature to {3 =
3 nmun at 37 The experiments suggest that there 15 one type of specific binding site
and that the binding pathways are reciprocally related with respect to Na+t They
suggest different binding sites and conformations of maximum afiimity for Na* and
ouabamn The Nai-stimulated pathway requires phosphorylation Phosphorylation
and/or ouabain binding appear to alter the affinity of the Nat sites Any single non-
covalent bond type appears n-ufficient to explain the enzyme—ouabain interaction

INTRODUCTION

Cardiac glycosides are specific mhibitors of the (Nav 4 K*)-ATPase (ATP
phosphohydrolase, EC 3 6 1 3) which 15 believed to be associated with cation transport
m most mammalian tissues’,2 This inhibition 15 stoichiometric and relatively stabled?
It 1s asymmetric 1 that 1t occurs only from the extracellular medium® and appears
under some conditions to be at least partially competitive with K+ (refs 1 and 6)
In keepmg with these observations, early results suggested that cardiac glycosides
inhibited this enzyme by binding to the phosphorylated form®7* Recently®!?, we
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OUABAIN BINDING TO (Nat + K*+)-ATPase 121

have outlined the conditions under which ouabain alters the reactivity of this enzyme
at 0° Binding was not measured directly but inferred from the altered reactivity
Changes m affinity for ouabamn were mferred from differences 1n the rate of action of
ouabaim as binding at 0° was essentially mrreversible!® From these observations, a
scheme for 10n transport and ouabain mhibition of this enzyme was proposed Two
major forms, the native and phospho forms of the enzyme were postulated with linked
changes 1 carrier presentation and ligand affinity occurring during the transport
cyclet®

For this communication we used [*H]ouabain to measure ouabam binding
Binding at 37° was readily reversible and we present data obtained under equilibrium
and steady-state conditions suggesting the existence of two major conformations ot
the enzyme with linked changes in affinity for ouabain and Na* Ewvidence 1s presented
to support the coupling of changes 1n affinity and orientation of binding sites to
phosphorylation of the enzyme under certain conditions Also, the stability of the
enzyme-ouabain complex 15 at present controversial Published reports suggest re-
versibility?.6:11 difficulty 1n reversal'®!2 or an interaction which 15 “essentially irre-
versible”at physiological temperature and pH (ref 13) A dependence of the dissocia-
tion rate constant of the enzyme-ouabain complex on temperature 1s demonstrated,
which may partially explam the discrepancies 1n the literature A prelimmary report
has been communicated’?

MATERIALS AND METHODS

Enzvmme preparation

Gunea pig kidney (Nat 4 K+)-ATPase was prepared by the method of PosT
AND SEN'® It was washed 3 times with a solution contaming 25 o mM 1midazole,
12 5 mM histidine, 0 1 mM EDTA (pH 75 + o 1) to reduce endogenous Mg?*+ and
Nat Specific activity of the enzyme was 100-250 ymoles P, per mg protemn per h at
37°, and more than 9o°{ of the activity was (Na* 4 K*)-dependent

Bnding of [*HJouabain

Binding was determmed by the method of MaTsul AND ScHWaARTZ! All reac-
tions were carried out 1n 15-ml corex centrifuge tubes containing o 2-0 4 mg protein
and 10 gmoles each of imidazole and glycylglycine (pH 7 4 4 0 1) Subsequent addi-
tions of reagents were made 1 o 1-ml volumes to give the stated concentrations n
the final volume of 1 0 ml Unless otherwise stated, incubations were at 37° for 3 min
i the presence of ATP or for at least 20 min 1n 1ts absence The tubes were then
centrifuged at 48 000 X g for 5 mm at 0° The supernatant was discarded, the re-
mainmg droplets removed with a Kimwipe? and the complete pellet solubilized m
o 2z ml of Nuclear Chicago Solubilizer Counting was m 10 ml of scintillation medium
(100 mg of 1,4-b1s-(5-phenyloxazolvl-z)benzene, 4 g of 2,5-diphenyloxazole m a total
volume of 1 1 of toluene) in a Nuclear Chicago or Packard Tri-Carb hiquid scintillation
spectrometer Protemn was determined by the method of Lowry ef a/ ¢ Binding of
[*HJouabain 15 expressed as pmoles [*HJouabain per mg protein Specific activity of
the [3H]ouabain was 100 C/mole
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Chemacals and reagents

[H]ouabain was obtamned from New England Nuclear, Boston, Mass Carrier
ouabain was from Sigma Chemical Company, St Lows, Mo The sodum salts of ATP
and ADP (Sigma) were converted to their respective Tris salts by passing over an
AG 50W-X8 (Bio-rad Laboratortes, Richmond, Calif ) column mn the Tris form Other
chemicals and reagents were obtained or prepared as described previously!?

TABLE T

NONSPECIFIC BINDING OF [*HJOUABAIN TO TWO PREPARATIONS OF (Na+ 4 K+)-ATPase
Enzyme, 10 mM imidazole-glycylglycine and o 25 uM [*Hjouabain were incubated for 20 mn

at 37° in the presence of various ligands or after treatment as indicated Binding was measured
as indicated 1n MATERIALS AND METHODS

Prepa-  Additions Concn pmoles

ration (mM) [3H Jouabain
per g
protein
A NaC(l 160 3 o1
NaC(l 100 0 6 31
KC1 16 0 8 9o
Ouabain (unlabeled) 2 8 10
Tnis ATP 20 9 70
Heat-denatured enzyme — 10 30
MgCl, plus 04
H,PO, I 0} 265 oo
B Tris EDTA 100 570
Na(l 200 0 175
KC1 160 175
— — 6 40
MgCl, plus 40
H3;PO, I 0} 153 70
RESULTS

Nounspecific binding

Previous experiments®1® showed a slow binding of ouabain to the native en-
zyme and inhibition of this binding by Na+ or ATP Table I confirmed and extended
these findings The various ligands and treatments of Table I produced comparable
levels of binding which are a small fraction (2-49;) of the possible binding The amount
of this binding varied directly with the concentration of [3H]ouabain added, con-
sistent with the counts being 1n pellet water? In the experiments reported here, non-
specific binding was usually that occurring in the presence of 200 mM Na*, although
n some experiments 16 mM K+ or 5 o mM EDTA were used Specific binding was
any increment above the background estimated in this way Native enzyme exposed
to 25 1077 M [3Hlouabain appeared to bind a small amount (19,) of ouaban speci-
fically (see also Fig 3) In another experiment at 22° this binding did not mncrease
with time (but see ref 3)

Tame-course, type and extent of Nat-inhibited binding
Specific binding occurs 1n two ways!? One 1s nucleotide-dependent®1® and stim-
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I1g 1 Time-course of [3H]ouabain binding by the Nat+-inhibited pathway The reaction tubes
contained enzyme, 10 mM 1midazole-glycylglycine and 2 5 10~ M [®*HJouabain After the indi-
cated times at 37° binding was stopped by centrifugation as described under MATERIALS AND
METHODS Further additions were as below M—Ml, binding in the presence of 1 mM Mg2+ and
1 mM P,, (J—[7, binding 1n this medium with 60 mM Na+ added, O—C), binding in the pre-
sence of 1 mM Mg?+, @ —@, binding 1n the presence of 1 mM Mg?*+ plus 1 mM K+, x, binding in
the presence of 1 mM Mg?+ plus 16 mM K+

Fig 2 Optimal concentrations of Mg2+ and P; for [*H]ouabain binding Enzyme, 10 mM 1mida-
zole—glycylglycine and 2 5 107 M [*H]Jouabain were incubated for 20 min at 37° and the reaction
stopped by centrifugation P; concentration was varied as indicated on the horizontal axis at
difterent Mg?+ concentrations The Mg?+ concentrations were [J—{], no added Mg+, O—C,
o1 mM Mg?*, @@, o 4 mM Mg2+, A—A, 1 mM Mg?+, and A—A, 4 mM Mg+

ulated by Nat The other!® 15 stimulated by Mg?* plus P, and inhibited by Na* The
Nat1nhibited pathway was first investigated The time-course of ouabam binding by
this pathway to (Na* -+ K+)-ATPase was slow at 0° and 24° (refs 10 and 13) Fig 1
shows the time-course of [®*HJouabain binding to (Nat 4+ K+)-ATPase at 37° under
various conditions Binding was relatively slow and appeared to reach an equilibrium
1 20 min 1n all cases Once reached, equilibrium was maintained for at least 1t h The
addition of Nat or K+ reduced the binding In another experiment Mg?+-dependent
binding was reduced following addition of EDTA Mn?+ also stimulated a binding
which was reduced by Na* In all subsequent experiments in the absence of nucleo-
tides, at least zo min were allowed for binding to equilibrate

TABLE I1

MAXIMAL [*H]OUABAIN BINDING IN PRESENCE OF Mg?t anp P,

Enzyme, 10 mM imidazole—glycylglycine and 2 5 uM [*H]ouabain were incubated with additions
as mdicated Tubes containing ATP were incubated for 3, and those containing P, for 20 min
(P << ooI)

Additions Concen pmoles [3H Jouabain per

(mM) mg protein + S E

MgCl, 40 409 61 + 126 (n = 6)

H,;PO, 10
NaCl 200
MgCl, 2 340 25 4 15 4 (1 = 6)

ATP 2

Biochim Biophys Acta, 198 (1970) 120-131
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Spectfic binding 1n the presence of Mg?+ and P, was substantially higher than
the maximal binding by the Na*-stimulated pathway (Table I} Maximal binding
appeared to occur in the presence of 4 mM Mg?- (Iig 2), being 15°, higher than a
curve at 10 mM Mg?+ in another experiment P, alone did not support any substantial
binding Thus 4 mM Mg2+ and 1 mM P, were routinely used where maximal hbinding
was required Later 1t was found that this binding could be further «timulated by K
(Fig 6)

Apparent affinities of the enzyme for ouabarn

The lower curve of I'ig 3 shows that specific binding of ouabain to the natine
enzyme occurred 1n the absence of added ligands and increased with increasing oua-
bain concentration However extrapolation of this curve suggests that the concentra-
tion for half saturation 15 high Addition of optimal concentrations of Mg®+ and P,
greatly mcreased the affinity of the enzyme for ouabam to give an apparent K, of
18 107 M The data suggest a greater than 2oo-fold change 1n the apparent A, ot
the enzyme for ouabain Using the relationship E = —2 303 RT log K the standard
free-energy change for the interaction at highest apparent affimty was about g 5 keal/
mole Irom a linear transformation of the same data, binding at 1 10~ M ouabain
was estunated as 4%, of binding at infinite concentration

The Nat inhibition of onabarn binding

Though Nat* has been <hown to mhibit ouabain binding3.%.19:13 occurring by the
Mg?t plus P, pathway, there are no reports that ouabaimn binding 1s reversed by Na'
The time-course of the mlubition by Nat in IF1g 1 suggested that the effect of Na'
was to shift an equilibrium Fig 4 was an experiment designed to test this possibility
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lag 3 Eftect of Mg2t plus P, on affinity of the enzyme for ['H jouabain I'wo enzy me preparations
were mncubated at 37° with the mdicated concentrations of [*H]ouabamn i the presence and
absence of 4 mM Mg2+ and 1 mM P, ' @, Mg?* and I, [] M, no added higands Bimnding 15 ¢x-
pressed as per cent maximal to allow comparison of two different experiments

Ig 4 Nat mhibition of ouabain inding Enzyme was incubated at 37 for the mdicated times
in the presence of 2 5 1077 M [BH]ouabain and various hgands @ @, no addcd higands, B -0,
200 mM Na* A, i the upper left quandrant shows bindmg in the presence of 4 mM Mg?* +
1 mM P, after 15 min mcubation \t 15 min o, 10, 30, or 6o mM Na* were added and binding
estimated at 30 and 45 nun At 45 mun 200 mM Nat were added to all tubes and the inding
estimated at 6o mun

Biochim Brophys Acta, 198 (1970) 120-131
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[*H]ouabain was bound in the presence of Mg?*+ and P,, then followed by different
concentrations of Nat Na+* reduced the binding to a new equilibrium level which was
dependent on the concentration of Na+ Subsequent addition of 200 mM Na+ lowered
the binding to a level close to that for nonspecific binding The discrepancies may be
accounted for by the 3-min half-life of the enzyme—ouabain complex (Fig g) The
control points show that no binding of ouabam to the native enzyme occurred over
the time period of this experiment

Fig 5 shows the effect of varymg the concentrations of Mg?+, P, and ouabain
on the shape of the Nat-inhibition curve At low concentrations of ligands antago-
nistic to Nat+ (Mg**, P,, ouabain), the mhibition was weakly cooperative (n = 1 11)
Also, the concentration dependence of the inhibition approximates the concentration
at which Na+ stimulates phosphorvlation Increasing the concentration of antago-
nistic ligands (particularly ouabain) exposed a strongly cooperative!” iteraction
(n = 2 5) (ref 18) At the same time, the apparent affinity of the enzyme for Na+
dropped from 2 5 to 70 mM
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Fig 5 Natinhibition of ouabain binding eftect of varying the antagomstic ligands [3H]ouabain
was allowed to bind to the enzyme under difterent conditions for 20 min [— [, indicates ouabain
binding 1n the presence of o 1 mM Mg?+ and 2 5 10-7 M ouabain 4 mM Mg?*, 1 mM P; and
25 107 M (O—C), 25 10°M (H—M), or 25 1075 M (@—@) ouabain with Nat varied as in-
dicated Binding 1s plotted as per cent of the value at 0 o mM NaCl The inset shows a Hill plot
ot the same data

Fig 6 K* and ouabain binding eftect of different hgand concentrations [3HJouabamm was
allowed to bind under different conditions for 20 min @—@, ouabain binding 1n the presence of
o 4mM Mg+ and 2 5 107 M ouabain, [J—], 4 mM Mg?*, 1 mM P, and 2 5 1077 M ouabain,
A—A. + mM Mg*, 1 mM P, and 2 5 1078 M ouabain when K+ was varied as indicated Binding 1s
plotted as per cent of the value at 0o o mM KCl

Effect of K+ on ouabain binding

The mteraction between K+ and ouabain has been suggested to be competitives,
partially competitive! and noncompetitive!® Also, K+ has been shown to mnhibit
[*HJouabain binding occurring by both pathways!® Since both K+ and ouabain have
therr highest affimties extracellularly for the phospho form of the enzyme, they will
tend to favor this conformation of the enzyme!” Thus separate K+ and ouabain sites
would allow K+ to stimulate ouabamn binding Fig 6 shows that K+ at low concen-
trations 1n the presence of Mg?* and P, stimulated ouabain binding At higher con-
centrations 1t inhibited Plotting the mhibitory portions of these curves as per cent
maximal binding showed them to be parallel
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The Nar-stumulated pathway requirement for ATP

The time-course of the Nat-~stimulated binding 15 shown in Iig 7 Binding was
supported for § min by T mM ATP, whereas at o 1 mM ATP 1t dropped rapidly from
an mutial hugh value The Mg?t-dependent ATPase of the preparation was sufficient
to account for hydrolysis of the lower levels of ATP i 3 min Thus, low levels of
ATP only supported a transient pulse of [3H]ouabain binding In other experiments,
1 0 mM ADP supported 50-70°, of the binding observed with 1 o mM ATP as re-
ported by other<313 These observations suggest ouabain binding in the absence of
phosphorvlation However, the lower curves m I'ig 7 show that, while 0 05 mM ATP
supported a substantial, rapidly peaking pulse of ouabamn binding, a pulse with
0 05 mM ADP peaked later and was only one eighth of that with ATP Since these
enzyme preparations are contaminated with adenylate kinase activity, ATP from
this source would account for the later peaking and -small rise of the peak The ex-
periment also suggests that ouabain—enzyme formed by this pathway has the same
half-life a~ that formed by the equilibrrum pathway (I1g ) Binding by this pathway
thus appeared to depend on the availability of ATP
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Fig 7 Time-course and substrate requirement of Na*- stimulated ouabam binding Enzyme,
ro mM mudazole—gly ¢y lglyveine, 6o mM NaCl, and 2 5 1077 M [2HJouabain were imncubated at 37
T — [, binding after addition of 1 mM ATP and 1 mM Mg?+ = — 7, o T mM ATP and o 1 mM
Mg2t, -~ — 7/ oo5mM AT and o 1 mM Mg*t, A—A, o o5 mM ADP and o r mM Mg2+

Iig 8 Efiect ot Mg?t on ouabain binding m the presence of Na*t and V1P Lnzyme, 200 mM
Nall, 4 mM ATP and 2 5 107 M [*H]ouabain were incubated with the indicated concentrations
of Mg+ for 3 mm at 37 @—@, added Mg?*+, . |, no added Mg?+, @), 5 mM Tris EDTA In the
mset enzyme, 2 mM ATP and 2 mM Mg?*+ and 2 5 10-7 M [*H]ouabain wcre incubated with the
mdicater concentrations of Nat for 3 mm at 37

Requivement for Mg?+

Individually ATP or Nat did not support binding?1° If the Nat-stimulated
binding required phosphorylation of the enzyme, then Nat—enzyme-ATP should show
a requirement for Mg2* This dependence on Mg?* 15 shown m Iig 8 In the presence
of EDTA no binding occurred, but residual Mg2+ supported considerable binding and
low levels of Mg?t were adequate to support maximal bmnding Table I1I shows that
binding was reduced by addition of EDTA and recovered on addition of excess Mg?+
Mg2+ presumably acted by allowing ATP to phosphorylate the enzyme

Effects of Na+t
The effects of Na' further support this hypothe<is Na+ stimulates phosphory-
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TABLE III

Mg?+ REQUIREMENT OF Na+-STIMULATED BINDING

LEnzyme, 10 mM imidazole-glycylgly cine and o 25 ;M [*Hjouabain were incubated with sequential
addrition of the indicated higands

Additions Conen Tune Tume pmoles
(mAl) added centrifuged |, 3H jouabain
(nun) (min) per mg
protern
MgCl, oI

H;PO, 40 o 15 181 7
+ NaCl 200 0 15 30 337
+ ATP 40 30 33 161 9
+ EDTA 100 33 36 62 5
+ MgCl, 100 36 39 2272

lation at 0-16 mM (ref 20), and at higher concentrations (200 mM) 1t accelerates
ouabamn binding to the phospho-enzyme!® Similarly with squid axons!?, high Na+
extracellularly accelerated the ouaban mhibition of the pump If ouabain were
binding to the phospho-enzyme, a smular sensitivity to Nat mught be expected The
experinients show that Na* stimulated ouabain binding at concentrations which
~timulate phosphorylation of the enzyme (Fig 8 inset) and again at concentrations

TABLE IV

[’H]OUABAIN BINDING WITH 20 AND 200 mM Na(l

Enzyme, 1o mM muidazole—glycylglycine, 1 mM Mg(l,, o 25 uM [*HJouabain and 1 3 mM ATP
were 1ncubated with NaCl as indicated for 3 min at 37° (P < 0 05)

NaCl concn  pmoles [3H Jouabain per

(mdl) mg protein + S E

20 1305 £ I1 4 (0 =7)
200 1599 + 106 (0 = 7)
TABLE V

[*H]OUABAIN BINDING IN PRESENCE OF Sr?+ oR Sr*t+ plus NaCl

Enzyme, 1o mM imidazole-glveylglycine and 2 5 1077 M [*H]ouabain were incubated in the
presence and ahsence of Too mM Na(l for 20 min at 37¢ Nonspecific binding was 3 8o and maxi-
mal binding 80 86 pmoles [*H]ouabain per mg protemn

Additions Concn pmoles
(mM) "3H Jouabain
permg protan
5rCl, 10 063
50 o018
100 o013

NaCl plus 5rCl,

I0 228
50 I17
100 o076
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128 T TOBIN, A K SEN

which increased binding to the phosphe-enzyme (Table IV) SrCl, has been reported
to support ouabain binding n the presence of Na~ (ref 3) This was not observed 1n
our system (Table V)

Temperature-dependent stability of onabarn—enzvine conplex

In a previous report!?, we indicated the difficulty of rever-ing the ouabain n-
hibition at 0° whereas the experiments reported here suggest rapid dissociation of the
enzyme-ouabain complex at 377 We therefore investigated the eftect of temperature
on the stability of the enzvme-ouabain complex Tig ¢ shows the relative stability
of the enzyme-ouabaimn complex at 0 and 1ts decreasing stability as the temperature
was raised The dissociation rate constant increased exponentially with mcreasing
temperature The data fit an Arrhenius plot with an activation energy of about
28 30 kecal/mole
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I1g 9 Stability of enzyme-ouabain complex at ditterent temperatures Enzyme, 4 mM MgCl,,
rmM H;PO, and 25 107 M [*Hlouabain were mcubated for 20 min at 37 The tubes were
then cooled to the indicated temperaturc and ro mM EDTA and 5 107* M unlabeled ouabain
added The reaction was stopped by centrifugation at the indicated time pomnts At 22 and 37
only unlabeled ouabain was added At 37 the reaction was stopped by rapudly freezing (20 sce)
the tubes 1 an acetone—dry 1cc mixture After thawing at o the tubes were centrifuged as betorc
The pH of the system did not change (7 4 4+ o 1 pH units) with temperature

DISCUSSION

These experiments have shown that ouabain binding at 37° 15 reversible (Fig o),
whereas binding at 0° was apparently irreversible'® The increased dissociation rate
constant at higher temperatures explains this discrepancy (I1g g) At 37° binding will
depend on the rates of association and dissociation Little specific binding of ouabain
to the native enzyme was observed at the lower ouabain concentrations (Iig 3) The
experiments have shown two pathways by which the rate of association was increased
to give substantial binding By one pathway Mg?+ and P, stimulated a binding which
was reduced by Na+ and high K+ The binding energy of the ligand molecules deter-
mined the equilibrium at which the svstem remained The other pathway was “timu-
lated by Nat It required ATP and Mg®- and binding was maximal at concentrations
of Na+ which completely inhibited the other pathway Maimntenance of binding by
this pathway required ATP The enzyme—ouabain complexes formed by both path-
ways appear to be the same Both result m mhibition of the enzyme, are reduced by
K*t (ref< 4 and 13), allow mcorporation of P, mnto the enzyme?®1° have similar haif-
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hfes (Figs 7 and g) and apparent affinities (I'ig 3 and ref 3) These pathways and
products are related 1n the following scheme

Na*- inhibited pathway

*Qu
NG B > £ Ey <X Ey0u
~ A
Mg”lATP K*L- P P
§

£y-P—— =P > EPOU

Nat-stimulcted pathway

The Nat-stimulated pathway 1s from the lhiterature®!%13 A transient inter-
mediate E,—P formed immediately after the Na+-stimulated phosphorylation has been
demonstrated®, and a dephosphoform of this (E;) has been postulated® This form
should be Nat sensitive (to allow Nat stimulation) and have a low affimty for ouabain
Native enzyme had hittle affimity for ouabain (I'1ig 3 ), and at low concentrations of
Mg2?+ the enzyme had 1ts highest apparent affinity for Nat as measured by displace-
ment of ouabain (Fig 5) Thus native enzyme was designated E; E,-P 1n the scheme
1> the conformationally changed phospho-enzyme with which ouabain has been shown
to react rapidly®?1°% As suggested by SCHWARTZ ¢t al 3, 1t appears that “the confor-
mational state of the enzyme 1s probably of primary significance 1n glycoside binding”
FFurther, when bound ouabain appears to maintain “a structure of the enzvme which
1s normally a consequence of phosphorylation”!® Because of these considerations,
ouabain (Ou) in the Nat-inhibited pathway 1s shown binding to the postulated®13
conformationally equvalent dephospho-enzyme, E, E, 15 unstable!%1® unless main-
tained by ouabain or phosphorylation and tends to revert to the E, form as indicated
m the scheme

The apparent affinity of native enzyme (E,) for ouabamn and Nat* may be
altered by the two pathways outlined In experiments at o°, Mg?** and P, increased
the rate of association of the enzyme with ouabain'® They appear to do this by
affecting the allosteric equilibrium between E, and E, Due to 1ts relative stability,
this form (E,Ou) accumulates and at equilibrium there was a greater than 2oo-fold
increase 1n the apparent affinity of the enzyme for ouabain {(Fig 3) At the same time
there was a drop 1n the apparent affinity of the enzyme for Nat This change 1n affinity
for Na* also suggests the equvalence of £,0u and E,—P since the latter also appears
to have a low affimity for Na+ (see below)

Nat* and K+ apparently inhibited this pathway by different mechanisms The
inhibition by Na* was strongly cooperative in the presence of high concentrations
of antagonistic ligands suggesting an allosteric interaction The interaction was less
cooperative at lower concentrations of antagonistic igands This 15 a standard hetero-
tropic effect of an allosteric activator!”? It supports the suggestion that Nat+ and
ouabain have their highest affinities for different conformations of the enzyme which
are 1n allosteric equilibrium Further, the concentration dependence of the Nat in-
hibition at highest apparent affinity approximates the Na+ stimulation of phosphory-
lation which 1s also cooperative? This suggests that Nat inhibits the Na+t-inhibited
pathway by binding to the sites at which 1t stimulates phosphorylation Thus the
pathways are reciprocally related with respect to Na+*

The stimulation by zoo mM Nat* of ouabain binding occurring by the Na+-
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<timulated pathway (Table IV and ¢/ ref 10) also indicates different binding sites
for Na' and ouabain The K+ stimulation of ouabain binding 15 consistent with both
having their highest affimity for the £, form of the enzyvme Whether this stimulation
at low concentrations mdicates distinct binding sites 15 difficult to say The inhibition
curves (Iig 6) when normalized are parallel, suggesting a direct competitive mhibi-
tion Thus the experiments show different binding sites for Nat and ouaban, the
latter possibly <hared by K

Nat mhibited the Naf-anlibited pathway bv stabihzing £, It has been sug-
gested that, in the presence of saturating Na*, phosphorylation 1s required to produce
ouabamn bindig?? The present tindings support this hypothesis In the presence of
Na*, binding required free Mg2' and ATP and was not supported by ADP (Iigs 7, 8
and Table ITT) Binding was stimulated by Na* consistent with 1ts occurring to E,-P
(I'ng 8, Table 1V) This biphasic effect of Nat 15 of conwiderable interest Iarstly,
Nat <timulated binding at concentrations which stimulate the phosphorvlation ~tep
This stimulation 15 presumably intracellular?? Secondly, at a much higher concen-
tration (zoo mM) Nat agamn stimulated ouabam binding (Table IV) This action 15
extracellular’? and occurs to the phospho-enzyme!® The data sugge-t that following
phosphorvlation the Na* binding «ites have changed their orientation from intra-
cellular to extracellular Since the second phase of Na stimulation 15 not seen at
100 mM Na+ the reorientated sites appear to have lost a large pait of their Nat
affimity  This observation corresponds with the drop m apparent affimty for Nat
produced by ouabamn n the Na -inhibited pathwayv These changes in affinity and
ortentation of the Nat sites are consistent with the transport role of this enzyme
Hydrolysis of ATP maintams E,~P The steady-state nature of E,—P (ref 20) gives
binding by this pathway its requirement for substrate and the pathway 1~ that of
active Na* transport

The conclusion that ouabam binding 1n the presence of Nat depends on phos-
phorylation contrasts with those of other investigators It has been reported that Na*
and ATP or ADP or Na* and S12! will support ouabain binding*1* The high sen<itivity
of Nat—E-ATP to Mg2+, the presence of adenvlate kinase actvity in these membrane
preparations?, temperature'3 and tissue? difterences may explamn the discrepancies

When the system 15 Na* stimulated, free enzyme formed after the dissociation
of ouabam recycles through the Na'-inlibited pathway Under physiological condr-
tions this pathway has been suggested to transport K+ (refs 10 and 13) The mecha-
nism of its partial teversal to produce the Na*-inhibited pathway 15 not clear Though
P, accelerates bindings by this pathway, 1t has not been shown to phosphorylate the
native enzymel!® 20 The K+ stimulation of ouabain bmding (Fig 60) would appear to
rule out formation of the K+-sensitive E,~P from P, as a mechanism of this pathway
This pathway may be related to the Nat—Na+ exchange of red cells** Both are energy
independent, mhibited by ATP and high mtracellular Na*t (ref 26) The Na* mhi-
bition of both 1« rehieved by P, No K+-<ensitive intermediates appear to be iy olved
in the mechanism of either The ATP requirement of the Nat—Na* exchange 1s the
only apparent discrepancy

The exponential decay of the enzyme-ouabain complex over the temperature
range studied suggests one type of specific binding «ite Using the approximate free
energv of interaction of the enzy me—ouabain complex (g 3) and the enthalpyv value
obtained from an Arrhenius plot of the data in Fig ¢, the entropy change for the
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interaction was estimated at 123 entropy units This high value 1s consistent with a
large conformational change Any single-bond type cannot explain the characteristics
of the mteraction Simple hydrophobic bonding 1s not compatible with the positive
_1H which does not diminish with temperature and the large positive entropy change?’
Hydrogen bonding 1s also unlikely Presumably, a number of noncovalent-bond tvpes
are mnvolved 1n the interaction
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