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ABSTRACT 

+ + + The asymmetric interactions of K with the (Na ,K }-ATPase were 

investigated using inside-out red cell membrane vesicles. The K+

stimulated hydrolysis of the pseudo-substrate p-nitrophenylphosphate 

was examined using vesicles from human red cells and the interactions 

of K+ with the Na+-ATPase was examined using vesicles from sheep red 

cells that are genetically dimorphic with respect to their K+ levels 

and sodium pump activity. 

It was observed that cytoplasmic K+, i.e. extravesicular K+, 

stimulates p-nitrophenylphosphatase and, at very low ATP concentrations 

(,2.0 micromolar}, inhibits the low-K+ but not the high-K+ sheep Na+

ATPase. Extracellular K+, i.e. intravesicular K+, alone has no effect 

on p-nitrophenylphosphatase unless cytoplasmic Na+, i.e. extravesicular 
+ . 

Na , plus micromolar concentrations of ATP and a small amount of cyto-

plasmic K+ ~0.2 millimolar) are presen~, in which case extracellular 

K+ stimulates p-nitrophenylphosphatase. Extracellular K+ also stimulates 

high-K+ sheep Na+-ATPase (ATP~0.2 micromolar} but has no effect on low-K+ 

sheep Na+-ATPase, at least at ATP concentrations up to 2.0 micromolar. 

A regulatory role of ATP, in the range of 0.02 to 2.0 micromolar, 

on K+ as well as on Na+ interactions with Na+-ATPase was also studied. 

The results indicate that ATP modulates the effects of extracellular K+ 

and cytoplasmic Na+ on Na+-ATPase of high-K+ sheep but not low-K+ sheep 

red cells. 

From the results, it is ·proposed that cytoplasmic K+ interacts with 
+ the dephosphoenzyme and that extracellular K interacts with the phospho-

enzyme form of (Na+,K+)-ATPase; ATP modulates the release of K+ from the 

dephosphoenzyme. 



RESUME 

+ + + ~ , Les interactions asymmetriques du K avec le (Na ,K }-ATPase ont ete 

examinees en utilisant les vesicules inversees de membranes de cellules 

rouges. L'hydro1yse du pseudo-soustrat p-nitrophenilphosphate stimulee 

par le K+ a ete examinee en utilisant des vesicules de cellules rouges 

humaines et les interactions du K+ avec le Na+-ATPase ont ete examinees 

en utilisant des vesicules de cellules rouges de moutons qui sont gener

tiquement dimorphiques par rapport a leurs viveaux de K+ et l'activite 

de la pompe de sodium. 
, , , + + 

11 a ete observe que le K cytoplasmique, i.e. le K extravesicu-

laire, stimule le p-nitrophenilphophatase et, a de tres basses concen

trations d'ATP ~2.0 micromolaire), inhibe le Na+-ATPase de moutons 

bas-K+ mais non de moutons haut-K+. Le K+ extracellulaire, i.e. K+ 

intravesiculaire, tout seul n'avait aucun effet sur le p-nitrophenil

phosphatase a moins que le Na+ cytoplasmique, i.e. Na+ extravesiculaire, 
+ en plus que des concentrations micromolaires d'ATP et un peu de K cyto-

plasmique ~0.2 millimolaire} sont presents, ces conditions permettant 

une stimulation du p-nitrophenilphosphatase par le K+ extracellulaire. 

Le K+ extracellulaire stimule aussi le Na+-ATPase des moutons haut-K+ 

(ATP~9.2 micromolaire) mais n'as aucun effet sur le Na+-ATPase des moutons 

bas-K+, au moins a des concentrations d'ATP jusqu'a 2.0 micromolaire. 

Un role regulateur de l'ATP, dans le domaine de·0.02 a 2.0 micro

molaire, sur les interactions du K+ ainsi que du Na+ avec le Na+-ATPase 

a aussi ete etudie. Les resultats indiquent que l'ATP module les effets 

du K+ extracellulaire et du Na+ cytoplasmique sur le Na+-ATPase des 

cellules rouges de moutons haut-K+ mais non de moutons bas-K+. 
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De ces resultats, il est propose que le K+ cytoplasmique interagit 

avec la forme dephosphoen~e et que le K+ extracellulaire interagit 
+ + , avec la forme phosphoenzyme du (Na ,K )-ATPase; l~ATP module la decharge 

+ du K du phosphoenzyme. 
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1. INTRODUCTION 

1.1 MAIN CHARACTERISTICS OF THE SYSTEM 

The active transport of sodium and potassium across the cell mem

brane serves to maintain electrochemical gradients for these cations 

and has a major role in many physiological functions including main

tenance of cell volume, absorption processes in tissues such as kidney 

and intestine, and excitability in nerve and muscle. 

In 1957, Skou {1) demonstrated the existence of aNa+ plus K+

stimulated, Mg2+-dependent adenosine triphosphate phosphohydrolase 

(E.C.3.6.1.3), or {Na+, K+)-ATPase, in crab nerve. This enzyme is 

now considered to be the biochemical basis for active transport of 

Na+ and K+. Three years later the activity was demonstrated and its 

properties described in human red cell membranes~ the one mammalian 

tissue in which the sodium pump has been well characterized {2). 

Furthermore, studies with resealed red cell ghosts have shown that 

optimal ATPase activity is observed with Na• present intracellularly 

and K+ externally and that the side-specificity for the enzyme is the 

same as that for the sodium pump (3-6}. Measurements of the stoi

chiometry of Na~ pumped outwards and K+ inward have indicated that 
+ + . 

3 Na and 2K are pumped for every molecule of ATP hydrolyzed {3, 6-9). 

The enzyme system is specifically inhibited by cardiac 
. 

glycosides such as ouabain (10) at the external surface (11, 12). 

There is some evidence that Li+ can replace Na+ at the cytoplasmic 

surface {13-16), though with much less efficiency, whereas a number 

of cations can replace K+ at the external surface, with an effective

ness oft> Rb+> NH/> Cs-r> Lt (17), at least at physiological levels 

of ATP. 
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ATP can be competed for kinetically by other nucleotides with an effec

tiveness of AiP ADP dAiP CiP ITP UiP (18,19), although these other 

nucleotides, except for CTP (160,162), .will not support ion transport (20). 

Early studies (21-23) with the enzyme have shown that a phospho

rylated i rtermediate of the enzyme is formed upon incubation with 

Mg2+, Na+, and [lr- 32p] ATP, and that the level of this phospho

enzyme is greatly diminished by further addition of K+. Much work 

has since been done in order to establish the role of this phospho

enzyme in the read:ion sequence of the {Na+, K+}-ATPase and has yielded 

an interesting though still incomplete picture of the chemical mechanism 

responsible for the exchange of Na+ and K+ across the membrane. 

The following is a more detailed review of the properties of 

the system, dealing first with the structure and then the function 

of the enzyme. 

1.2 STRUCTURE OF THE ENZYME 

i} Polypeptide Composition 

The sources of purified enzyme used in structural studies are 

tissues with particularly high ion transport activity such as kidney, 

rectal gland of dogfish shark, brain, and electrophorus electric organ. 

Electron microscopy after purification of this intrinsic enzyme system 

in membrane--bound form or after solubilization by detergents shows 

particles of 80ft in diameter with 35-55 ~projections, possibly re

presenting glycoprotein (24). The purest preparations have turnover 

rates of about 9,000 min-l (25). 
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Sodium dodecyl su1fate polyacrylamide gel electrophoresis of pu

rified preparations of (Na+, K+)-ATPase {24, 26-29} have reyealed only 

two major protein components: a large polypeptide of close to 100,000 

daltons and a smaller glycoprotein containing 13-16% carbohydrate and 

of 47,000-57,000 daltons, although the latter may be overestimated. 

The large subunit represents 57-72% of the total protein and is 

phosphorylated by ATP (29-33) and is thus termed the catalytic subunit. 

It is thought to span the membrane {34, 35} and perhaps to form a chan

nel through which ions pass (36). Partial digestion of the large chain 

with trypsin in the presence of various ligands has revealed the exis

tence of a Na + form- and a K+ fonn of the enzyme and suggests that Na+

and ATP - dependent reactions on the one hand, and K+- dependent reac

tions on the other, occur in different conformations of the chains ~7-3~ 

The 36 sulfhydryl {SH} groups on the large chain have been clas

sified into three groups based on differ.ences in their reactivity 

with N-ethylmaleimide and 5,5'-dithiobis-{2-nitrobenzoic acid} (40, 41): 

f) 12 SH groups at the surface of the enzyme, of which one {at the ATP 

binding site) is vital for activity; ii} at least 14 SH groups in a 

more hydrophobic environment, of which one (not in the active centre} 

is vital for activity; iii} at most 10 SH groups at the core of the 

enzyme, since they are only exposed by use of detergents. Separate 

SH groups are believed to be involved in phosphorylation and dephos-

phorylation activities (34,42) since differences in their reactivity 
. + + 

are observed in the presence of ATP and Na . or K and may reflect 

changes in conformation induced by these ligands. 
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Amino acid analyses of the purified enzyme (27) indicate an N

terminal glycine and 47% non-polar residues. Similarities w~th res

pect to the amino-acid composition of(Na+, K+}-ATPase, ca2+_ATPase, 

mitochondrial F1-ATPase and soluble ATPase from ~ faecalis have 

been noted (43, 44). Amino acid residues identified at the active site 

are an aspartate, believed to be the phosphorylation site in the se

quence (THR or SER)-ASP-LYS (45}, and an arginine (46} and tyrosine 

(47) which have been identified at the ATP binding site. 

The smaller glycoprotein has no known function but always eo

purifies with the large subunit (25, 48). The two are crosslinked by 

dimethylsuberimidate (27) and ethylacetimidate (49) and must exist close 

together in the membrane. The glycoprotein is rich in hydrophobic 

amino acids and contains glucosamine (27, 50), galactosamine (27), 

glucose, galactose, mannose, fucose (50) and sialic acid (27, 50). 

It has been shown to bind Concanavalin A to the carbohydrate moiety 

(51). The mass ratio of large to small ·polypeptide varies from 1.7 

to 2.8 and suggests 1 or 2 small subunits per large subunit in the na

tive enzyme (24, 27, 28 1 52, 53). An examination of the effects of 

SOS on the kidney microsome preparation suggests that the native (Na+, 

K+)-ATPase may be a much larger complex that is dissociated by deter

gents and warns against possible artifactual results due to the use of 

detergen~s (54). 

Antibodies against brain (55) or kidney (56-58) preparations 
I 

inhibit ATPase and ion transport by binding at the cytoplasmic surface 

and presumably inhibiting changes in conformation s·ince they inhibit 

reactions involving ATP+ Na ++ K+ but have 1 i ttle or no effect on reac

tions involving either Na+ or K+ (59). 
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SDS denaturation of the enzyme does not block its ability to 

induce formation of inhibitory antibodies. In contrast, antibodies 

against large polypeptide will bind to the enzyme without inhibiting 

its activity. This suggests that inhibitory antibodies may be raised 

against lipoprotein components or a complex of polypeptides in the 

preparations (59). It has been reported, however, that antibodies 

to the glycoprd:ein inhibit (Na+, K+)-ATPase activity (60, 61) and 

strengthens arguments in favor of this chain being a subunit of the 

complex. Differences in the enzyme inhibitory effects of antibodies 

raised against purified enzyme from different sources and tested on 

the same preparation or the same antibody tested with different pre

parations suggest differences in structure of {Na+, K+)-ATPase from 

different sources (62). 

The number of catalytic sites in the enzyme complex have been 

determined by 3H-ouabain binding, ATP binding and by phosphory

lation from ATP (25). There is one mole of ouabain or ATP bound per 

175,000 to 285,000 g of protein {28, 53, 63} and it may be concluded 

that one molecule of ouabain or ATP binds to a dimer of two large 

chains, each associated with one or two small chains. Evidence for 

a dimeric structure is supported by an earlier study using radiation 

inactivation, which also gave a molecular weight of 250,000 daltons 

(64), which is twice the highest estimate of phosphorylation, i.e. 

one mole of 32P-bound per 130,000 g of protein ( 65' 66). 
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The difference between numbers of phosphorylation sites on the 

one hand,and numbers of ouabain or ATP binding sites per enzyme unit 

on the other, may be due in part to experimental discrepancies but 

may reflect differences in binding and phosphorylation properties of 

a dimeric enzyme, each subunit consisting of one large catalytic subunit 

of 100,000 daltons and 1 or 2 small glycoprotein subunits of less than 

57,000 daltons (52, 67, 68 and ref. 25). 

Proof of the identity of these purified enzyme preparations with 

sodium pump activity has been evidenced in their ability to transport 

Na+ and K+ after reconstitution into vesicles. {Na+, K+}-ATPase pu

rified from electric organ· (69), brain (70), kidney (71), heart (71), 

and rectal gland (72) have all been reconstituted with lipids and have 

· shown 22Na+ and 86Rb~ transport that is inhibited when ouabain is in

corporated into the vesicles. The stoichiometries (70-72) are reported 

to be close to the ratio of 3 Na+/2 K+ per ATP molecule hydrolyzed 

as in red cells {3, 6-9), although difficulties in measuring the initial 

rates of the very rapid cation fluxes in the small, highly active ve

sicles limit the accuracy of these measurements. 

ii) Lipid Requirements 

Purified (Na+, K+)-ATPase is associated with roughly an equal weight 

of lipid (73) that seems to be enriched in phosphatidylserine (74, 75). 

Studies on restoration of activity of lipid-depleted, inactive enzyme 

have also shown an important role for phosphatidylserine (76-84), al

though only a minor fraction of the phosphatidylserine in the membrane 

appears to be required (85, 86). 
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Phosphatidy1glycero1 (76, 83), phosphatidylinositol (74, 81, 82, 87), 

phosphatidic acid (74, 84),and sulphatides (88) also seem important for 

enzyme activity. In fact, any of the acidic phospholipids, especially 

phosphatidylserine, are capable of restoring almost full activity 

(48, 74, 89). The enzyme can still function, but at a much lower rate, 

in their absence (90). Whether these lipids are required specifically 

for enzyme activity or non-specifically for restructuring of the mem

brane is not clear (89), especially since (Na+, K+)-ATPase reconsti-

tuted in only phosphatidylcholine can pump ions (91). The fatty acid 

chains must be fluid, possibly to allow changes in conformation of the 

enzyme (76, 89, 92-99}. Cholesterol is needed for membrane stability 

(100-102) and may interact at the cytoplasmic surface of the enzyme (103). 

The finding that the partial reactions (see below} are less sensi

tive than the overall reaction to phospholipase A (104-106) and phospho

lipase C (106-108) digestion sugge~ that the lipid bilayer helps more 

in the integration of the reaction steps (e.g. changes in conformation) 

than expression of individual steps. 

1.3 TRANSPORT CHARACTERISTICS 

+ + . i) Na - K Exchange 

Under physiological conditions, the sodium pump system catalyses 

the transport of three Na+ ions from the cytoplasmic surface and two 

K+ ions from the external surface of the red cell per molecule of ATP 

hydrolyzed to ADP and Pi at the cytoplasmic surface (3, 6-9) with an 

efficiency of about 70% (l09)·based on studies of ATP synthesis during 

reversal of the pump (see below). 
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+ Similar stoichiometries for Na transport have been observed in other 

tissues (110-112) including nerve and muscle. Because of the apparent 

inequality in the transport of Na+ and K+, efforts have been made to 

determine to what extent, if any, the pump is electrogenic (113-115). 

Electrogenicity has been demonstrated, albeit to a smaller degree, 

even in red cells (116). The possibility of a variable stoichiometry 

remains since in squid axons under certain conditions, less Na+ ions 

relative to K+ ions are transported when the cytoplasmic Na+ concentra

tion is lowered (117-119). 

In Na+ -rich media, the enzyme shows sigmoidal activation of Na+-

K+ exchange by external K+ (120-123) acting at two sites of equal affi

nity (Km= 0.4-0.5 mM) (123). At lower or zero external Na +however, 

. K +affinity is greater and its activation effect ~s less sigmoidal 

(120, 121' 124) and is ·due to both competition and a regulatory effect 

of external Na+ (113, 125-127). Na+ activation of Na+-K+ exchange 

involves· \'lhat may be three cytoplasmic sites of equal affinity 

(Km= 0.19 mM) (128, 129) and is competed for by K+ (K 0•5 for inhi

bition of 9 mM) (128, 130). 

The cytoplasmic Na +sites are independent from the external K+ 

sites under physiological conditions (120, 128, 131, 132). This suggests 

independent binding of Na +and K +with transport occurring when both are 

bound (113). Although these sites exist simultaneously, a matter of 

debate has been whether Na+ and K+ exchange binding groups simultaneous

ly in an occluded region within the membrane (see ref. 133 and 134) or 

whether each site, carrying its appropriate cation, has alternate access 

to both surfaces of the membrane (see ref. 135). 
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A recent study (136) of pump kinetics in red cells supports simulta

neous Na+- ~ exchange. although the Na+ and ~ affinities appe~red 

to be interdependent. 

ii) Other Modes of Transport 

Four other modes of Na+ and/or K+ transport have been demonstrated 

(114) and will be described in turn. 

REVERSAL 

By arranging Na+ and K+ gradients steeper than nonnal and a lower 

than normal (ATP)/(ADP)·(Pi) ratio in red cells, it is possible to make 

the pump run backwards and synthesize ATP at the expense of downhill 

cation movements (109, 137-140}. The rate of synthesis is roughly pro

portional to the external Na+ concentration (137), has a K0··~s· = 0.3 M 

for cytoplasmic K+, presumably the K+ release sites (141), and is inhi

bited by external K+ with a 'Ka.s for inhibition of 1.3 mM, similar to the 

~for K+ activation of Na+- K+ exchange described above (123). The 

stoichiometry has not been precisely determined, but probably involves 

two to three K+ ions per molecule of ATP synthesized (137). 

Na+- Na+ EXCHANGE 

Red c~lls in high-Na+, K+-free media show a ouabain-sensitive 

exchange of cytoplasmic and external Na+ ions (129, 142-145). A simi

lar exchange is also seen in squid axon (120, 145) and muscle (121, 146, 

147). 
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Although the red cell stoichiometry is approximately 1:1, there is a 

marked asymmetry in the affinities for Na+ having a Ko.s = 10-15 mM for 

cytoplasmic Na+ and a sigmoid activation curve (to over 150 mM) for 

external Na+ (122, 142, 143) showing three sites with similar affinities 

( Km= 31 mM) in red cells (128), but different affinities in nerve {120). 

External ~ inhibits with a K0•5 for inhibition of 1 mM and allows 

Na+- ~exchange by presumably binding to its activation sites on the 

pump (143, 144). Stimulation by cytoplasmic~ of Na+- Na+ exchange 

(122) and Na+- ~ exchange {122, 130, 148) suggests a role for .internal 

K+(113). 

The Na+- Na+ exchange is linear with ADP concentration (tested 

up to 0.3 mM) (149} and ATP seems to be required (144, 150) though 

.it may not be hydro1yzed (6, 150). Experiments wi~h squid axons {151, 

152} and muscle (153) also indicate ADP dependence of the N/- Na+ 

exchange and that N/ -· K+ and Ni- Ni exchange can occur si mu 1 taneous

ly in the presence of enough ADP, at least in the case of the squid 

axon (154}. The ADP dependence of the Na+- Na+ exchange has led to the 

suggestion that it may be associated with the Ni -dependent ATP-ADP 

exchange activity (see Section 1.4) {149)_. The full extent of the 

similarities be~~een these two activities remains to be determined. 
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t- K + EXCHANGE 

In res ea led red cell ghosts containing 1 i ttle Na +, a 1:1 exchange 

of K+ is seen (15~ and is believed to occur under physiological con

ditions about 20% of the time i.e. 80% Na+- K+ exchange and 20% ~- K+ 

exchange (156}. The affinities forK+ are asymmetric, having a K0•5 for 

cytoplasmic K+ of about 10 mM (155) and a Ko.s for external K+ of about 

0.25 mM (156) i.e. an asymmetry in the reverse direction of that for 

Na+ during Na+- Na+ exchange. Cytoplasmic Na+ inhibits K+- K+ exchange 

and allows Na+- K+ exchange to occur (155). K+- K+ exchange requires 

cytoplasmic Pi (156), does not hydrolyze ATP nor require ADP (145) though 

it requires nucleotides in a non-phosphorylating role since the ~ -1r

methy1ene analog of ATP can substitute (157). The Pi requirement suggests 

a reversible phosphorylation of the enzyme by K+ and Pi as indicated by 

studies of 18o exchange between Pi and H2o (158, 159) (s·ee Section 1.4). 

UNCOUPLED Na+ EFFLUX 

A ouabain-sensitive efflux of Na+ into Na+- and K+- free media is 

detected in red cells or resealed ghosts and is not coupled to ion in

flux (124, 142, 143, 160, 161). Cytop1asmi~ Na+ also binds to high 

affinity sites and stimulates hydrolysis with a K for ATP of about . . m 
1 uM (162) and a stoichiometry of two to three Na+ ions per ATP molecule 

(113, 160) suggesting that this Na+-stimulated ATPase activity (Na+-ATPase) 

is the enzymic basis for uncoupled Na+ efflux. 
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External K+ inhibits at a high affinity site and the ratio of Na+-K+ 

exchange/uncoupled Na+ efflux decreases with decreasing order.of nu

cleotide binding affinity (160) determined from studies of (Na+t K+}

ATPase activity (18, 19). Low concentrations(< SmM) of external Na+ 

inhibit the uncoupled efflux at a high affinity site(s} (113t 162). 

Higher concentrations increased ATP hydrolysis and may be associated 

with a Na+-Na+ exchange that hydrolyses ATP in the absence of ADP, 

although this has not yet been directly demonstrated (162). 

Thus, the evidence in favor of these five modes of ion transport 

being mediated by the Na+-K+ pump is based on their sensitivity to oua

bain and/or similarities in the interactions of Na+ and/or K+. Further 

evidence is that an antiserum to a partially purified kidney preparation 

inhibits the (Na+, K+)-ATPase and all of these modes except for reversal, 

which has not been tested (57} •. 

These modes of transport are illustrated in Figure 1. In summary, 

the main features which emerge from these studies are (113, 114, 163): 

i) The outward movement of Na+ is associated with a transfer of 

phosphate from ATP to the enzyme; 

ii)·the inward movement of Na+ is associated with the transfer of 

phosphate from the phosphoenzyme to ADP; 

iii} the inwaro movement of K+ is associated with the transfer of 

phosphate from the phosphoenzyme to water; and 
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FIGURE 1: THE FIVE MODES OF BEHAVIOUR OF THE Na+ PUMP IN INTACT CELLS OR RESEALED GHOSTS 

( MODIFIED FROI<t REF. 163 ) 

·The solid and broken arcs represent events that are coupled. The horizontal lines repre

sent the surfaces of the membrane and the cfrcle represents the pump (see text for explanation). 
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iv) the outward movement of K+ is associated with the transfer 

of inorganic phosphate to the enzyme. 

+ + 
Once the phosphoenzyme has been formed from cytoplasmic Na or K 

its fate depends on the composition of the external medium: if K+ is 

present, phosphate is transferred to water and K+ enters; if Na+ is 

present and K+ is not, the phosphoenzyme transfers its phosphate to ADP 

and Na+ enters; if neither Na+ nor K+ is present in the external medium, 

then the phosphate is transferred slowly to water and the slow overall 
+ 

hydrolysis of ATP is accompanied by a slow uncoupled efflux of Na • 

1.4 REACTION STEPS 

The reaction steps in the hydrolysis of ATP by the (Na+, K+)-ATPase 

have been studied mostly in broken membrane preparations derived from 

active tissues such as kidney. brain, and electric organ as well as from 

relatively inactive red cell membranes, the mammalian system in which ion 

transport has been best characterized. These'ope~ membrane preparations 

allow the direct accessibility of substrates to the catalytic site. 

Using [o- 32P] ATP, it had been observed that Na+ , in the presence of 

Mg2+ , catalyzes the phosphorylati.on of the enzyme (E) and that dephos

phorylation of the phosphoenzyme (E-P32) is greatly accelerated by the 

subsequent addition of K+ (21-23). Although the existence of an E-P 

intermediate in the normal operation of the (Na+, K+)-ATPase has been 

questioned (17, 164), experin1ents carried out at steady state (165, 166) 

and during the transient phases of the reaction gave credence to its 

role. 
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Thus rapid-mixing experiments in the presence of Na+, K+, Mg2+ and mi

cromo1ar ATP have shown that the pre-steady state rise in E-P. is fo11 owed 

by a lag in Pi release (165, 167) and thus directly demonstrate an E-P 

intermediate during the hydrolysis of ATP. Other evidence for the phos

phoenzyme intermediate will be presented in the following section, which 

deals with experiments aimed at understanding the order of addition and 

release of substrates and products and the ~quence of the partial reac

tion steps in the hydrolysis of ATP. The discussion will cover first 

the reactions leading to the formation of E-P and then the reactions 

associated with its breakdown. 

i) Phosphorylation Reactions 

Phosphorylation requires Na+, Mg2+, and ATP. Na+ activates hydro

lysis at the external surface of inside-out vesicles i.e. the cytoplas

mic surface of cells (168, but see ref. 169) where it presumably binds 

to its three loading sites (Km =0.19 mM) (128, 129, 170). L( can subs-: 

titute for Na+ (171} by activating hydrolysis at the cytoplasmic Na+ sites 

(170). ATP can bind to the enzyme in the absence of Mg2f and can phos

phorylate it upon subsequent addition of Mg2+ and Na+ (18, 172) with a Kd~ 

0.12-0.29 uM (18,19,173), an apparent~ for phosphorylation of 0.31-

3.6 ~M (165,175),and an apparent~ for Na+-ATPase of 0.1-2 uM (175, 

176) . There has a 1 so been evi denc~ for Mg2+ -ATP 'as the true subs tra te 

(177, 178} but the issue has not been settled. From studies with other 

nucleotides, the order of affinity for the ATP binding site is ATP> ADP 

dATP>CTP>ITP>UTP (18, 19). Na+ and ATP appear to bind randomly (113, 

179' 180). 
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The phosphorylation reaction is not readily reversible, as mea-

sured by (14c) ADP-ATP exchange, unless low Mgz+ or high Na+ concentrations 

or inhibitors {such as N-ethyl maleimide, oligomycin, ca2+, or SAL

arsenite) are present (181-184). These observations are inter-

preted in terms of the formation of a second, lower energy form 

of the phosphoenzyme (E2-P) as illustrated in equation 1: 

ATP 
El ' !loo 

M 2+ N + g , a 

M 2+ 
.g 

E1- P +ADP; E1- P-----? E2 - P (1) 

Thus, the first step of equation 1 represents phosphorylation 

by Na+, Mg2+ and ATP; The second step is Mg2+-dependent (but see 

ref. 185) formation of the lower energy E2-P that is blocked by in

hibitors and by high con.centrations of Na+. E1-P is sensitive to 

ADP (which will reverse its formation to produce ATP) and insensi

tive to K + whereas E2-P is sensitive to K+ and insensitive to ADP. 

The lower energy of E2-P compared to E1-P is also suggested by 

observations of ~o.exchange between Pi and H2o in the presence of 

K +and Mg2+ (158, 159) which favor the formation of E2-P and de

monstrate the ease of· Pi transfer between H20 and this form of the 

phosphoenzyme. Quercitin, a bioflavonoid which inhibits several 

types of ~TPa~ activities, has also been shown to inhibit the 

(Na+, K+)-ATPase, probably by preventing the E1 ,..,P~ E2-P transi

tion (186). 
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Support for a reaction sequence involving at least three forms 

of E-P has been suggested from the following studies. In one' study, 

[Y-32P] ATP was allowed to bind to the enzyme in the presence of 

Mg2+ (without phosphorylating it); this was followed by a 11 Chase" of 

Na+ and nonradioactive ATP, both with and without ADP. The effect of 

ADP was to decrease the rate of E-P32 formation without affecting the 

rate of breakdown and strongly suggests that the ADP-sensitive form 

of phosphoenzyme (E 1~P) preceeds the ADP-insensitive form (E2-P}. In 

their studies with the brain enzyme, Tonomura and his colleagues (165, 

187) observed that in the presence of K+, the turnover of phosphoen

zYffie, measured as the ratio of hydrolytic activity to the level of 

phosphoenzyme (v/E-P} at steady-state, was faster than the rate cons-

. tant for E-P disappearance measured upon addition.of EDTA plus K+. 

They found also that K+. caused an initial rapid synthesis of ATP, and 

that E-P was initially insensitive to ADP. These and other results 

(188-193) can be interpreted (113) within the framework of the above 

reaction .sequence as evidence for an E1r-P with bound ADP (E 1 ~P 
(ADP)} i.e. insensitive to ADP since it is still bound, and that K+ 

can displace its equilibrium towards the E1 form with tightly bound 

ATP (E 1• ATP), as illustrated in equation 2: 

(2) 
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Thus; K+ increased the ratio V/E-P by shifting E 1 ~P32 (ADP) 

towards E1 'ATP32 • In fact, they observed an increase in ATP~2 re

leased from phosphoenzyme following the EDTA-K+ "chaseu, although 

the time relationship between the two events is unclear from their 

data (Figure 3 of ref. 187). The K+ effect is not due to competi

tion for Na+ (140 mMNa+ and 0.6 mM K+ in these studie~ and may 

involve its high affinity site, but this is still not understood. 

There is also evidence for the relative distribution of forms 

of E-P between E1_,P and E2-P. An elaborate rapid-mixing technique 

with reaction times down to 3 milliseconds allowed an examination 

of the phosphorylation reactions at close to physiological condi

tions (120 mM Na+, 10 mM K+, and up to 0.3 mM [o-32P] ATP at 21°). 

{194-196), in contrast to the use of micromolar ATP concentrations 

and colder temperatures in the studies described above. The time 

course of dephosphorylation of E-P32 after addition of ADP indicated 

a rapid breakdown, presumably due to formation of ATP from E1-P, 

and a slower hydrolysis of what may have been E2-P. Dephosphoryla

tion after addition of K+ also showed two phases, presumably due to 

the rapid hydrolysis of E2-P and slower breakdown of E1-P. If K+ 

was present before the addition of ATP, only a slow, ADP-sensitive 

phase was seen and suggests that under steady state conditions, 

almost all the E-P is present as E1-P. Chelating Mg2+ further re

duced the rate rf dephosphorylation and confirmed its importance 

for the E1- P-7 E2-P transition. 
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Other studies under similar conditions but at micromolar ATP .con

centrations have indicated a burst of Pi released when K+ was pre

sent during phosphorylation (167, 197 and see ref. 198) and suggest 

that only a small amount of low energy E-P (E2-P) is present (rela

tive to E 1- P) under s teady-s ta te conditions. 

Phosphoenzyme isolated either as E 1 ~P or as E2-P and treated 

with proteolytic enzYmeS yields peptides with similar electropho

retic behavior (18, 199) and suggests that the various forms of phos

phoenzyme differ in conformation rather than chemical structure. It 

should be recalled also that, as mentioned in Section 1.2 above, ex

periments with partial tryptic digestion (37-39) have also indicated 
+ + Na and K forms of the dephosphoenZYme and these may represent E1 

and E2 respectively. 

ii) Dephosphorylation Reactions 

In the absence of K+, Na+-stimulated ATP hydrolysis (Na+-ATPase 

activity) is observed and is associated with a slow breakdown of phos

phoenzyme (175, 176, 200-202, but see ref. 203). As mentioned above, 

K+ addition stimulates dephosphorylation, presumably by combin·ing 

with E2-P. K+ binds at the intravesicular surface of red cell inside

out vesicles i.e. external surface of cells (168}, presumably at its 

two loading sites with a Km= 0.4-0.5 mM (123). The order of ef

fectiveness of K+ and its congeners in stimulating dephosphorylation 

is Tl+> Rb+> K+>Cs+> NH
4
+> Li+ (17). 



c 

20 

At very low (micromolar) ATP concentrations, ·a1 though K+ and 

its congeners promote the breakdown of phosphoenZYme, they inhibit 

overall ATP hydrolysis by slowing the rate of rephosphorylation of 

the enzyme {175, 176, 200-202). This was directly demonstrated in 

a series of experiments (202) on the effects of Li+ and Rb+. Con

centrations of Li+ and Rb+ that gave equal rates of dephosphoryla

tion of E-P (formed with Na+, Mg+, and ATP32 and stopped by adding 

a Mg2+ chelator) gave different rates of hydrolysis and levels of 

E-P32 resynthesis when sufficient Mg2+ was then added to allow a 

subsequent cycle of phosphorylation. Rb+ was more inhibitory than 

Li+. Similarly, when Rb+ and Na+ were added before Mg2+ and ATP32 , 

the E-P32 level rose sharply and then fell to the same level as when 

Rb+ was added after the enzyme had been phosphorylated the first 

time. These findings are consistent with the conclusion that inhi

bition is due to slow dissociation of Rb+ from recently dephospho

rylated enZYffie. This reaction is illustrated (with K+) in equation 3: 

Experiments with a rapid-mixing technique have also indicated a rate

limiting step subsequent to dephosphorylation (194). 

In the experiment described above, if more Mg2+ and ATP were added 

to the mixture, release of the bound ion. was accelerated. It is the lack 

of this accelerating role of ATP which is believed to be responsible for 

K+ inhibition at low ATP concentrations. 
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Other evidence for ATP regulation of the release.of K+ {or its con

geners) from E2·K is from studies of K+ inhibition of formycin nu

cleotide binding (204-206) and tryptophan fluorescence (207) which 

suggest that ATP at a regulatory site promotes K+ release, thus in

creasing the rate of the forward step as follows: E2·K ~P'E 1 "K 
~E1 + K~ Nonetheless, half of the enzyme is suggested to be in 

the E2 "K form at steady state under optimal conditions of ATP hy

drolysis (207). Direct evidence for an occluded enzyme-Rh complex 

formed in the absence of Na+ and ATP and which is sensitive to the 

subsequent addition of ATP has been reported recently (208). 

The regulatory effect of ATP is consistent with K+ inhibition of 

ATP binding (18, 173, 202, 209-214) to a second, low affinity site 

(18, 162, 215-217). The high affinity of K+ {Ki= 0.2 mM) (18) for 

inhibition of ATP binding suggests that external K+ sites are involved 

and is consistent with its effects on dephosphorylation of E2-P (168). 

However, the order of effectiveness of K+ and its congeners in inhi

biting ATP binding (18) is different from the order (given above) for· 

their effectiveness in stimulating dephosphorylation and suggests that 

there may be a difference in the ease with which K+ is released after it 
. . 

has boun~ to E2 - P or that a site other than the K+-activation site 

may be involved as well.(113}. ATP-promoted K+ release allows increased 

Na+ binding as well {210,218). Thus, ATP has a regulatory role (in

creasing the Na+/K+ affinity ratio} other than its catalytic role in 

phosphorylation. The effect of ATP on Na+ binding is synergistic in 

that Na• also facilitates ATP binding (180,219). 
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It should be noted that irreversible inhibitors such as b.eryl

lium, fluoride, and dicyclohexylcarbodiimide have been used in the 

presence of phosphorylating agents and non-phosphorylating analogs 

to study Na + and K+ affinities and indicated that phosphorylation 

has little effect on Na+ binding (220) but is necessary for K+-binding 

to its high affinity sites (221-223) and supports Na+ binding to E1 
and K+ binding to E2-P. Evidence for the K+ discharge site was also 

suggested (Km= 0.14 M) (223). 

iii) Other Properties 

REVERSAL: Na+, K+-stimulated ATP synthesis 

Since reversal of the pump coupled to ATP synthesis has been demons

trated (see section 1.3), step-by-step reversal of the ATPase reaction 

sequence with ATP synthesis from Pi serves to further prove the proposed 

mechanism for ATP hydrolysis. 

Phosphoenzyme chemically similar to the one formed by Na+ + Mg2+ + 
ATP (224) has been formed from ouabain-exposed en~me in the presence 

of Pi + .M92+ (225) or Pi + Mg2+ + K+ (226). Phosphoen.zyme can also be 

formed in lower yield in the absence of ouabain and presence of Pi, 

Mg2+, and K+ or its ~ongeners and is chemically identical to E2-P 

(224, 227), thus demonstrating the reversibility of equation 3 {above). 

If K+ is excluded, large yields were obta·ined, but the product was 

insensitive to K+ and ADP and is thought to represent a side reaction 

of the enzyme as described by equation 4 (see ref. 227): 
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Addition of a very high Na+ concentration (I<Q.s=0.6 M) an.d a 

Mg2+ chelator made the E-P sensitive to both K+ and ADP i.e. resulted 

in a mixture of E1'VP and E2-P (224, 228). Alternatively, Pi incor

poration in the presence of a low concentration of Na+ directly formed 

E2-P (228, 229). Na+ may have displaced K+ bound to the enzyme during 

its purification. Addition of a high Na+ concentration followed by 

ADP allowed synthesis of ATP and demonstrated the reversibility of the 

ATPase reaction (equations 1-3 above). Pi incorporation in the pre

sence of K+ did not permit synthesis of ATP. Na + is required at a 1 ow 

affinity site, presumably its discharge site, and its binding allows 

the conformational change from E2-P-7 E1""' P (228, 229 and see ref. 230). 

It should be noted that the ATP synthesis observed in these studies and 

confirmed by another group (231) resulted from a single turnover of 

enzyme as opposed to multiple turnovers in the reversal experiments 

described earlier with intact red cells (see section 1.3). 

This two-step reversal of ATP hydrolysis offers strong evidence 

for the E 1 ~P and E2-P conformations of the enzyme as intermediates in 

the normal operation of the (Na+, K+)-ATPase. 

CARDIAC GLYCOSIDE INHIBITION 

As mentioned earlier, cardiac glycosides such as ouabain and stro

phanthidin are specific inhibitors of the (Na+, K+)-ATPase (10) and bind 

at the external surface (11, 12). 
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Although a large amount of work has been devoted to the study of the 

glycoside-enzyme interaction (see ref. 113), the main observations 

have been that ligands which stabilize the E2 or E2-P conformation 

{Mg2+, Mg2+ +Pi, and Mg2+ + Na++ phosphorylating agents) increase the 

rate of binding and lower the dissociation constant whereas ligands 

which stabilize E1 or E 1 ~P (Na+ and/or nonphosphorylating analogs) 

decrease the rate of binding and raise the dissociation constant 

(232-233}. 

K+ reduces glycoside binding (172, 225, 234-241) at a high affi

nity site (Ki = 0.2 mM), possibly involving only one K+ ion (236, 237) 

and Na+ stimulates in the presence of ATP (see above) at a high affi

nity site (237, 242). Studies with intact red cells and ghosts have 

demonstrated a reduction of ouabain binding by external K+ (243-245} 

and an increase of binding by cytoplasmic N~+ (246). These results 

are consistent with the interpretation of glycoside inhibition of de

phosphorylation of phosphoenzyme (E2-P) or phosphorylation of dephos

phoen~ne (E2) {247), the forms of the enzyme that interact with 

external K+ and thus external glycosides as well. 

Although {Na+, K+)-ATPase from most tissues seems to have a single 

ouabain binding site (248, 249), there have been studies on brain prepara

tions (94, 239, 248) and on Cs+ and K+ reduction of ouabain binding to 

red cells {223, 250) reporting at least two sites that may show nega-

tive cooperativity. 
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1.5 MODEL FOR THE ATPase AND PUMP 

The steps in equations 1-3 (Section 1.4) can be linked in a cycle 

as shown in Figure 2 to illustrate the sequence of the steps during the 

course of ATP hydrolysis as well as the asymmetry of the ligand inter

actions. Although there is no general agreement on a single model for 

the ATPase and pump, the model in Figure 2 summarizes several of the im

portant features of both (see Sections 1.3 and 1.4). 

The solid lines indicate the course of the reaction under physio

logical conditions i.e. in the presence of Na+, K+ and high ATP con

centrations. E1 and E2 are the two conformations which bind cytoplas

mic and external 1 igmds, respectively. Starting with free enzyme 

(E1), ATP is hydrolyzed to form the high energy conformation E 1~P. 
In a Mg2+-dependent step, the phosphoenzyme changes conformation to 

a second, lower energy form {E2-P) from which Na+ is released to the 

external surface i.e. the Na+ translocation step. Although three Na+ 

are considered to be transported per molecule of ATP hydrolyzed,ex

periments with red cell inside-out vesicles at low ATP concentrations 

and varying amounts of cytoplasmic Na+ have indicated that at very low 

levels of Na+, the ratio of Na+ pumped per mole of ATP hydrolyzed is 

decreased markedly (170) i.e. the stoichiometry of Na+ transported 

to ATP hydrolyzed becomes variable and that without enough Na+ bound, 

ATP may be hydrolyzed without translocation of Na+ (presumably by 

breakdown of E 1 ~P). 
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Presumably E2-P can be hydrolyzed in the absence of external Na: and 

K+ to form E1 (broken 1 ine in figure 2) and represents the Na + -ATPase 

with uncoupled Na+ efflux. In the presence of ADP and external Na+, 

E2-P is not hydrolyzed and reverts back to E1 resulting in regenera

tion of ATP (ATP-ADP exchange) and Na+-Na+ exchange. 

In the presence of external K+, K+ binds to E2-P and accelerates 

dephosphorylation to form an E2·K complex. At low ATP concentrations, 

this complex is occluded and results in inhibition (of Na+-ATPase} 

due to its rate-limiting breakdown (see Section 1.4). In the presen

ce of higher (~ 2~M) ATP concentrations, ATP (in brackets} accelerates 

release of K+ via a second, low affinity site, allowing the en~e to 

return to its original conformation (E2 *K-+E1 ·K~E1 + K+) -as K: is 

translocated. There is no evidence that the ATP bound at this low af

finity site is the same molecule that is hydrolyzed in the next cycle 

of the pump when cytoplasmic Na+ is present. In the absence of cyto

plasmic Na+ and presence of K+ and Pi, the K+ translocation step is 

reversed (K+ - K+ exchange) and the enzyme is phosphorylated (E2-P) 

from Pi. 

+ + It has been suggested recently (251-253} that the (Na , K )-ATPase 

shows hal~-of-the-sites reactivity as has been described for alkaline 

phosphatase {254). According to this scheme, {Na+, K+)-ATPase exists 

as a dimer, each half consisting of one large and one or two small 

chains (see Section 1.2). 
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Each half proceeds through the entire reaction cycle chemically, 

mechanically, and energetically coupled ·in a 11 flip-flop 11 mechanism, 

180° out of phase with the other half i.e. while one half of the 

dimer is proceeding through phosphorylation steps, the other half 

is proceeding through dephosphorylation steps. Although this scheme 

is far from being proved for the (Na+, K+)-ATPase, it does account 

for several important discrepancies mentioned earlier with regards 

to both ion transport and the reaction scheme presented above 

{Figure 2): 

i) The model in Figure 2 would predict consecutive translocation 

of Na+ and K+ whereas transport studies favor simultaneous transloca

tion (see Section 1.3). According to half-of-the sites reactivity 

{251), each half of the dimer is involved in the consecutive translo

cation of Na+ and K+, but because the· halves are 180° out of phase, the 

entire pump complex would translocate Na+·and K+ simultaneously. 

ii) Several studies have suggested two ATP and ouabain binding 

sites of different affinities per (Na+. K+}-ATPase site. In a dimeric 

enzYme, each half would contain an ATP binding site and a ouabain 

binding site (on the large chain) and would show negative cooperati

vity i.e. binding of the first ligand (ATP or ouabain) to a high affi

nity site.on one half would decrease the binding affinity for a se

cond ligand on the other half. Both sites could be filled under ap

propriate conditions and would· display different affinities. The low 

affinity regulatory site for ATP would be the binding site on the half 

that is phosphorylated. 
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iii) The observations of Tonomura and his colleagues descri.bed in 

Section 1.4 suggesting tightly and loosely bound ATP can be accounted 

for (see ref. 163) as high and low affinity sites on different halves 

of the dimer, of which the former continued to phosphorylate the en

zyme after the reaction had been terminated. Furthermore, the in

creased turnover rate measured as the ratio v/E-P relative to the 

rate constant for dephosphorylation induced by K+ may not be due to 

an effect of K+ on the E1'ATP ~ E1-P (ADP) equilibrium as suggested 

by Tonomura and his colleagues but rather that in the absence of K+, 

the halves of the dimer are independent and are both phosphorylated, 

. giving a higher level of phosphoenzyme; the initial formation of 

ATP upon K+ addition may be due to K+ competition with ATP present at 

its low affinity site before it had a chance to phosphorylate. 

iv) The role of Mg2+ in specifically inhibiting the ATP-ADP exchange 

reaction and thus stimulating the EfP-.E;-P ~ransition has been criticized 

(185) since Mg2+ -ATP and Mg2+-ADP have also been shown to inhibit this 

exchange (185, 255). These results can be reconciled with a half-of

the-sites reactive en~me {256) in which Mg2+-nuc1eotides bind to the 

low affinity site and inhibit exchange by favoring the forward reac-

tion. Furthermore, this inhibition is relieved by K+ competition via 

its high affinity sites {257), in agreement with its effect on ATP 

binding at the low affinity ATP site. 
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The objective of this thesis is to examine the interactions of 

K+ with the enzyme since these seem to be crucial to the regulation of 

activity. Two experimental approaches are taken and will be consi

dered ·in turn in the next two sections. 

1.6 PHOSPHATASE ACTIVITY 

+ + The (Na , K )-ATPase also catalyzes the hydrolysis of other or-

ganic phosphates, e.g. acetyl phosphate, carbamYl phosphate, unbelli

ferone phosphate and p-nitrophenyl phosphate (pNPP}, in a K+-dependent 

reaction that is believed to involve the terminal steps of the ATPase 

reaction (113). K+ activates at a low affinity site(s) in the pre

sence of Mg2+, although higher concentrations of either ion are required 

when the other is raised (258-262}. Mg2+ is required to stabilise the 

complex, but will inhibit at too high a concentration by binding at its 

low affinity site (263, 264). 

Na+ alone promotes a minimal phosphatase activity (265-267). Na+ 

inhibits at high K+ concentrations, but activates at low K+ concentra

tions (259, 262, 265) i.e. high Na+/K+ ratio. 

ATP inhibits phosphatase activity in the absence of Na+ (260, 266, 

268, 269)·by decreasing the affinity for substrate and K+ (262, 2§8). 

Both competitive {266, 268, 270) and non-competitive (260, 270) inhibi

tion by ATP have been reported and suggest that ATP binding at a low 

affinity site is competitive with K+ and non~competitive with substrate. 
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In the presence of Na+, however, ATP stimulates phosphatase activity 

by increasing the affinity forK+ (267, 268, 271-274) and renders the 

reaction sensitive to oligomycin and N-ethylmaleimide (266-268, 275). 

The effect of ATP is biphasic in that micromolar concentrations sti

mulate whereas high concentrations inhibit the phosphatase (270, 276). 

Experiments on beryllium inactivation (221, 277 as described in 

Section 1.4) have indicated that the affinity forK+ is increased in 
+ the presence of both Na and ATP or phosphatase substrates and suggests 

that phosphorylation is required to expose the high affinity K+ sites 

(222). A phosphoenzyme intermediate during acetyl phosphate hydrolysis 

has been demonstrated (266, 278-280). pNPP can also phosphorylate a 

serine residue if exposed over long periods at high acidity (pH 5.0) in 

the presence of K+ or at neutral pH in the presence of Na + {281) and 

phosphorylation in the presence of ouabain has also been noted (282), 

though this may not be related to the phosphatase. If a phosphoenzyme 

intermediate is formed during hydrolysis of pNPP, it is less reactive 

than E2-P since less water oxygen is incorporated from pNPP hydrolysis 

than from hydrolysis of acetyl phosphate or ATP (283). Several groups 

have been uncble to find a p-nitrophenol-ATP or pNPP-ADP exchange 

(279' 282, 284). 

An early model for the phosphatase (267) postulated a new form of 

phosphoenzyme that could be formed from Na+ and/or K+ and that could be 

doubly phosphorylated in the presence of more reactive agents e.g. ATP, 

and assumed that the phosphorylated enzyme is more effective as a phos

phatase. 
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Other models explain Na+ effects in the absence of K+ as bein9 due to 

allosteric regulation (265, 283, 285). Although a doubly phosphory

lated intermediate can be made more attractive in view of the half-of

the-sites reactivity model, later evidence for the E2·K complex (202) 

led to the suggestion that phosphatase substrates phosphorylate this 

complex to form E2-P which could also be formed in the presence of Na+ 

and ATP after dephosphorylation by K+. This would account for 

the stimulation by Na+ and ATP based on the reaction mechanism for the 

ATPase as well as the requirement for Mg2+ in order to stabilize E2 
(263, 264). Similarly, the sidedness of Na+ and K+ effects have been . 

suggested in a model (259) in which K+ alone acts at the cytoplasmic 

Na+ sites whereas Na+ and ATP phosphoryl~te the enzyme at these sites 

and expose the higher affinity, external K+ sites. 

Although the model invoking changes in affinity and orientation 

of the K+ sites is consistent with the kinetic data obtained from 

broken membrane preparations, experiments' in red cell ghosts indi

cate that only external K+ is stimulatory (286·). Therefore, the 

question remains whether a more complex model is relevant, e.g. one 

involving high andlow affinity external K+ sites that are sensitive 

to changes in concentration of ligands such as Na+ and ATP. To shed 

light on this problem, I have examined the sidedness of the alkali 

cation interactions with the phosphatase in inside-out red cell vesi-

cles using pNPP as substrate. 
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1.7 GENETIC DIMORPHISM IN SHEEP 

Sheep and goats are genetically dimorphic with respect ~o the 

intracellular K+ content of their red cells. The cells of one type 

have high K+ (HK) and the cells of the other type have low K+ (LK) 

concentrations, the latter being dominant (287). The difference in 

the K+ gradient acrass the red cell membrane is partly associated with 

the 4-fold higher rates of ouabain-sensitive Na+ and K+ transport (288) 

and (Na+,K+)-ATPase activity (289}, as well as a somewhat greater number 

of ouabain binding sites (290-292} in HK than in LK sheep cells. A 

similar number of ouabain binding sites is observed in both types of 

goat red cells (321). 

Different kinetic characteristics between the HK and lK en~me 

system are also evident, particularly when the assays are carried out 

at very low ATP concentrations under which condition Na+ activation 

of ATPase activity is readily apparent and is referred to simply as 
+ + Na -ATPase. Thus, although HK membranes ~ave a ten-fold greater Na -

ATPase activity than lK membranes,· the Na+-dependent ATP-ADP exchange 

reaction is only 2.7 times greater in HK {294) and suggests that a 

step subsequent to ADP release is an important factor in this diffe-

rence. 

A particularly stiking distinction between HK and LK is the 

interaction of K+ with the en~me system. This kinetic distinction 

between the two is shown in studies demonstrating differences in the 

affinities of HK and LK pump s.ites for intracellular K+, LK being 

strongly inhibited by K+ (131, 295). A difference in the interaction 

with K+ at the external surface, though less striking, is also reported 

(131). 
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An antibody (anti-L) raised in HK sheep injected with LK red cells 

increases the mte of ouabain binding to LK cells (291, 293) and 

stimulates the pump rate (297), probably by increasing the Na+/K+ 

affinity ratio at the cytoplasmic surface (148, 296, 298-300), 

consistent with Na+ and K+ competition with the enzyme i.e. to 

form E1.Na and E1.K forms, respectively (296). 

+ + + Studies of (Na , K )-ATPase support the mfference in K inter-

actions evidenced in studies of pump activity. K+ inhibits at the 

Na+ sites of LK goat red cell membranes (299-301) and studies of Na+

ATPase in membranes from sheep red cells assayed at very low ATP con

centrations have shown that the LK activity is inhibited whereas the 

HK activity is activated by K+~SmM (294, 302, 303). With LK goat 

membranes, the Na+/K+ affinity ratio of the (Na+, K+)-ATPase is low 

compared to HK, but increased by the addition of anti-L or by in

creasing the pH {304). At very low ATP {0.2 ~M) however, the earlier 

studies by Blostein et al (305) showed th~t anti-L increased the Na+

ATPase of LK sheep without changing the K+ inhibition profile. It 

may be that the failure to observe a kinetic change in the latter 

study is because higher concentrations of ATP, acting perhaps at a 

low affinity regulatory site(s), may be required for the change in 

the Na+/K+ affinity ratio • 

. 
Although the difference between HK and LK Na+-ATPase has been 

ascribed mainly to a difference in the interaction of K+ at intra

cellular sites, this has not been directly shown since all studies 

were done with broken membranes. 
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In the study of Cavieres and Ellory (296), a correction was made 

for incomplete occupation of external K+ sites using a saturation 

function obtained from ·influx experiments. The investigation des

cribed in this thesis was aimed to directly examine the K+ inter

actions at both the cytoplasmic and external surfaces using a sys

tem in which cation concentrations at both membrane surfaces could 

be controlled. Although intact red cells and ghosts are the sys

tems in which ion transport have been best characterized, the con

centrations of ligands and presence of interfering soluble enzYmes 

cannot be controlled in red cells or even in resealed ghosts. There

fore, I have prepared inside-out membrane vesicles from HK and LK 

red cells which are relatively free of contaminating enzymes by a 

modification of the method described for human red cells (306). Re

sults that will be presented suggest a difference in the interaction 

of K+ at both membrane surfaces and of ATP as the basis for the 

kinetic differences observed. 
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2. MATERIALS AND METHODS 

2.1 COLLECTION OF RED BLOOD CELLS 

Blood from normal human donors or from sheep is obtained by 

venipuncture. Nine volumes of blood are added to one volume of 0.1 M 

EDTA, pH 7.4. The blood is centrifuged for 5 minutes at 4°C at 3,000 

rpm in an International Equipment Co. Model B-20 refrigerated centri

fuge using a 947 rotor. The plasma and buffy coat are removed by 

suction and the cells are resuspended and washed three times with 

4 to 5 volumes of ice-cold 154 mM NaCl. 

2.2 PREPARATION OF INSIDE-OUT VESICLES 

Inside-out vesicles are prepared according to the method of 

Steck et al (306) for human blood as modified by ~lostein and Chu 

(168). Red cells are lysed with 20 volumes of ice-cold 5mM phosphoric acid 

buffered with Tris base to pH 7 .4, left for 10 minutes on ice, and centrifuged 

for 20 minutes at 10,000 x g at 4°C in a Sorvall RC-2B refrigerated 

centrifuge. with an SS-34 fixed angle rotor. The supernatant is 

discarded and 10 volumes of ice-cold H20 are added to the pellets 

(
11 ghosts") and left for 10 minutes on ice. Thirty volumes of ice-cold 5mM 

Tris P04, pH 7.4 are added and the ghost suspension is centrifuged 

for 20 minutes at 10,000 x g at 4°C. This procedure is repeated and 

.the supern?tant is removed. A fraction of the ghost preparation is 

~tored on tee, when necessary, and 25 volumes of ice-cold 0.5 mM 

Tris P04, pH 7.4 are aided to the rest. 
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The ghosts are left one hour on ice to allow inward vesiculation of 

the membrane. The ghosts are concentrated by centrifugation and ve

sicles are released from them by shearing, i.e. by passing the sus

pension five times throygh a 27 gauge needle. 

Sealed inside-out vesicles are separated from broken membranes 

by layering 3 ml of the suspension on a solution (14 ml) of Dextran 

T 70 ( Pharmaci a} ~ = 1.01 g/m1) made up by dissolving 4 g in 100 ml of, 

0.5 mM Tris phosphate, pH 7.4, containing 0.1 mM _MgC1 2; this solu~ion 

has previously been heated in a boiling water bath at l00°C for 

15 minutes and cooled on ice since preliminary studies showed that un

heated solutions dramatically reduced the ATPase activity of the 

vesicles. The preparation is centrifuged at 27,000 rpm (100,000 x G) 

for one hour in a Beckman L5-65 ultracentrifuge equipped with an SW-27 

swinging bucket rotor. The vesicles banding at the top of the tubes 

are presumably inside-out (ref. 306),:and_ are collected and slowly 

equilibrated with successively higher concentrations of Tris glycyl-
' ' ' 

glycine, pH 7 .4, containing 0.1 mM MgC1 2 (as described in ref. 168). 

The final vesicle pellet is suspended in 40 mM Tris glycylglycine, 

pH 7.4 containing 0.1 mM MgC1 2 at a protein concentration of 0.5 to 

1 mg/ml and stored on ice for no longer than five days. 

2.3 p-NITROPHENYL PHOSPHATASE ASSAY 

Unless indicated otherwise, p-nitrophenyl phosphatase, or pNPPase, 

is assayed at 5 mM Tris pNPP and 4 mM MgC1 2 in Tris glycylglycine~ pH 

7.4, and the chloride salts of cations added.as indicated in the figure 

legends. 
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Unless indicated otherwise, the reactions are stopped after 10-15 

minutes at 37° by addition of a similar volume of a quench solution 

containing 0.2 N NaOH, 2.5% SOS, and 4 mM EDTA as described by Otto

lenghi (307). Absorption of the product p-nitrophenol at 410 nm was 

determined. Values shown were corrected for the absorption by p-nitro

phenol produced due to hydrolysis in the absence of vesicles by sub

tracting the absorption observed in tubes to which vesicles were 

added after the reaction was stopped. pNPP and p-nitrophenol used as 

a standard are purchased from Sigma Chemical Company. pNPP (disodium 

salt) is converted to the Tris salt by ion-exchange on Dowex 50x4-200R 

specially washed cation exchange resin purchased from Sigma Chemical 

Company and adjusted to 0.1 M after titration to pH 7.4 using the molar 

extinction coefficient for pNPP of 8,000 measured at 305 nm. Strophan

thidin and valinomyc-in are purchased from Sigma Chemical Company. 

The results of experiments typical of at least three 

others are shown. The values shown are the differences between the means 

of replicate {~3) measurements wjth and without alkali cations i.e. the 

mean value for the choline chloride baseline is subtracted. Standard 

errors of the differences between the means are indicated. 

· For experiments in which ATP or Pi were added, pre-limina.ry tests · 

ascertained that they did not affect the choline baseline activity at all 

concentrations tested. Where indicated in the Legends to the Figures, 

linear regression analyses of double reciprocal plots of the activities 

observed versus added ligand or substrate were performed using a Hewlett

Packard Programmable Desk Top Computer model 9831A. All activities are 

expressed on the basis of milligrams of membrane protein measured. 
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2.4 3-0-METHYLFLUORESCEIN PHOSPHATASE ASSAY 

3-0-methylfluorescein phosphatase (3-0-MFPase) is assayed under the 

same conditions as pNPPase but with 3-0-methylfluorescein phosphate as 

substrate and measuring the product, 3-0-methyl fluorescein, by following 

its fluorescence in a continuously recording Aminco-Bowman spectro

photofluorometer (excitation maximum 475 nm, emission maximum 525 nm) 

equipped with a water jacket that maintains the cuvettes at 37° during. 

the course of the assay. 3-0-methylfluorescein phosphate and 3-0-

methylfluorescein used as a standard are purchased from Sigma Chemical 

Company. The results of experiments typical of at least 2 others are 

shown. The values shown are the differences between the values obtained 

with KCl and those obtained with choline chloride. Tbe activities are 

expressed on the basis of milligrams of membrane protein measured. 

2.5 NEURAMINIDASE ASSAY 

Sialic acid is determined by the method of Warren (308) as described 

by Perrone and Blostein (11). Total sialic acid is the amount released 

following incubation of the inside-out vesicles with 0.2 N H2so4 at 80° 

for one hour. Neuraminidase-sensitive sialic acid is the amount released 

after fn~ubation of vesicles with neuraminidase (50 ug/mg membrane 

protein; type lV grade, Sigma Chemical Company) in 0.2 M Tris acetate 

buffer, pH 5.7 for one hour at 37°. N-acetyl neuraminic acid is used 

as a standard and is purchased from Sigma Chemical Company. The results 

shown are the means of duplicate determinations and the values are 

expressed on the basis of milligrams of membrane protein measured. 
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2.6 ATPase ASSAY 

Na+-ATPase activity (measured by 32Pi released from [~- 32 P] ATP) 

of inside-out vesicles is measured as described else\<Jhere (168). One 

volume of vesicles is added to 9 volumes of a reaction medium in a 

final volume of 0.1 ml containing 10 mM Tris glycylglycine. pH 7.4, 

0.1 mM MgC1 2, NaCl, KCl, choline chloride, and [r-32P] ATP as indicated 

in the Figure Legends. After 1-5 minutes at 37°, 1.9 ml of 5% tri

chloroacetic acid containing 2.5 mM disodium ATP (purchased from Sigma 

Chemical Company) and 5 mM KH2Po4 is added to stop the reaction. One 

ml of Norit A charcoal (purchased from Fisher Scientific Company) in 

5% trichloroacetic acid (1.5 g Norit A charcoal/10 ml 5% trichloro

acetic acid) is added and incubated for one hour on ice, with occasional 

mixing, to adsorb the unhydrolyzed ATP. The charcoal is removed by 

filtration and aliquots of filtrate are counted for determination of 

radioactivity. Ouabain is purchased from Sigma Chemical Company. 

The results of experiments typical ·of at least three others are shown. The 

values are means of triplicate determinations, unless indicated otherwise, 

and the standard error of the mean is indicated, unless it falls within 

the size of the symbols used in the Figures. ~he values are corrected 

for the baseline activity observed in the absence of NaCl and presence of 

KCl. Activities are expressed on the basis ·of milligrams of membrane 

protein me~sured. 

Isotopically labelled ATP used in these experiments is prepared 

according to the method of Glynn and Chappe1 (309) as modified by Post 

and Sen (310). Thus, [~- 32P] ATP is prepared from ADP and 32Pi (New 
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England Nuclear Company) utilyzing the coupled reactions: 
GA3PD 

GA3P + 32Pi + DPN , 1 ,3 D32PG + DPNH 

PGK 
1 ,3 D32 PG + ADP~ ["'-32P] ATP + 3PG 

The [Y-32P] ATP is purified on a Dowex-1-Cl column (200-400 mesh, 2% 

cross-linked; purchased from Sigma Chemical Company} of 0.6 x 1.0 cm 

and neutralized with solid Tris base. The ATP concentration at pH 7.4 

is determined spectrophotometrically at 259 nm with a correction for 

non-specific ultraviolet absorption by correcting for the absorption 

at 280 nm as follows (311)~ 

{A259 - A280) = micromolar concentration of ATP 
15.9 X 0.85 

An aliquot is taken for determination of radioactivity. The specific 

radioactivity is 5 to 10 Ci/m mole. 

2.7 86Rb+ AND 22Na+ UPTAKE MEASUREMENT 

Samples of vesicles are added to the upper chamber of a Millipore 

filtration apparatus {Millipore Corporation} containing 10 ml of ice

cold buffer of identical composition as the uptake medium but lacking 

radioactive tracer, and immediately filtered through filter pads (type 

RA, 1.2 u; Millipore Corporation) and washed with 15 ml of the same 

buffer. The pads are then dried and their radioactivity is determined. 

The results of experiments typical of at least four ~thers are shown. 

Uptake is expressed on the basis of microliters of radioactive medium 

taken up per milligram of membrane protein measured. Conversion of this 

value to nanomoles per milligram simply involves multiplying by the 

medium Rb+ or Na+ concentration. 
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2.8 PROTEIN MEASUREMENT 

The protein concentration of membrane suspensions is determined 

by the method of Lowry et al (312) using crystalline bovine serum 

albumin (fraction V, Sigma Chemical Company} as a standard. 

2.9 OPTICAL DENSITY MEASUREMENT 

All spectrophotometric determinations are carried out in a Zeiss 

PMQ 11 spectrophotometer using quartz (Carl Zeiss Company or Beckman 

Instrument Company) or glass (Carl Zeiss Company or Helma Company) 

cuvettes with a 1 cm light path, and in the case of pNPPase assays, 

with semi-micro cuvettes (0.3 ml volume, 1 cm light path; Carl Zeiss 

Company). 

2.10 RADIOACTIVITY DETERMINATION$ 

Aliquots of aqueous samples of 32Pi and filtration pads containing 
86Rb+ or 22Na+ are placed in scintillation counting vials containing 

10 ml of a 1:1 mixture of toluene and Aquasol ll (New England Nuclear 

Company). The vials are counted in a Packard Tri-Carb model 3003 or a 

Searle model Delta 300 liquid scintillation spectrometer. 
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3. K+-STIMULATED pNPPase OF INSIDE-OUT MEMBRANE VESICLES FROM HUMA~. 

RED CELLS 

As described in Section 1.6, (Na+, K+)-ATPase catalyzes the Mg2+

dependent,K+-activated hydrolysis of p-nitrophenylphosphate (pNPP). 

This reaction is considered to be related to the terminal K+-depende~t 

hydrolysis of tte phosphoenzyme intermediate of (Na+, K+}-ATPase. Ki-. 

netic studies in a number of laboratories have led to several inter-

pretations of the reaction mechanism. A major problem has been that 

in most studies broken membrane preparations were used so that reac

tants and ligands could not be separately controlled at the two mem

brane surfaces. Although resealed human red cells ghosts were used 

in the study of Rega et al (286), small amounts of ligands,.1n parti

cular ATP and Na~ may have been present inside the resealed ghosts. 

In the present study, the sidedness of alkali cation activation 

of phosphatase activity was examined using inside-out vesicles prepared 

from human red cells according to the method of Steck et al (306). 

This system allows very precise control of the composition of the medium 

at the cytoplasmic surface (168, 170). 
f I 

It is also possible to load 

the vesicles with a particular cation {see ref. 168 and 170} and then 

either dilute them to reduce the extravesicular cation concentration 
. 

or wash them to remove virtually all of the free extravesicular cations. 

Since the vesicles used in these studies are inside-out, extrave

sicular Na+ and K~ equivalent to Na+ and K+ at the originally cytoplas

mic surface, are designated as Nacyt and Kcyt' respectively. 
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Similarly, intravesicular Na+ and K+ being Na+ and K+ at the originally 

external membrane surface, are designated as Naext and Kext' respectively. 

3.1 EFFECTS OF K+ 

As can be seen in Experiment A of Table 1, addition of 10 mM Kcyt 

alone stimulates pNPPase. The K+-stimulated activity is almost completely 

inhibited by the addition of 25 uM strophanthidin, a lipid-soluble cardiac 

glycoside. In Experiment B of Table 1, vesicles preequilibrated with 10 mM 

K+ i.e. approximately 10 mM Kext*' and then washed free of K+ at the cyto

plasmic surface have very little pNPPase. In fact, addition of the K+ iono

phore,valinomycin, does not reduce the small amount of K+ activation as 

expected if the K+ activation were, in fact, due to Kext· Thus valinomycin 

must have reduced Kext by about two orders of magnitude (intravesicular 

space~ls ul/mg; membrane protein used= 1 mg/ml). This suggests that the 

small activation by Kext is probably due to K+ remaining tightly bound at 

sites at the other (cytoplasmic) surface. 

The ·response of pNPPase to varying Kcyt was tested. The K0•5 ob

served in experiments with several separate preparations was about 1 mM 

with maximal activity at about 10 mM Kcyt' In the representative experiment 

shown in Figure 3, the Ka.s calculated by linear regression analysis of 

double reciprocal plots of the data was 0.8 mM. Although other investigators 

have observed sigmoidal activation by K+ (265), the relatively large vari

ances in measurements at low Kcyt preclude a more precise analysis of Kcyt 

acti va ti on. 

*Throughout this stody, the concentration of Na+ and K+ at the external 
· surface is given as that used to load the vesicles. In general, 70-80% 

equilibration was attained after overnight loading. 
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EXPERI::GlT ADD IT I o:~s ( m~·1) · K+ -STY:.tULATED 

A 

8 

Kcyt 

10 
10 
10 

0 

0 

K ext 

0 
0 
0 

10 
10 

TABLE 1: SI0£0HESS OF K+ EFFECTS ON pNPPASE 

Stroph. Val. 

0.025 
0.250 

+ 

ACTIVITY (nmoles/min/mg) 

0.98 i: 0.04 
0.06 ± 0.02 
0.06 ± 0.04 

0.08 t 0.02 
0.12 ± 0.02 

Yes1c1es (1 mg prote1n/m1 suspended and stored fn 40mM Tris glycylglycine. pH 7.4) are con· 

centrated to one-fifth their original volume by centrifugation. In E~per1ment A. 1 volume 

of 1 solution containing 44 mM MgC1 2 and 110 mM choline chloride fs added to 10 volumes of 

vesicles to obtain final concentrations of 36 mM Tris glycylglycfne. pH 7.4. 4 mM MgClz• 

and 10 mM choline chloride. The vestcles.are equilibrated overnight on fee followed by 

25 11fnute at 37•. 0.005 volumes of absolute ethanol or S mM or SO mM strophanthidin fn 

lbsolute ethanol are added as indicated and the vesicles are incubated for 5 minutes at 

37•. They are then added to 9 volumes of reaction medium fn a ffnat volume of 0.1 ml con· . . .. 
tainfng 4 mM Tris glftylglycfne. pH 7.4. 4 mM Mgct 2• S mM pNPP (Tris form). pH 7.4. 10 mM 

KC1 or choline chloride. as indicated. and 0.005 volumP.s of ethanol or 25 pM or 250 pH 

strophanthfdfn. as fndfcated. 

In rxperfment B. 5-fold concentrated vesicles are added to an equal volume of 20mM KCl or 

cbo11ne chloride and 8 mH HgC1 2 to obtain a final concentration of 20 mM Tris glycylgly· 

cfne. · 10 mM KCl or choline chloride, as indicated, and 4 mM HgC1 2• The vesicles are 

equ1lfbrated overnight on fee followed by 30 minutes at 37'". The vesicles are then dtluted 

19-fold with a solution of sfmilar composition. except that l+ fs replaced by. choline. and centrifuged. 
The supernatant is removed and the pellet fs washed without resuspensfon as follows: 

1 111.of the same solution fs added and after 2 minutes on ice, removed. and the washing 1s 

repeated three times; the vesicles are then resuspended to their original volume (after 

loading). One volume of vesicles ts added to four volumes of reaction medium fn a ftnal 

vol~.~~~e of OJ ml of the sa~re t011pos1t1on as tn Experiment A, but with 0.0022 volumes of 

ethanol or 0.45 ~~ valfnomycfn tn ethanol, as indicated, fnstead of strophanthfdin. 

Jn both experiments. the reactions tre allowed to proceed for 10 minutes at 37° and 

then stopped with o.z 1111 of a quench so1ut1on (see Sect1on 2.3). The values shown 

lrt corrected for the activity observed In the absence of KCt and presence of choline 

chloride (1.18! 0.01 and O.il! 0.02 n moles/mfn/mg for experiments A and a. respectively). 
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1.5 

1.0 

0.5 

0 
0 2 4 6 8 

Kcyt (mM) 

FIGURE 3: EFFECT OF VARYING Kcyt ON pNPPase 

0.01 volumes of 1 M choline chloride and 0.04 volumes of 0.1 M Hgct2 are added to one 

volume of vesicles to obtain final concentrations of 38 mM Tris glycylg1yc1ne, pH 7.4, 

10 m~ choline chloride, and 4 mM MgCt2• The vesicles are equflibrated·overnfght on ice 

followed by 30 minutes at 37'". They are then added to an equal volume of reaction med1W11 

• 1n a final volume of 0.15 ml containing 19 mM Tris glycylglycine, pH 7.4, 4 mM Mgc1 2, 5 mM 

pNPP (Trfs form), pH 7.4, KC1 as indicated with choline chloride present to maintain 

1 final chloride concentration of 10 mM. The reactions are allowed to proceed for 10 mfnu· 

tes at 37'" and then stopped with 0.15 ml of a quench sotutfon (see Section 2.3). The values 

shown are corrected for the activity observed fn the absence of KCl and presence of choline 

chloride {0.82! 0.03 n moles/mfn/mg). The curve js drawn by ete. linear regression 

analysts of double reciprocal plots of these data were carried out and the value for K-
·v.S 

obtained was 0.8± 0.1 mM (r• 0.8B9J). 

10 
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The response of pNPPase to varying pNPP concentrations at 10 mM Kcyt 

is shown in Figure 4 and indicates a K0.5 for pNPP of about l·mM and 

shows that almost max·imal activity is observed at 5 mM pNPP, the con

centration used in all other experiments. 

Although Kext alone does not activate pNPPase, the possibility 

remains that Kcyt activation requires Kext• As shown in Experiment A 

of Table 2, addition of valinomycin to a reaction medium containing 

0.5 mM K+ in order to equilibrate K+ on both sides of the membrane 

does not increase the activity above that observed in the control 

(Kcyt). However, the possibility still remains that only a small 

amount of Kext is required since it is observed that about 10% of 

the congener 86Rb + penetrated the vesicles du.ring the 5 minute incu

bation in the ~esence of 5 mM pNPP (see Figure 15}. 

In an effort to counteract and/or minimize the possible effect 

of Kext' the following experiments were carried out. 

(i) In experiment B of Table 2, pNPPase is assayed for 5 minutes 

in the presence of 1 mM Kcyt· The vesicles are pre-equilibrated with 

50 mM Na+. i.e. approximately SO mM Naext' and washed free of Na+ at 

the cytoplasmic surface. A significant change in activity could not 

be detected, suggesting that Naext competition with Kext is not occur

ring or fs ineffective, at least under this condition. 

(ii) If sman amounts of Kext are absolutely required, it was 

reasoned that the time-course of pNPPase in the presence of Kcyt 

should show a lag until sufficient K+ penetrated the vesicles. 
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FIGURE 4; EFFECTS OF VARYING pNPP ON_ K+ -STIIU.ATED pNPPase 

Vesicles are concentrated to one fifth their original volume by centrifugation and 

are added to an equal volume of a solution containing 8 mM MgC12 and 20 mM choline chlo

rtde to obtain final concentrations of 20 mM Tr1s glycylglycine. pH 7 .4. 4 mM ~12 , and 

10 ~choline chloride. The ves1c1es are allowed to equilibrate overnight on fee followed 

_by 3Q lllfnutes at 37•. One volume of vesicles fs then added to 4 volumes of reaction me-

dtu. tn a final volume of 0.1 ml containing 4 mM Tris glycylglycine, pH 7.4, 4 mH HgCt2, 

• 10 RH KCl, pNPP (Trts form), pH 7.4, as tndfcated with cholfne chloride present to mafn

tlfn an osmotari~ equivalent to that of 10 mM pNPP (Trfs form), pH 7.4. The re

actions are allowed to proceed for 15 minutes at 37° and then. stopped with 0.2 ml of a 

quench solution (see Section 2.3]. The values shown are corrected for the activf~ ob

served tn the absence ~f KCl 1nd presence of choline chloride (0.30!0.02, 0.36tO.Ol, O.S3t 

0.02, 0.81t0.01, l.lJt O.Oo, 1.77t0.04, and 2.49t0.05 n moles/mfn/mg at 0.1,0.2,0.5,1,2,5, 

tnd 10 mH pNPP, respecthely). The curve is dr.:~wn by eye. Linear regression analysis 

of double reciprocal plots of these data were carried out and the value fer ~o.s obtained 

wasl.2t0.1 mH (r• 0.9807). 
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EXPERWENT ADDITIONS (mM} K+ -STIMULATED 

A 

B 

Naext Kcyt V al. ACTIVITY (nmoles/min/mg) 

0 0.5 0.36 ± 0.04 

0 0.5 + 0.31 ± 0.04 

0 1.0 0.49 ± 0.07 

50 1.0 0.43 ± 0.08 

50 0 0.00 

TAB:E 2: EFFECTS OF VALINOMYCIN AND Naext ON Kcyt·ACTIVATED pNPPase 

In Experiment A. 0.04 volumes of O.lM MgC1 2 and 0.013 volumes of lM choline chloride 

are added to one volume of vesicles to obtain final concentrations of 17 mM Tris glycyl

glyctne. pH 7.4, 4 mM MgC1 2• and 14 mM choline chloride. The vesicles are equilibrated 

overnight on fee followed by 20 minutes at 37°. 0.0022 volumes of 0.45 mM valinomycin 

1n absolute ethanol is added to a fraction of the vesicles, as indicated, and all the 

vesfc!es are incubated for 10 minutes at 37°. They are then added to an equal volume of 

reaction medium in a final volume of 0.15 ml containing 18.5 mM Trfs glycylglycine, pH i.4. 

4 mH MgC1 2• 5 mM pNPP (Tris form). pH 7.4. KCl as indicated with choline chloride added to 

maintain a final chloride concentration of 17 mM. and 0.0022 volumes of 0.45 mM valinomy

cin fn absolute ethanol. as indicated. 

In Experiment 8, vesicles are concentrated to one fifth their original volume by cen

trifugation and are added to 0.055 volumes of lM choline chloride or NaCl. as indicated, 

to obtain a final concentration of 38 mM Trfs glycylglycine, pH 7.4 and 50 mM choline 

chloride or NaCl. The vesicles are equilibrated overnight on ice followed by 30 minutes 

at 37°. They are then·washed by diluting them 19-fold with 1 solutfonof sfmflar composition 

~Kc:ept that Na+ was replaced by chbline. Following centrifugation. the supernatant is removed 

and the pellet is washed without resuspension as follows: 1 •1 of the same solution is added 

and ~fter 2 minutes on fee. removed. and the washing is repeated three times; the vesicles 

are then resuspended to their original volume (after loading). The vesicles are then added 

to 9 volumes of reaction medium containing 40 mM Trfs glycylglycine. pH 7.4. 4 mM MgC1 2• 5 mM 

pNPP {Trls form). pH 7.4. KC1 as indicated with choline chloride added to mafntafn a final 

chloride concentration of 38 mM. in a final volume of 0.15 •1. 

Six replicates (Experiment A) or five replicates (Experiment B) are allowed to react 

for 5 •1nutes at 37° and then stopped with 0.15 ml of a quench solution (see Section 2.3). 

The values shown are corrected for the activity observed in the absence of NaCl or KCl and 

presence of choline chloride (0.36t0.01 and 0.23t0.00 n moles/min/mg for Experiments A and a. 
respectively). 
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As shown in Figure 5, a lag is not observed. 

(iii) If the Kext requirement is sufficiently small, e.g. ~0.05 mM, 

Kext may have reached its necessary level within a very short period 

e.g. within the first few minutes, at least with Kcyt = 1 mM, and a 

lag would not be apparent under the condition of Figure 5. Therefore, 

another measure of the time-course of K+-activated phosphatase activity 

was carried out using the fluorescent phosphatase substrate, 3-0-methyl

fluorescein phosphate (313}. As seen in Figure 6, the 3-0-methylfluo

rescein phosphatase (3-0-MFPase) activity is linear with the protein 

concentration in the reaction medium within the range used for these 

studies (up to 0.2 mg). A trace of the continuous recording of the 

fluorescent product 3-0-methylfluorescein is shown in Figure 7 and in

dicates linearity from the onset of the reaction. · Furthermore, it is 

seen that Kext alone does not activate 3-0-MFPase. However, the 3-0-

MFPase does not follow Mi chae 1 is-Men ten kinetics, as shown in Figure 8. 

Although lack of knowledge regarding other possible k·inetic dif

ferences between these two phosphatase substrates precludes conclusive 

interpretation of these results, the observations described above strongly 

argue against a requirement for Kext~ If pNPPase activation by K+ is 

due to Kext as well as Kcyt' less than 0.05 mM is required, i.e. there 

may be sufficient Kext in the absence of valinomycin (see Experiment A 

of Table 2) due to K+ penetration from the cytoplasmic side. This 

estimate of Kext is based on the measured amount of alkali cation (Rb +) 

that penetrates the vesicles under the conditions of the assays shown in 

Figure 5, Figure 7, and Table 2. 
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FIGURE 5: Tlf.£-COURSE OF pNPPase 

Vesicles are concentrated 10 fold by centrifugation and then added to 10 volumes of 

reaction medium fn a final volume of 0.55 ml containing 3.6 mM Trfs glycylglycine, pH 7.4, 

4 MM .Mgc12, 5 mM pNPP (Tris form), pH 7.4, and 10 mM choline chloride or KCl, as indicated • 

The reactions are carried out at 37• and at the times indicated, 0.1 m1 samples are assayed 

·by adding them 1P 0.2 ml of a-quench solution (see Section 2.3). The values shown are from 

single determinations. 
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FIGURE 6: EFFECT OF PROTEIN CONCENTRATION ON K+·STIMULATED 3-G-MFPase 

Vesicles are added to 31 volumes of reaction medium 1n a final volume of 3.1 ml con

taining 40 mM Tris glycylglycfne, pH 7.4, 4 mM MgC12, 5 pM 3~-methylfluorescein phosphate. 

and 10 mM choline chloride or KCl. The assays are performed for 10 minutes at 37° as des

cr1~d 1n Section 2.4. At each protein concentration tested. the baseline activity ob

tained with choline chloride is subtracted from the value obtained with KCl(z.o. 9.5, 13.5, 

• and 22.1 P moles/mln at 0.023, 0.046, 0.115, and 0.230 mg protein, respectively), The values 

shown are the differences obtained from single determfnatfons • 
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FIGURE 7: TIHE-COURSE OF 3-Q-WPase 

0:01 volumes of 1 M cho11ne chloride or KCl. as 1nd1~ted. are added to one volume 

of vesfc1es whieh are then allowed to incubate overnight on ice followed by 5 minutes at 

31'. The vesicles are then added to 30 volumes of reaction Medium 1n a final volume of 

3.1 •1 containing 40 mM Trfs glycylglycine, pH 7.4. 4 mH HgClz• 50 pM 3-0-methylfluorescefn 

phosphate. and 10 11114 choline chloride or KCl. as 1nd1cated. The usays are performed at 37° 

. for the tfme periods indicated (see Section 2.4). Traces of tile or1g1na1 recordings are 

·shown. 
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3-0-METHYLFLUORESCEIN PHOSPHATE (pM) 

FIGURE 8: EFFECT OF 3-0-METHYLFLI.IORESCEIN PHOSPHATE CONCENTRATION ON 3-0-M'Pase 

0.01 volumes of 10 mM choline chloride · are added to one volume of vesicles. 

and are then allowed to equ11fbrate overnight on fee followed by 5 minutes at 37°. 

The vesicles are then added to 30 volumes of a reaction medium fn a final volume of 3.1 ml 

contafnfng 40 mM Tr1s glycylglycine, pH 7.4, 4 mM HgC12, 3-G-methylfluorescein phosphate as 

tnd1cated, and 10 mM choline chloride or KCl. The assays are perfonned for 10 minutes at 

37D (see Section 2.4). The values shown are the K+·stimulated act1v1tfes, corrected for the 

actlvfty observed in the absence of KCl and presence of choline chloride (0.03, 0.13, 0.26. 

50 

and 1.46 n moles/min/mg at 1, 10, 25, and 50 uM 3-0-methylfluoresce1n phosphate, respectively). 

The curve ;, drawn by eye. 
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Thus, in I) test of renmabil i ty of 86 P.b + in the presence of 5 mM pNPP 

{see Figure 15), 10>, penetrates the vesicles in 5 minutes and about 20~~ 

penetrates in 10 minutes. Penetration is reduced by 50% when pNPP is omitted. 

3.2 EFFECTS OF Na+ 

Na + at either or at both membrane surfaces, i.e. in the presence of 

gramicidin, does not significantly activate pNPPase activity {Experiment B, 

Table 2 and Experiment A,Tab1e.3). In the presence of K+ at either or both 

membrane surfaces, a significant further stimulation by Nacyt could not be 

detected (see Experiments Band C of Table 3). In fact, Experiment B of 

Table 3_ shows that a relatively high concentration of Nacyt{50 mM} inhibits 

the pNPPase observed in the presence of 10 mM Kcyt• Although an activation 

by Na + plus K+ at K+ ~ 1 mM has been observed by others {259 ,262,265), at 1 mM 

Kcyt the K+ activation, per se, was relatively small, the baseline activity 

.without Na+ or K+ being. 0.75± 0.03 n moles/min/mg· in Experiment B of Table 3 

(see Legend). Thus, ~his effect of Na+, if present, could not be evaluated 

wit~ sufficient confidence. Except for the usual stimulation by Kcyt and 

. inhibition by Nacyt(50 mM) mentioned above, other differences were not sta

tistically significant at the p~0.05 level { see Table 3). 

3.3 EFFECTS OF ATP 

As seen in Figure 9, ATP inhibits pNPPase observed in the presence of 

Kcyt alo~e with a K0•5 for inhibition of about 0.1 mM ATP*. In contrast, 

ATP stimulates in the presence of Nacyt' Kext' and Kcyt' as shown in Figure 

10. With Na+ and K+, maximal activation is observed at 50 uM ATP, inhibition 

occuring at higher ATP concentrations. 

* Figure 9, estimated by eye 



TABLE 3: EFFECTS OF Na + ON pNPPase 

In Experiment A, vesicles are concentrated 4-fold by centrifugation and are added to an equal volume of a solution containing 

0.134 M choline chloride and 0.1 mM MgCt2 to obtain a final concentration of 20 mM Tris glycylglycfne, pH 7.4, 67 mM choline 

chloride, and 0.1 mM Hgct 2• The vesicles are allowed to equilibrate overnight on fee followed by 20 mfnutes at 37°. 0.01 volumes 

of absolute ethanol (control) and 0.01 volumes of 0.7 mg gramfcfdfn per ml of absolute ethanol are added to one volume of vesicles 

and the vesicles are incubated for 10 minutes at 3~. One volume of vesicles 1s then added to 4 volumes of reaction medium fn a 

final volume of 0.15 ml containing 14 mM Tris glycylglycine, pH 7.4, 4 mM MgC1 2, 5 mM pNPP (Tris form), pH 7.4, 10 mM NaCl, as 

1nd1cated, wfth choline chloride present to maintain a final chloride concentration of 64.4 mM, and 0.01 volumes of absolute 

ethanol or 0.7 mg gramicidin per ml absolute ethanol, as indicated. The reaction is allowed to proceed for 10 minutes at 37° and 

then stopped with 0.15 ml of a quench solution (see Section 2.3). The values shown are-corrected for the activity observed in the 

absence of NaCl or KCl and presence of choline chloride (0.3lt0.01 n moles/mfn/mg}. 

In Experiment B, vesicles are conce~trated 10-fold by centrifugation and are loaded as described above. 0.0022 volumes of 

absolute ethanol or 0.45 mM valinomycin in absolute ethanol are added as indicated to samples of v~sfcles and the samples are 

incubated for 10 minutes at 37°. One volume of vesicles is added to 9 volumes of a reaction medium in a final volume of 0.15 ml 

'containing 14 mM Trfs glycylglycine, pH 7.4, 4 mM MgC12• 5 mH pNPP (Trfs form), pH 7.4, KC~ and NaCl, as indicated. with choline 

chloride present •o maintain a final chloride concentration of 64.4 mM, and 0.0022 ml of absolute ethanol or 0.45 mM valinomycin 

tn absolute ethanol. as indicated. The assays are performed as described above and the choline chloride baseline was 0.75t0.03 

n a:Jles/mfn/mg. 

In Experiment C, vesicles are concentrated 5-fold by centrifugation and are added to an equal volume of a solution containing 

40 ~ Trfs glycylglycine, pH 7.4, 8 mM MgC1 2• and .20 mM KCl to obtain a final concentration of 40 mM Tris glycylglycine, pH 7.4, 

.4·mK MgClz• and 10 mM KCl. The vesicles are equilibrated overnight on fee followed by 30 minutes at 37° and are washed by diluting 

them 19-fold with a solution of similar compost tion, except that K+ was replaced by cholfne. After centrifugation, the supernatant 

fs removed and the pellet fs washed without resuspensfon as follows: 1 ml of the same solution fs added and after 2 minutes on fee, 

removed, and the washing 1s repeated th~e ~fmes; the v~sicl~s a~ th~n ~suspend:d ~their original volu~ {af~er loading). 

Ooe volume of vesicles is added to 4 volumes of reaction medium fn a final volume of o.l ml containing 4 mM Trfs glycylglycfne, 

pH 7.4, 4 mM Mgct
2

, 5 mM pNPP (Tris form), pH 7.4, HaCl, as indicated, with choline chloride present to maintain a final chloride 

concentration of 10 mM. The reactions are allowed to proceed for 15 minutes at 37° and then stopped wfth 0.2 ml of a quench 

solution (see section 2.3). The values shown ar9 corrected for the activity observed in the absence of NaCl or KCl and presence 

of choline chloride (0.66±0.03 n moles/min/mg). 

•] Differences between these act1Y1t1es (total actfvfey, choline baseline not subtracted} were not stat1st1ca11y significant 
b • ) . (p>0.05 as determined by Student s t-test • . 
c 
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TABLE 3 

ADDITION (mM) 
. + + Na or K -STIMULATED 

Nacyt Kcyt Kext Val. Gram. ACTIVITY (nmoles/min/mg) 

10 

10 

0 

10 

50 

0 

10 

50 

0 

10 

50 

10 

50 

0 

10 

0 

0 

1 

1 

1 

1 

1 

1 

0 

0 

0 

0 

0 

(1) + 

{l) + 

(1) + 

10 0 

10 0 

10 0 

0 0 

0 

0 

0 

0 

10 

10 

+ 

+ 

0.10± 0.05 

0.09± 0.06 

0.34± 0.07 
a 0.24-:1: 0.10 
b 0.31± 0.07 

0.40± 0.08 
a 0.52t 0.10 
b 0.34± 0.08 

0.72± 0.07 

Q.69t 0.08 

0.23± 0.10 

c 0.17± 0.10 

o.oo 

0.15± 0.06 

0.18± 0.06 

c 
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FIGURE 9: EFFECT. OF ATP ON Keyt-ACTIVATED pNPPase 

Vesicles are concentrated 7.5-fold by centrifugation and are added to an equal volume 

of . a solution containing 8 mM HgC12 and 20 mM choline chloride to obtain final concen

trations of 20 mM Tris glycylglycine, pH 7.4, 4 mM HgC1 2, and 10 mM choline chloride. The 

vesicles are equilibrated overnight on fee followed by 30 minutes at 37•, One volume of 

vesicles is then added to 4 volumes of reaction medium in a final volume of 0.1 ml con

taining 4 mM Tris glycylglycine, pH 7.4, 4 mH MgC1 2, 5 mM pNPP (Tris form), pH 7.4, 

10 mM KCl, and ATP as indicated. The reactions are allowed to proceed for 15 minutes at 

3~ and then stopped with 0.2 ml Of a quench solution (see Section 2.3). The values shown 

&re corrected for the activity observed in the absence of KCl and presence of choline 

ch1orfde (0.63t0.02 n moles/min/mg), The curve is drawn by eye. Preliminary experiments 

(not shown) ascertained that at all concentrations tested, ATP did not change the cholfne 

. baselfnc activity. 
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FIGURE 10: EFFECTS OF ATP ON K+ ·ACTIVATED pNPPase WITH Nacyt 
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0.8 

les·fcles are concentrated 7 .s.fold by centrifugation and are then added to an equal 

volume of a solution containing 8 mM Mgc12.and 20 mM KCl to obtain a final concentration 

of 20 mM Tris glycylglyctne. pH 7.4. 4 mM MgC1 2• and 10 mM KCl. The vesicles are equ111· 

brated overnight on 1ce followed by 30 minutes at 37°. One volume of vesicles fs added to 

1.0 

4 volumes of reaction medium in a final volume of 0.1 ml containing 4 mM Tr1s glycylglycine. 

PH 7.4. 4 mM MgC12• 5 mH pNPP (Trfs form). pH 7.4. 10 mH HaCl. 2 mM KCl. and ATP as indicated. 

The reactions were allowed to proceed for 15 minutes at 37° and stopped with 0.2 ml of a 

quench solution (see Section 2.3). Toe values shown are corrected for the activity observed 

tn the absence of HaCl or KCl and presence of choline chloride (0.67t0.02 n moles/min/mg). 

Prelfmfnar.J experiments (not shown) ascertained that at all concentrations tested, ATP did 

not change· the choline baseline activity. The curve is drawn by eye. 
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In the experiment shown in Figure 10, the presence of 2 m~1 Kcyt in the 

presence of Nacyt and Kext is due to the 5-fold dilution of t.he vesicles 

equilibrated with 10 m~·1 K+. The question then remained whether Kcyt or 

Kext or both were required for the ATP plus Nacyt activation. 

~lith K+-1oaded, washed vesicles {Experiment A, Table 4} and Nacyt' 

ATP was without effect. A small degree of activation with ATP, Kcyt 

and Nacyt above that observed with Kcyt alone was apparent in some ex

periments, e.g. Figure 11 and Experiment C, Table 4, and is presumably 

due to Kext i.e. K+ which had penetrated the vesicles since, in other 

experiments (Experiment B, Table 4)·, activation could not be detected. 
. . . ' 

Howerver, with K+ at both surfaces, even at low concentrations a marked 

stimulation with ATP plus Nacyt was detectea (Experiments A and C, Table 

4). The effects of varying the Kext concentration in ~he presence of 

Nacyt and Kcyt is illustrated in Figure 11 and shows that Ke~t is inef

fective unless 10 uM ATP is added, in which case almost-maximal activity 

is observed with 0.2 mM Kext· ~imilarly, Figure 12 shows that Nacyt has 

no effect in the presence of Kcyt and Kext unless· la uM AiP is added, in 

which case as much as a doubling in activity occurs and almost maximel 

activity is observed with 1 mM Nacyt• 

It is of particular interest to note that whereas valinomycin ad

dition fails to increase K+-activation with 0.2 mM Kcyt added alone, 

marked stimulation is observed when ATP and Nacyt are added as well 

(Experiment C, Table 4). 

3.4 EFFECT OF Pi 

The efiect of increasing Pi concentrations on the pNPPase in the 

presence of 10 mM Kcyt is shown in Figure 13. 
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EXPERWENTS ADDITIONS (m~4) Na+ and/or K+ -STIMULATED 

ATP Nacyt Kcyt Kext Val. ACTIVITY (nmoles/min/mg) 

A 0 10 0 0.5 0.00 

0 10 0.5 0.5 0.20 :1: 0.06 
0.01 10 0 0.5 0.07 t 0.05 

0.01 10 0.5 0.5 0.50 t 0.06 

B 10 1.0 0 0.24 + o. 10 

0.01 10 1.0 0 0.32 i: 0.07 

c 0 10 0.2 0 0.46 ± 0.07 

0 10 0.2 {0.2) + 0.56 ± 0.07 

O.Ol 10 0.2 0 0.74 + 0.07 

0.01 10 0.2 {0.2) + 1.53 ± 0.10 

TABLE 4: t.FFECTS OF K+ ON pNPPase WITH Nacyt AND ATP 

In Experiment A, vesicles are concentrated 5-fold by centrifugation and are then added to an equal volume of a solution 
. ' . . 

· containing 40 mM Tris glycylglycine, pH 7.4. 8 mM MgC1 2, 1 mM KCl, and 19 mM choline ch~oride to obtain a ffnal concentration of 

40 I!IM'·.Tris glycylglycine, pH 7 .4, 4 mM MgC1 2, 0,5 mM KCl, and 9-.5 mM choline chloride. The vesicles are equilibrated overnighton 

1ce followed by 30 minutes at 37°and are then diluted 19-fold with a solution of similar compos1t1on,except that K+ was replaced b. 
cholfne

1 
and centrifuged • The supernatant is removed and the pellet is washed without resuspension as follows: 1 ml of the 

same solution 1s added and after 2 minutes on ice, removed, and the washlng is repeated three times; the vesicles are then 

resuspended to their original volume (after loading). One volume of vesicles is then added to 4 volumes of a reaction medium 

1n 1 final volume of 0,1 ml containing 4 mM Tris glyeylglycfne, pH 7.4, 4 mM MgC1 2, 5 mM pNPP(Tris form), pH 7,4, 10 mM NaCl, 

0.5 mM KCL, as indicated, and 10 pM ATP, as indicated. The reactions are allow~d to proceed for 15 minutes at 37° and then 

stopped with 0.2 ml of a que~ch solution (see Section 2.3). The values shown are corrected for the activity observed in the 

absence of NaCl or KC1 and presence of choline chloride {0.66±0.03 n moles/min/mg). 

In Experiment B, the vesicles are concentrated 10-fold by centrifugation and are added to an equal volume of a solution 

containing 20 mM choline chloride and 0.1 mM HgC12 to obtain 1 final concentration of 20 mM Trfs glyeylglycine. pH 7.4, 10 mM 

cholfne chloride, and 0.1 mH HgC1 2• The vesicles are allowed to equilibrate overnight on ice followed by 30 minutes at 37°. One 

volume of vesicles is then addded to 4 volumes of reaction medium in a final volume of 0.15 ml containing 14 mH Tris glycylgly

cine, pH 7.4, 4 mM HgC1 2.' mM pliPP (Tris form), pH 7.4, 1 mM KCJ, 10 mM NaCl or choline chloride, as indicated, and 10 Jd1 ATP, 

as 1ndfcated. The assays are performed as described above. The values are corrected for the activity observed in the absence 

of NaCl or KCl and presence of choline chloride (0.75±0.03 n moles/min/mg). 

In Experiment C, vesicles are concentrated 4~fold and 0.0022 volumes of absolute ethanol or 0.45 mM valinQfflYcfn fn absolute 

ethanol are added to samples of vesicles and the samples are incubated for 10 minutes at 37°. One volume of vesicles is added to 

t volumes of reaction medium in a final volume of 0.15 ml containing 4 mM Tris glyeylg1yc1ne, pH 7.4. 4 mM Hgct2, 5 m.~ pNPP (Tris 

form), pH 7.4, 10 mH NaCl, 0.2 mM KCl, 10 pH ATP. as indicated. and 0.0022 volumes of absolute ethanol or 0.45 mM valinomycin fn 

absolute ethanol, as indicated. The reactions were allowed to proceed for 15 minutes at 37° and stopped with 0.15 ml of a quench 

solution (see Section 2.3). The values are corrected for the activity observed in the absence of NaCl or KCl and presence of 

choline chloridP (0.82!0.04 n moles/min/mg). ATP (10 yM) alone had no effect on the choline baseline activ1ty (preliminary 

experiments, not shown). 



1.5 

,..... 
c:» 
E 

........ 
c 

1.0 ·-E 
........ 

Cl) 
Cl) -0 
E c -Cl) 
Cl) 0.5 ftS 
D.. 
D.. 
z 
a. 

0 

61 

+10 pM ATP 
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fiGURE 11: EFFECT OF VARYING Kext ON pNPPase Willf Keyt' Maeyt AND ATP 

10 

'lesfcles are concentrated 5-fold by centrifugation and are added to an equal volume 

of 1 solution containing 8 mM MgClz and KCl with choline chloride present to maintain the 

total chloride concentration at 20 mM so that final concentrations of 20 mH Tris g1ycy1-

glyc1ne, pH 7.4, 4 mM Hgc1 2, and KCl, as indicated, are obtained with choline chloride 

present to maintain the total chloride concentration at 10 mM. The vesicles are equili

brated overnight on fee followed by 30 minutes at 37°. One volume of vesicles fs then 

added to 9 volumes of reaction medium 1n a final volume of 0.15 ml containing 18 mM Trfs 

glyeylglyefne, pH 7.4, 4 mM MgC12, 5 mM pNPP (Trfs form), pH 7.4, lmH KCl, 10 mH NaCl, 

and 10 ~M ATP as indicated. The reactions are allowed to proceed for 15 minutes at 37• 

and then stopped with 0.15 •1 of a quench solution (see S~tfon 2.3). The values are 

corrected for the actfvtty observed fn the absence of NaCl or KCl and presence of choline 

ehlorfd~ (o.67i0,02 n moles/mfn/mq). ATP (10 ~M) alone had no effect on the choline 

baseline acthfty (preliminary experiments, not shown). The curves are drawn by eye. 
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fiGURE 12: EFFECT OF VARYUIG Naeyt Oft pNPPase WITH r.• MD ATP 

Vesicles are concentrated 5-fold by centrifugation and added to 0.1 volumes of a 

solution containing 44 mM MgC12 and 110 mM KC1 to obtain a final concentration of 36 mM 

Tns glycytglycine, pH 7 .4. 4 mM MgC1 2, and 10 mM KCl. The ftSfcles are equilibrated 

ove~fght on fee followed by 30 minutes at 37°. One volume of vesicles 1s then added 

to 9 volumes of reaction medium in a final volume of 0.1 •1 containing 36 mM Tr1s g1y

~1gtyc:fne, pH 7.4, 4 mH MgC1 2, 5 mH pNPP (Trfs form), pH 7.4, 1 mM KCl, NaCl as in

cHeated, with choline chloride present to maintain the ffMl chloride concentration 

at 10 JaM, and 10 ~M ATP as indicated. The reactions are allowed to proceed for 15 

lrinutes at 37° and then stopped with o.z ml of a quench solvtton (see Section 2.3). 

The values shown are corrected for t~e activity observed t• tbe absence of NaCl or KCl 

end presence of choline chloride (o.63t0.02 n moles/mfn/mg). ATP (10 pH) alone had no 

effect on the choline basel1ne activity (preliminary expert.ents, not shown), The 

cv"es ere drawn by eye, 

+10pM J(rP 

CONTROL 
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FIGURE 13: EFFECT OF Pf ON Keyt·ACTIVATED pNPPase 

Yestcles are concentrated 10-fold by centrifugation and are added to an equal volume 

of • solution containing 40 mH Trfs glyeyiglycine, pH 7.4. 14 mH choline chloride, and 

0.1 mM MgC12 to obtain final concentrations of 40 mH Tris glyeylglyefne, pH 7.4. 7 mM 
' choline chloride, and 0.1 mM H;C12• The vesicles are equilibrated overnight on ice 

followed by 30 minutes at 37°. One volume of vesicles fs then added to 9 volumes of 

reaction medium fn a final volume of 0.15 ml containing 4 mH Tris glycylglycfne, pH 7.4, 

4 mH MgCt 2, 5 mH pNPP (Trfs form). pH 7.4, 10 mH KCl, and Trfs P04, pH 7.~. as indicated, 

to aatntafn a final Tris concentration of 10 ~M. The reactions are allowed to proceed 

for 10 minutes at 37° and then stopped wf~~ n.15 ml of 1 Quench solution (see Section 2.3). 

The values shown are corrected for the activity observed fn the absence of KCl and presence 

of choline chloride (1.32!0.03 n moles/mfn/mg). ln other experiments. 10 mM Pf did not 

change the choltne baseline acUvfty(not shown). The curve is drawn by eye. 

10 
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A marked inhibition with a Ko.s of about 1 mM*is observed, si.milar 

to the competitive inhibition of the pNPPase by Pi described pre-

viously (262, 314). 

3.5 EFFECT OF pNPP ON 86Rb+ UPTAKE 

Although no effect of pNPP on ouabain-sensitive 86 Rb + uptake 

and 22Na+ efflux in ATP-depleted resealed ghosts was observed by 

Garrahan and Rega (315), my observation that Kcyt is crucial to the 

pNPPase activity in inside-out vesicles under these conditions would 

suggest that a pNPP-dependent K+ (Rb+) uptake {equivalent to K+ ef

flux from ghosts) might be present. 

Since 86Rb+ is a more stable isotope than 42~+, I examined the 

effects of Rb+ on the pNPPase in order to determine whether it would 

be a suitable congener forK+ influx studies. Figure 14 shows the 

effects of increasing Rbcyt concentrations on the pNPPase and indicates 

a "o.s of abou·t'" 2 mM with a maximal velocity at 10 mM that is 

only 20% lower than that observed with 10 mM Kcyt and thus demonstrates 

that Rb+ is indeed a suitable congener of K+. 

Figure 15 shows the effects of pNPP in the presence and absence 

of 25 pM strophanthidin on 86Rb+ uptake into the vesicles. In the ab

sence of.pNPP, a strophanthidin-insensitive uptake of 86Rb+ is observed 

and. presumably, represents the passive leak of 86Rb+ into the vesicles. 

Addition of pNPP increases this 86Rb + uptake, cons is tent with the pre

vious observation of a pNPP-induced increase in passive cation permea-

bility (315). 

*Figure 13, estimated_by eye 



c 
-OJ 
E 

....... 
c -E 

....... 
U) 
Q) -0 
E c -Q) 
U) 

~ 
0. z 
Q. 

1.00 

0.75 

0.50 

0.25 

0 
0 2 6 

(mM) 

FIGURE 14: EFFECT OF VARYING Rbeyt ON pNPPase 

65 

8 

Vesicles are concentrated 5-fold by centrifugation and are added to 0.1 volumes of 

1 solution containing 44 mM MgC12 and 110 mM choline chloride to obtain final concentra

tions of 36 mM Tris glycylglyctne, pH 7.4. 4 mM MgC12• and 10 aM choline chloride. The 

vesicles are equilibrated overnight on foe followed by 30 minutes at 37•. One volume 

of vesfcles is then added to 9 volumes of a reaction medium in a final volume of 0.1 ml 

containing 21.4 mM Tr1s glycylglycine. pH 7.4, 4 mM HgC12• 5 mH pNPP, pH 7.4, and RbCl 

or KC1 as fnd1cated, with cho11ne chloride present to maintain the final chloride con

centration at 10 mM. The reactions are allowed. to proceed for 10 minutes at 37• and 

then stopped with 0.2 ml of a quench solution (see Section 2.3). The values are corrected 

for the acttvi~ observed in the absence of RbCl or KC1 and presence of choline chloride 

(1.18t0.01 n moles/min/mg}. The curve is drawn by eye. Linear regression analysts of 

double reciprocal plots of these data were carried out and the value for the Ko.S obtained 

was 2.2to.2 mH (r• 0.9651). 

! Kcyt 

10 
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FIGURE 15: EFFECT OF pNPP ON 86Rb + UPTAKE: 

Vesicles are concentrated 5-fold by centrifugation and are added to an equal volume 

of a solution containing 36 mM choline chloride and 8 mM MgC1 2 to obtain final concentra

tions of 20 mM Tris glycylglycine, pH 7.4, 18 mM choline chloride. and 4 mM MgC1 2• The 

vesicles are equilibrated overnight on ice followed by 20 minutes at 27°. 0.005 volumes 

of absolute ethanol or's mM strophanthidin in absolute ethanol are added to samples of 

.vesicles, as tndlcated. and the vesicles are incubated for 10 minutes at 37°. One volume 

of vesicles ts then added to 4 volumes of a reaction medium fn a final volume of 0.35 ml 

contttnfng 11.8 mM Tris glyeylglycine, pH 7.4, 4 mM MgC12, 1 mM 86Rbc1 (3 ~Ci/ml), 21.4 mM 

choline chloride, 5 mM pMPP (Trls form), pH 7.4, as indicated, and 0.005 volumes of absolute 

ethanol or 5 mM strophanthfd1n fn absolute ethanol as indicated, at 37°. Single 0.035 ml 

samples are taken at the times indicated and the 86Rb + uptake is measured as described in 

Section 2:1. After 15 minutes. 0.0022 volumes of 0.45 mM valinomycin are added, the 86Rb+ 

space ts measured as above, and the results are presented as a percentage of th1s space 

(: 15 pl/mg). 
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A strophanthidin-sensitive, pNPP-dependent 86Rb+ .transport could not 

be detected. The magnitude of the pNPP-dependent 86Rb+ uptak~ that 

could have been observed, if it were present, can be predicted from 

the pNPPase activity under these conditions if one assumes the stoi

chiometry for 86Rb+ transport is at least one Rb+ transported per pNPP 

molecule hydrolyzed. Thus, with a pNPPase of 0.3 n mole min-1 mg-1 at 1 mM 

Rbcyt (see Figure 14), 0.3 n mole 86Rb+ min-1 mg-l would have been pumped 

into the vesicles and would have been readily detected. 
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4. DISCUSSION 

The results of this study shm'l that a cardiac glycoside

sensitive K+ activated phosphatase activity is observed in the 

presence of Kcyt but not in the presence of Kext alone. A re

quirement for Kext in the presence of Kcyt could not be demons

trated under a variety of conditions, i.e. by i) adding vali

nomycin to equ·ilibrate K+ on both sides of the membrane; 

ii) by pre-equilibrating vesicles with 50 mM Na+ to allow Naext 
+ competition with K that may penetrate the vesicles when assayed 

with 1 mM Kcyt; i i i) by measuring the time-course of pNPPase, 

or iv) the tine-course of 3-0-MFPase. In these latter two ea-
+ ses, it was assumed that a lag would be observed until enough K 

penetrates the vesicles to activate the phosphatase. A requi

rement for Kext less than about 0.05 mM in addition to Kcyt can

not be excluded. This is the a~ount of Kext estimated to pene

trate during the 5 minute assays at 0.5 mM added Kcyt (see 

page 50), the lowest amount of Kcyt causing a measurable stimu

lation of pNPPase. Since a significant further increase in ac

tivity in the presence of valinomycin was not detected, it is 

concluded, that an amount of Kext greater than about 0.05 mM is 

not required. 

The conclusion that Kcyt alone activates pNPPase in red cells 

conflicts with an earlier study in which the authors concluded that 

K+ activates pNPPase at the external surface of resealed red cell 

ghosts (286}. 
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These ghosts contained some Na+ and probably low levels of A!P as 

well; the consequences of the presence of these ligands on the 

sidedness of K+ interactions with the enzYme system will be dis

cussed below. 

The Kcyt activation has a Ko.s of about 2 mM which is similar 

to that observed in studies with other tissues (222, 267, 276, 317). K+ 

sites with a similar ~moderate" apparent affinity have been observed during 

beryllium and fluoride inactivation of the (Na+, K+)-ATPase in the 

absence of enzyme phosphorylation (222, 223) and by measuring the dis

sociation constant for Rb+ binding (318). These sites are different 

from the high affinity K+ sites involved in activation of the (Na+, K+)

ATPase and the sodium pump, which are presumably on the external surfa-

ce. This lends support to a role of "moderate" affinity K+ sites dis-

tinct from the high affinity external catalytic sites, These cytoplas-

mic sites do not appear to be the K+ discharge sites of the sodi urn pump·, 

which have a K0_5 of 0.3 M (141). or 0.14 M (223). They are similar, 

though not identical, to the Nacyt activation sites for the sodium pump, 

which have a Km for Nacyt of 0.19 mM (128, 129) and a K0•5 for Kcyt 

inhibition in the presence of Na+ of 9 mM {128, 130). Although the K0•5 
for Kcyt for K+-K+ exchange is higher (Km= 10 mM) (155), it should be 

noted tnat in the exchange studies ATP is present since it is required 

in a non-phosphorylating role (157). Thus, it may be that ATP decreased 

Kcyt binding under this condition. The final identification of the 

cytoplasmic sites for the phosphatase with a class of cytoplasmic sites 

for the (Na+, K+)-ATPase depends on further examination of the effects 

of the various 1 igands on cation binding at each membrane surface. 
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Na+ at either or both membrane surfaces does not significantly 

activate pNPPase. A.lbers and Koval {265) have shown that about 3% 

of the maximal K+-activated pNPPase in electric organ preparations 
+ is observed in the presence of Na alone. Such a low level of ac-

tivity is beyond the sensitivity of the assays used here in which 

case a significant increase in activity by Nacyt (10 mM) in the ab

sence or presence of K+ at either or both membrane surfaces is not 

observed. Nacyt (50 mM) inhibits the pNPPase in the presence of 

10 mM Kcyt and is similar to observations by others (273, 318} of 

competitive Na+ inhibition at high K+ concentrations. Na+ has been 

reported to activate pNPPase in the presence of K+' 1· mM (259, 263, 

265). The level of activation expected is, however, too low to be 

evaluated with sufficient confidence in the present study. 

ATP inhibits the Kcyt-activated pNPPase with a Ko.s for ATP 

inhibition of about 0.1 mM. Both competitive (266, 268, 270) and 

non-comp~titive (260, 270) inhibition by ATP have been reported and 

suggest that ATP binding to a low affinity site(s) is competitive 

with K+ and non-competitive with pNPP. In the presence of Nacyt and 

K+ at both surfaces, low ATP concentrations {up to 50 fJM) stimulate 

pNPPase.,with a high apparent affinity for Nacyt and an even higher 

apparent.affinity for Kext, whereas higher concentrations of ATP inhibit 

pNPPase. Simi1ar biphasic effects of ATP have been reported by· others 

(270,276). As mentioned above, a K t requirement for pNPPase previously ex . 
observed in red cell ghosts (286) may be due to the presence of contamina-

ting Nacyt and probably micromolar concentrations of ATP. 
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These data can be accounted for, in part, by the model shown in 

Figure 16. Accordingly, Kcyt binds to the enzyme and forms an E·K 

complex that hydrolyzes pNPP. K+ binding to the enzyme has been des

cribed previously and is believed to involve the steps shown in equa-

tion 5 (204): 

(5) 

where E2• K is an occluded complex as demonstrated by Post et al 

(202) and which they postulated to be responsible for pNPP hydroly

sis. ATP would inhibit pNPPase by binding to its low affinity site 

on the (Na+s K+)-ATPase (18, 162, 215-217),consistent with the K0•5 
·for ATP inhibition of 0.1 mM, by displacing K+ frem the en~me (E2• K) 

as it does with the· (Na~, K+)-ATPase (202s 204-207). An E·ATP complex 

would be formed and is consistent with competitive inhibition of K+ by 

ATP (266s 268, 270). Observations of non-competitive inhibition by 

ATP (260; 270) suggest that ATP may also combine \'Jith a different enzyme 

form than does pNPP, and the two forms are reversibly connected. 

At mi cromol ar concentrations of ATP, Nacyt can phosphorylate the enzyme 

and thus expose the high apparent affinity Kext sites (168, 170); Kext 

binding to E2-P would produce the E2• K complex (202). Thus, pNPPase 

would be sequential to ATPase and would allow E2• K formation via the 

fbrwardsequence of steps in the (Na+, K+)-ATPase reaction cycle (see 

Figure 2, p. 26). Higher concentrations of ATP would inhibit the 

pNPPase by promoting K+ release from E2• K by acting at its low apparent 

affinity site(s} and/or by competing with pNPP, as described above. 
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This model is similar, though more detailed, to one proposed by 

Skou (259) in which he postulated K+ and Na+-plus-K+ forms of the 

phosphatase. Albers and Koval (265), who used dimethylsulfoxide to 

increase the Na+-activated pNPPase activity, suggested that the phos

phatase had high affinity catalytic sites for K+ but required Na+ or 

K+ occupation of separate low affinity regulatory sites as well. 

Occupancy of the regulatory sites "unmasks" the catalytic sites, parti

cularly in the presence of Na+ and ATP. Their low affinity regulatory 

sites may be related to the sites at which Kcyt or Nacyt (plus ATP) are 

observed to activate pNPPase in the present study. 

Assuming that K0•5 is a measure of the affinity of the enzyme for 

K+, the high affinity K+ catalytic sites described by Albers and Koval 

(265) and by Robinson (~21,223) may be related to. the high apparent 

affinity for Kext observed in the presence of Nacyt and ATP, although 

such high apparent affinity Kext sites, if present with Kcyt alone, 

must be of much higher apparent affinity than those observed in the 

presence of Nacyt plus ATP, i.e. maximal activity by Nacyt plus ATP1 

with Kcyt present, was not observed unless the vesicles contained Kext 

(see Experiment c , Table 4). Thus, with Nacyt and ATP, the Kext present 

due to penetration of Kcyt was not sufficient to give maximal activation, 

which is in contrast to the results obtained with Kcyt alone. It should 

be noted .that dimethylsulfoxide decreases the Ka.s for K+ (319) and its 

importance to the interpretation of the Albers and Koval model is unknown. 
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If E2·K can also be formed by Kcyt binding via the sequ~nce 

+ + + E1 + K-r"-E 1 ·K~E2 ·K, then K efflux from cells (or K uptake by 

vesicles) might be expected. Since a strophanthidin-sensitive 

pNPP-dependent uptake of the congener 86Rb+ into vesicles is not 

observed, then either E2·K is not formed upon Keyt binding, which 

is difficult to reconcile with other results in the present study 

as well as the study of Karlish et al (204,205), or K+ remains 

occluded i.e. is not readily released at the external surface. 

The high apparent affinity for K+ at catalytic sites as observed 

in some kinetic studies of others (as described above) may be due 

to Kext required during pNPP hydrolysis in a manner (E2 + K+~ 

E2·K) that differs from its requirement during ATP hydrolysis 

·{E2-P + K~E2 ·K +Pi) •. Thus, Kext may be required, under certain 

circumstances, to regenerate E2"K from E2• 

The Kcyt requirement for pNPPase activation in the presence 

of Nacyt' Kext and ATP may be related to the observation that 

low levels of Kcyt stimulate the sodium pump (113,122,130,148) 
+ + and Na -Na exchange (122), although the nature of this effect 

remains to be elucidated. 

Robinson has suggested that phosphorylation (to form E2-P) is 

required ·to expose the high affinity K+ sites on the (Na+ ,K+)-ATPase 

since these are only observed during beryllium or fluoride inac

tivation of the enzyme in the presence of Nacyt plus ATP or phospha

tase substrates (221,223). 
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pNPP phosphorylates a serine at high acidity ·(pH 5.0) 

after long periods of exposure {281) or in the presence of ouabain 

(282), but its specificity is questionable. Furthermore, lack of 

a p-nitrophenol-ATP or pNPP-ADP exchange (279, 282, 284) and a lower 

water oxygen incorporation during pNPP hydrolysis than during the 

hydrolysis of acetyl phosphate and ATP (283) suggest that phospho

rylation is not occurring or that the phosphoenzyme intermediate during 

pNPP hydrolysis differs significantly from E-P formed with other 

substrates. A different form of E-P that is unable to translocate 

K+ might account for the lack of pNPP-dependent 86Rb+ transport des

cribed here and by others (315) (and might also account for the low 

reactivity in the ~esence of Na+ alone (265)). It must be stressed, 

however, that further studies of the relationships between the mecha

nisms of pNPP and of ATP hydrolysis are required before a new form of 

phosphoenzyme becomes plausible. 

In the presence of only K+, radiation inactivation results suggest 

that only half of the (Na+, K+)-ATPase system is required for the phos

phatase activity (64). Since studies of the structure of the (Na+, K+)

ATPase suggest a dimeric enzyme {52, 67, 68 and ref. 25), Nacyt and/or 

ATP may be responsible for coupling the dimers e.g. ATP binding to its 

regulator¥ site(s). This coupling action may be related to the sugges

tion of half-of-the-sites reactivity (251-253) according to which each 

half of the dimer proceeds through the entire reaction cycle chemically, 

mechanically, and energetically coupled in a "flip-f1op 11 mechanism {254), 

180° out of phase with the other half. 
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Accordingly, uncoupled dimers might express only. phosphatase acti-

vity and the coupled enzyme (in the presence of Nacyt and/or ATP) 

would express ATPase activity. An uncoupling of subunits during 

SOS treatment has also been suggested to increase the phosphatase/ 

ATPase activity ratio, although this observation may not be related 

to a physiological effect of subunit interactions (54). 
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5. tla+-ATPase OF HK AND lK SHEEP REO CELL r~H1BRANE INSIDE-OUT VESICLES. 

Studies of ion transport in HK and LK sheep red cells have shown 

differences not only in the rate of pumping {288) and number of pump 

sites between these two types of sheep {290-292), but also a difference 

in apparent affinity for K+ at the external activation sites (296) and 

most noticeably at the cytoplasmic surface, where K+ is much more 

inhibitory in LK than in HK (131, 295). These differences have been 

partly related to differences in the kinetics of the {Na+, K+)-ATPase 

activity in broken membranes ~ee ref. 303), particularly with regards 

to the inhibitory effects of K+ in LK membranes at very low (-'0.2 pM) 

ATP concentrations. Under this condition, the Na+-ATPase of HK sheep 

is activated by K+ .( 5 mM but the LK Na + -ATPase is strongly inhibited 

by K+ (294, 302, 303). 

+ + Although one study of the (Na , K )-ATPase of fragmented goat red 

cell · membranes included a correction for incomplete occupation of 

external K+ sites and the authors concluded that Kcyt inhibition 

is much greater in LK than in HK membranes {296), information regarding 

the sidedness of the interactions of K+ and the effects of ATP on the 

enzyme is lacking. Since direct observations of these interactions 

should yield useful information regarding not only the interactions 

of K+ with the enzyme but also the molecular basis of the sheep di

morphism, inside-out vesicles were prepared from HK and LK red cells by 

a modification of the method described for human red cells (306). 
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Hith this S)Stem, the concentrations of ligands.can be controlled 

at both membrane surfaces (see ref. 168 and 170) and the vesicles 

are relatively free of contaminating cytoplasmic enzymes which 

could interfere with the low (micromolar) ATP levels required for 

these studies. 

5.1 GENERAL PROPERTIES OF THE VESICLES 

The sealing and orientation of the vesicles are assessed as 

follows: The sensitivity of the Na+·ATPase activity to ouabain in

hibition is assayed since sealed inside-out vesicles should have 

their ouabain binding sites, originally at the external surface, 

inaccessible to ouabain binding and inhibition (11}. As can be 

seen from the data in Table 5, both HK and LK Na+-ATPase are about 

90% insensitive to ouabain {2 x 10-5 M}. In contrast, ouabain ad

ded prior to vesiculation completely inhibited the Na+-ATPase and 

LK ghosts are almost completely. inhibited by ouabain present in the 

reaction medium. These data suggest that about 90% of the external 

ouabain binding sites are at the inner surface of the vesicles and 

thus inaccessible to ouabain in the reaction medium, at least under. 

the conditions of relatively low ouabain concentrations and short 

reaction periods. 

The susceptibility of sialic acid groups, present only at the 

orig·inally external membrane surface {316}, to cleavage by neura

minidase is assayed and the data are presented in Table 6. 
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Na -ATPase (p moles 

SHEEP TYPE CONTROL +0.02 mM OUABAIN % CONTROL 

HK 45.8 36.6 82 

40.6 34.8 86 

40.5 37.2 *0.35 92 

MEAN ±s.E.M.: 42 .3±1. 7 36.5±0.9 87*3 

LK 2.8 2.5 89 

3.9{2.4) 4.1(0) 105{0) 

3.3 3.0 91 

. ...-: .. -
1 ~4(0.79) 1.0(0.07) 72(9) 

2.4 2.5 104 

1.4 1.2 86 

MEAN ±s.E.M.: 2.5±0.4 2.4±0.5 91±5 

TABLE 5: EffECT OF OUABAIN at HK NlD LK Na +~ATPase 

Yes1cles (approxima1y 1 1119 protefn/ml) are concentrated to one-tenth or one-fifth 

their original volume and then added to 9 or 19 volumes of reaction medium, respectively, 

t~ a f1nal volume of 0.1 ml containing 20 mM MaCl, 10 aM Tris glycylglycine. pH 7.4. 

O.liiM HgC12, and 0.2 uM (T-32P] AlP. o.oz mM ouabain t~ added as indicated. Assays 

of Na + -ATPase are carried out for 2 minutes at 37°. The reac:t1on 1s terminated and 32P1 

released from ~-32P] ATP 1s ll'leasured as described in Sectfon 2.6.and the values are 

corrected for the aetiv1t,y observed 1n the absenc:e of NaCl and presence of KCl. These 

Yalues were (from top to bottom) 6.5,8.6 and 3.9 p ~1es/m1n/mg for HK and 0.4,1.1,1.5,0.6. 

0.8. and 0.2 p ~les/min/mg for LK• the values for the ghosts (parentheses) were 1.9 and 

0.7 p moles/•1n/mg (see below). 

In tf1ct HK assay ind1c:ated by an asterisk. the vesicles are exposed to 0.02 IIIH ouabain 

present both 1n the assay medi1111 and during the vestc:utat1on step. t.e. ouabain 1s present 

at the originally external lnelllbrane surface. and an acthiey of 0.35 p mles/min/mg h 

observed. 

la lues tn parentnues are for ghosts {taken before vesic:ul&tton) from the ume prepara

tion as the vesicles and assayed as described above. The data tn e&eh row are fraa separate 
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SIALIC ACID CONTENT (n moles mg-l) 

SHEEP TYPE TOTAL NEURAMINIDASE- ~INSENSITIVE 
SENSITIVE 'o 

HK 

LK 

Vesicles: 90.7 9.1 90 

49.5 10.1 80 

Ghosts: 79.0 76.6 3 

Vesicles: 125.3 8.0 94 

135.9 27., 80 

46.5 5.9 87 

Ghosts: 102.6 99.7 3 

TABLE 6: SIALIC ACID DISTRIBUTION IN HK AND LK INSIDE-OUT VESICLES 

For ~ measurement of total staltc actd. ghosts and vesicles (approximately 1 mgprotefn/ 

at) are dflutal 2.5-fold and are then heated at so• for 1 hour fn a find volume of 

0.2S ~1 containing 0.2N H2so4• Neuram1n1dase-sens1t1ve ~1a11c acid is measured following 

fncubatton at 37• for 1 hour 1n a final volume of 0.25 ml contafntng 0.2H Trts-acetate 

(pH 5.7) and 5 p9 neuraminidase. The rreasurement of sfalfc add released by these treat• 

Mnts h c:arrted out as described 1.n Section 2.5. The data tn each row are from separate 

cxperfa~e~~ts. 
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Only 10% of the total sialic acid content of both HK and LK ve-

sicles is removed by neuraminidase in the reaction medium, where-

as 97% is removed from ghosts, suggesting that the vesicles are 

about 90% inside-out. 

+ The suitability of the vesicles for studies of Na -ATPase 
+ activity was then tested. As seen in Figure 17, the HK Na -ATPase 

activity, which is the more active of the two types of sheep red 

cells, is linear over the range of protein concentration tested 

and used for these studies (up to 0.5 mg). Figure 18 shows that 

ATP hydrolysis by the HK Na+-ATPase is also linear for up to 10 

minutes at 37°, the longest incubation used in these assays. 

The time course of 86Rb+ uptake into the vesicles is shown 

in Figure 19. Uptake is expressed as pl 86Rb+ space per mg mem

brane protein. Thus, the total intravesicular space is that es

timated at 100% equilibration; this was measured by allowing 
86Rb+ to equilibrate in the presence of valinomycin (lo-6 M}. 

The results indicate that the 86Rb+ content of the vesicles af-

ter overnight incubation on ice is about 55% of the equilibrated 

level indicated in the legend to Figure 19. A somewhat greater 

extent of 86Rb+ loading (70%-90%, not shown) was observed in sub

sequent studies when the overnight incubation on ice was followed by 

30 minutes at 37°. The time-course of 22Na+ uptake into the ve

sicles in the presence of K+ is shown in Figure 20. 
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FIGURE 17: EFFECT OF VARYING TKE PROTEIN CONCENTRATION ON HK Na + ·ATPase 

·Vesicles are concentrated 10-fold by centrifugation. Samples diluted 2-, 4-, 8- and 

20-fold with a solution containing 40 mM Tris gly~lglycine, pH 7.4, and 0.1 mM Mgct2 and 

an undiluted sa~le of the same composition as the solution described above are then added 

to 1.5 volumes of reaction medium containing 16 mM Tris glycy1glyc1ne, pH 7.4, 0.1 mM 

Mgt12, 20 ·mM NaCl, and 0.2 pH (-r-32P] ATP. The protein concentration of each sample b 

fndicated. The reactions are allowed to proceed for 2 minutes or 4 minutes (for the 20· 

fold diluted vesicles) at 37°. The reaction 1s terminated and 32Pf released from r~-32P] 
ATP ts measured as described in Section 2.6 and the values are corrected for the acthfty 

.. asured 1n the absence of NaC1 and presence of KC1. These values are 0.0,1.9,0.6,0.2,and 

0.4 p 11101es/mfr at 0.03, 0.07, O.lS, 0.30, and 0.60 mg, respectively. 

0.6 
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FIGURE 18: TIME·COURSE OF ATP HYDROLYSIS BY HK Na+·ATPase 

Vesicles are concentrated 2.5-fold by centrifugation and are then added to 1.5 

volumes of reaction medium containing 16 mM Tr1s g1ycylglyc1ne, pH 7.4, 0.1 mM MgC12, 

20 mM MaCl, and 0.2 uM [¥'-32P] ATP. The reactions are allowed to proceed at 37° for 

tfle t1me periods 1ndtcated. The reactions are terminated and 32P1 released from (T-32P] 

ATP .1s measured as described 1n Section 2.6 and the values are corrected for the activity 

observed 1n the absence of NaCl and presence of KCl. These values are O.O,O.O,O.O,l.S, 

and 4.7 p moles/rag at 0.5,1,2,5, and 10 minutes, respectively. 

10 
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FIGURE 19: TU£-COURSE OF 86Rb + LOADING OF HI< AND tK VESICLES 

HK or LK vesicles are added to an equal volume of a solution containing 78 mM 

NaCl, 2.2 mM MgC12• and 1 mM 86RbC1 (5.5 ~Cl/ml) to obtain a final concentration of 

20 mM Trfs glycylglycine. pH 7.4. 39 mM NaCl. 1.1 mM MgC12• and 0.5 mM RbCl. The ve

sicles are incubated on ice and triplicate 0.05 ml samples are then taken at the times 

1ndfc;ated and 86Rb + uptake 1s measured as described fn Section 2.7. After the last 

samples are taken. 0.0022 volumes of 0.45 mM valin~cfn 1n absolute ethanol are added 

and after 2 minutes at 37°. duplicate sampl~s are assayed (lntraves1cu1ar space •· 100% 
86Rb+ equilibrated). The values are eKpressed as percentages of the total space. which 

ts 12.4 pl/mg for HK (open circles) and 14.6 pl/mg for LK Jclosed circles) vesicles. 
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.FIGURE 20 : 22wa + UPTAKE INTO HK AND LK VESICLES IN l1IE PRESENCE OF K+ 

0.04 volumes of O.lM choline chloride and 0.002 volumes of lH MgC12 are added to 

one volume of HK or LK vesicles to obtain a final concentration of 40 mH Tris glycy1gly

c1ne, pH 7.4. 4 mM choline chloride, and 2 mM MgC12• The vesicles are allowed to equi

librate overnight on ice foll~ed by 30 minutes at 37•. The vesicles are then concen

trated 10-fold by centrifugation and then added to 9 volumes of reaction medium containing 

• 40 IH Trts glycylglyc1ne. pH 7.4. 2 mM MgC12, 1 mM KCl. 5 mM 22NaC1 {6.4 pC1/ml). and 1 mM 

ATP as indicated. The vesicles are incubated at 37• and single 0.05 ml saii'Ciles are taken 

at the timES indicated and 22Ha+ uptake is measured as described in Section 2.7. The values 

are corrected for the 22Na + uptake measured after 10 seconds (about 0.6 pl/mg). The curves 

ILre drawn by eye. To convert ul/mg.to n moles/mg, multiply by 5 (1 ul• 5 n moles). 
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Since the total intravesicular volu~, taken as ~he 86Rb+ space 

measured in the presence of valinomycin, is about 15 ul/mg (see 

Figure 19), up to about 10% penetration of cations (22Na+) is 

observed during the first 10 minutes at 37°. Addition of 1 mM 

ATP had no significant effect on 22Na+ uptake into LK vesicles, 

probably because the ATP-driven sodium pump activity in these 

vesicles is too low to be observed. Addition of 1 mM ATP in

creased the 22Na+ uptake into HK vesicles to a small extent in 

most experiments if valinomYcin was present, as has been observed 

in studies with human red cell membrane inside-out vesicles (170). 

In that study, it was concluded that valinomycin is probably re

quired to maintain sufficient intravesicular K+ (Kext>· 

5.2 EFFECTS OF Na+ ON Na+-ATPase 

In Figure 21, Na+-ATPase activity is assayed for short periods 

at 37° at 0.02 and 0.2 pM ATP u~ing varying amounts of Nacyt (up 

to 40 mM). The "control 11 values in Figure 21 are the activities 

observed at the highest Nacyt concentration tested. Baseline ac

tivities are measured without Na+ and with K+ added to counteract 

effects of any residual and/or tightly bound Na+; these baseline 

values are subtracted. At these low ATP concentrations, Nacyt 

alone, even at lmM, significantly stimulates ATPase activity. 

The response of the LK enzyme to Nacyt is different from that 

of HK over the range of Nacyt concentrations tested, the apparent 

affinity being cearly lower for LK. 
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FIGURE 21 : EFFECT OF Naeyt ON HK AND LK Ha+ ·ATPase 

Vesicles are concentrated to one-tenth their original volume by centrifugation 

end are added to 9 volumes of a solution containing 45 nt1 choline chloride, and 0.1 nt1 

MgC12 to obtain a final concentration of 20 nt1 Tris glyc.ylglyc:ine. pH 7.4. 40 nt1 choli

ne chloride, and 0.1 mM Mgt1 2• The vesicles are centrifuged again and then allowed to 

equf11brata en ice overnight followed by 30 minutes at 37•. ~ volUII'e of vesicles 1s 

~n added to 9 volumes of a reaction medium in a final volume of 0.1 ml containing 

varyfng amounts of NaCl. as indicated. plus choline chloride so that the ftnal Chloride 

concentration ts 40 mM, 10 mM Tris glycytglycine. pH 7.4, 0.1 mM Mgtt2 and 0.02 or O.Z pM 

[1'-32P) ATP. The reactions are carried out at 3,C for 2-5 •tnutas. The reactions are 

terminated and 32Pi released from [T-32P).ATP is measured as described 1n Section 2.6 and 

40 

the values are corrected for thebase 1 ine acti vi tyin the absence of NaC1 and presence of 40 ~~tot 

tel. These activities are (p mles/min/mg) 1.93 (lOOS control) and 0.29 (Ktl base11ne) 

for LK at 0.02 pM ATP. 11.3 (1001 control) and 2.8 (KCl baseline} for LK at 0.2 ~M ATP • 

7.8 (100l control) and 0.5 (KC1 baseline) for HK at 0.02 ~M ATP, and 68.3 (1001 control) 

and 6,8 (KCl baseline) for HK at o.z JIM ATP. The values are expressed as the % control . . 
1cthft)' observed at 40 mM Naevt (control). 
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This is apparent at both ATP concentrations tested. The consider

ab 1 e leve 1 of activity observed in the absence of added Na + (.40% 

of the activity observed at 40 m~·1 Nacyt) is likely due to traces 
+ of tightly bound Na . 

Na+-ATPase activity of HK vesicles tends to reach maximal 

activity above about 5 mM Nacyt' particularly at 0.2 p~1 ATP. In

creasing the ATP concentration decreases the level of Nacyt re

quired for maximal activation. With 40 mM Nacyt' intravesicular 

Na+ (Na+ at the originally external surface, Naext) further increases 

the activity (Table 7). This is more apparent in LK compared to HK 

vesicles. 

5.3 EFFECTS OF K+ ON Na+-ATPase 

Na+-ATPase activity is assayed as a function of KCl in the me

dia (K•at the originally cytoplasmic surface, Kcyt) or as a func

tion of intravesicular K+ (Kext). Activities are assayed at 0.02, 

0.2, and 2.0 ~M ATP since earlier studies showed that the K+ res

ponse profile, at least in HK, is a function of ATP concentration 

(302). As shown in Figures22-24, the activity of LK vesicles is 

inhibited by K+ at either surface. This inhibition is apparent 

at all AT!' concentrations tested, although Kcyt inhibition is 

always greater than that observed with Kext• In one set of tubes 

in the experiment at 0.2 JIM ATP (Figure 23), 1 tJM valinomyc-in is 

included with the KCl in the reaction medium, so that K+ has access 

to both surfaces of the membrane. 
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% ACTIVITY 

SHEEP TYPE [ATP] MEAN ±s.O. n p 

HK 

LK 

0.02 JJf1 105 t 5 6 0.1 < p < 0.05 

0.2 pM . 124 ±21 6 0~05 < P< 0.01 

0.02 pM 124 ±12 10 p <0.001 

0.2 pM 11 p <0.001 

.· 

. 
Yesfcles are concentrated to one-tenth thefr original volume by centrifugation 

and then ~fluted 19-fcld with 52.5 IIIM-dloline chloride or NaCl -containing 0.1 mK MgC12 
to obt&fn a final concentration of 2 ftt Tris glycylglycine, ;.it 7.4, C.l mK MgC1 2• and 

eftherljOllfl choline chloride or 50 mM NaCl, u indicated. they are then centrifuged 

qa1n and allowed to equ11 ibrate on fee overnight followed by 3J llinutes at lt'. One 

vol.- of vesicles fs then added to 9 volumes of a reaction Rdium in a final voluaa 

of 0.1 •1 contafnfng 40 mK NaCl, to mM Tris gtycylglycine, pK 7.4, O.t mK MgCt 2, and 

0.02 or 0.2 uH [•-32P) ATP, as fndfc:ated. The reaction are urried out at 37° for 

Z-5 •fnutes. The reactions are tenainated and 32Pi released frcm (r-32P] ATP fs llll!asured 

as desCT1bed fn Section 2.6 and the values are correct...-d for t.'lebaseline activityin the absence 

of NaCl and presence of 40 mM KCl. These actfvftfes (p .-,Jcs/llin/mg) "ere tZ.Jt 5.9 

(+ Kaext> and 0.9t 0.4 (KCl baseline) fer HK at 0.02 uH ATP. 57! 30 (+ N•ext) and 6t 2 

(KCl baseline) for HK at 0.2 uH ATP •. 1.72t 1.1 (+ N•ext) and O.SSt 0.19 (KCl baseline 

for LX at 0.02 uH ATP, and a.st 4.3 (+ Naext> and 4.4t o.s (ECl baseline) for LK at o.z 
uM ATP. 

1M values shown are the percentage of actfvfty ~~easu~ fn Na• -loaded v~fcles 

relative to chol1r.e-lcaded vesfc:les. S.O. fs the standa~ ~fatfon. n is t!te niii!Oer of 

txpert~~~ents perfcrllll!d, illd p fs the level of s fgnfffcance of Student's t-test perfonned 

011 pafred data 1.e. with illd "fthout Na._.t• 
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F,IGURE 22: EFFECT OF Keyt AND Kext (Jt UC Na •-ATPase AT O.OZ pM ATP 

Vesicles are concentrated to one tenth their original voluae by centrifugation and 

are added to 9 volumes of a choline chloride - KCl solution so that the final KCl varied 

as fndicated. The final chloride concentration is 40 m.\\ and 0.1 11ft Mgct2 1s present 

throughout. The vesicles are recentr1fuged and allowed to equilibrate on fee overnight 

followed by 30 minutes at 37•. One volume of vesicles is then added to 9 volumes of a 

reaction medium fn a final volume of 0.1 ml containing varying amounts of KCl as indicated. 

40 dt NaCl, and cho11ne chloride to maintain the final chloride concentration at 50 mM. 

10 mM Trfs glycylglycfne, pH 7.4. 0.1 mM MgClz• and o.ozpM [T-32P] ATP. The rea:t1ons 

are terminated after five minutes at 37° and 32Pt released fran [11-32P] ATP h llll!asured as 

described in Section 2.6 and the values are corrected for thebaseline aetivityfn the absence 

of NaCl and presence 1Jf 40 mM KCl, The activities (p rno1es/•in/mg) are 3.0 (100% control) 

and 1.0 (KC I base11ne). The results of an experiment typical of at lea:ot 5 others are 

shown. The values are expressed as the S contto? 

NaC1 and absence of KCl. 

activity observed 1n the presence of 



-0 .. -c 
0 u -0 

~ -G) 
(I) 
tU 

~ 
+:' 

tU z 

120 

100 

80 

60 

40 

20 

0 
0 

91 

------------------------~~---~----

... 
................ ~.c;yt +valinomycin 

Kcyt ············ ··•··••·· .......... 

4 6 
KCI (mM) 

........... 

8 10 

FIGURE 23: EFFECT OF Keyt AND Kext ON U: Na + 4 ATPase AT 0.2 pM ATP 

Vesicles are concentrated to one tenth their original voluae by centrifugation and 

are added to 9 volumes of a choline chloride - KCl solution so that the final KC1 varied 

as indicated. The final chloride concentration is 40 mM and 0.1 mM MgClz is presen~ 

throughout. The vesicles are recentrffuged and allowed to equflfbrate on ice overnight 

followed by 30 minutes at 37". One volume of vesicles is th!!ll added to 9 vclumes of a 

reaction mdfum in a final volume of 0.1 ml containing varying amounts of KCl as indicated. 

40 I1M NaCt, and choltne chloride to maintain the final chloride concentration at 50 mM, 

10 mM Tr1s glycylglycine, pH 7.4. 0.1 mM MgC12, and 0.2 pM [T-32P] ATP. The reactions 

are terminated after five •fnutes at 37° and 32Pt released froa ['-32P] ATP fs measured as 

descrfbed fn Section 2.5 and tile values are corrected for thebase 1 ine acti vi tyfn the absence 

of NaCl and presence of 4.0 mM KCl. The activities (p moles/afn/1119) are 4.9 (la<n: control) 

and 2.0 {ICCl baseline). 7he result~ of an experlll'ent t,yplcal of at least 5 others are 

shown. The values are expressed as the 1 control act1v1ty observed 1n the presence of 

NaCl and absence of KCl. As 1nd1catcd. 0.0022 volumes of 0.45 mM vatfno~c1n dissolved 1n 
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FJGURE 24 : EFFECT OF Keyt AHD Kext ON LK Na + -ATPase AT 2.Cl pM ATP 
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10 

Vesicles are concentrated to one tenth their original vo~ by centrifugation and 

are added to 9 volumes of a choline chloride - KCl solution so that the final KCl varied 

as indicated. The ffnal chloride concentration is 40 dl and 0.1 1114 »3C12 is present 

throughout. The vesicles are recentr1fuged and allowed to eqailtbrate on tee overnight 

fo11owed by 30 minutes at 37•. One volume of vesicles is thea added to 9 volumes of a 

reaction medium in a final volume of 0.1 •1 containing varying ~unts of KCl as Indicated, 

40 11ft NaCl, and chol1ne chloride to maintain the final chloride concentration at SO mH, 

10 IIM Tr1s glycylglyclne, pH 7 .4, 0.1 11"11 MgC12, and 2.0 pM (w:-32P) ATP. The reactions 

Ire tennfnated after five minutes at 37° and 32PI releas.ed fi'Ul [-.-32P] ATP 1s measured as 

descrftled In Section 2.5 and the values are corrected for thebaseline activityfn the absence 

of NaC1 and presence of 4.0 mM KC1. The activities (p moleSiln"tn/mgj are 9.4 (lOOS control) 

and 4.7 (KC1 baseline). The results of an experiment t,ypieat of at least 5 others are 

shown. The values are expressed n the ti control acttvftr observed In the presence of 

NaCl and ~sence of KCl. 
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Addition of valinomycin does not increase the ex~ent of inhibi

tion of K+ beyond that observed vlith Kcyt alone. Thus Kcyt 

alone appears to be responsible for inhibition of the enzyme. 

The data suggest also that the apparent Kext inhibition is due 

to the presence of Kcyt since the 10-fold dilution of K+-equilibrated 

vesicles results in Kcyt present at one-tenth the Kext concentra

tion. The observation that valinomycin addition does not decrease 

Kcyt inhibition and that Kext never stimulates LK Na+-ATPase, 

even at 2 pM ATP, is evidence that Kext does not stimulate over-

all Na+-ATPase activity in these membranes. 

With 0.02 ~M ATP, Na+-ATPase of HK vesicles shows relatively 

little response to addition of K+ at either surface (Figure 25). 

However, ·in contrast to LK, at 0.2 JJM ATP, Kext markedly activates 

the Na+-ATPase and Kcyt effects only a slight activation {Figure 26), 

probably because of slight K+ penetration into the vesicles. At 

2.0 pM ATP {Figure 27), Kext increased activity several fold, 

characteristic of the Na+-plus K+-dependent activation of the ATPase 

observed at high ATP concentrations. 
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FJGURE 25: EFFECT OF Kc,yt AMD Kext ON HK Na •-ATPase AT 0.02 pM ATP 

Vesicles are concentrated to one tenth their original volume by centrifugation and 

are added to 9 vot~a~~es of a choline chloride - ICCl solution so that the final kCl varied 

as tndtcated. The final chloride concentration is 40 ri1 and 0.1 ri1 MgC1 2 1s present 

throughout. The vesicles are recentrffuged and allowed to equilibrate on fee overnight 

follOoted by 30 minutes at 37•. One volume of vesicles is theft added to 9 volumes of a 

reaction medium tn a final volume of 0.1 ml containing varying amounts of KCl as indicated, 

40 lit NaCt, and choline chloride to maintain the final chloride concentration at SO mH, 

10 mH Trts glycylglyctne, pH 7.4, 0.1 IH MgC1 2, and 0.02 pM [Y-32P] ATP. The reactions 

are tenainated after f1ve minutes at 37° and 32Pi released f.,_ [-r-32P] ATP 1s measured as 

described 1n Sectfon 2.6 and the values are corrected for th~:>ase1ine activityfn the absence 

of NaC1 and presence of 40 mM KCl, The activities (p moles/ain/mg) are 12.6(1001 control) 

'and 0.6 (KCl baseline). The results of an experiment typical of at least 5 others are 

shown, The values are expressed as the % control 

HaCl and absence of KCl. 

activity observed in the presence of 
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+ FIGURE Z6: EFFECT OF Keyt AMD Kext llt HK Na -ATPase AT O.Z pM ATP 

10 

Vesicles are concentrated to one tenth their original volume by centrifugation and 

are added to 9 volumes of a choline chloride - KCl solution so that the final KCl varied 

as indicated. The final chloride concentration 1s 40 mM and 0.1 mM MgClz is present 

throughout. The vesicles are recentrffuged and allowed to equilibrate on ice overnight 

foll~ed by 30 minutes at 37°. One volume of vesicles is then added to 9 volumes of a 

reaction medium in a final volume of 0.1 m~ containing varying amounts of KCl as indicated, 

40 d4 NaCl, and choltne chloride to maintain the final chlortda concentration at 50 mM. 

10 mM Trts glycylglyctne. pH 7.4. 0.1 mM HgClz• and 0~2 pH [T·32P] ATP. The reactions 

are terminated after ffve minutes at.J7° and 32Pf released fraa [~-32P) ATP fs measured as 

described 1n Section 2.6 and the values are corrected for thebaseline activitytn the absence 

of NaCl and presence of 40 mM KCl. The activities (p lll01es/a1n/mg) are41.8(100S control) 

and 4.2 (KCl baseline). The results of an experiment typ1ea1 of at least S others are 

shown. The values are expressed as the % c·ontrol · activity observed 1n the presence of 

NaCt and absence of KC1. As indicated. 0.0022 vol~mes of 0.4S nM va11n~c1n dissolved 1n 

absolute ethanol are added. 
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flGURE 27: EFFECT OF Keyt AND Kext ON HK Ha+ -ATPase AT 2.0 pM ATP 

Vesicles are concentrated to one tenth thefr original volume by centrifugation and 

are added to 9 volumes of a choline chloride - KCl solution so that the final KC1 varied 

as fndicated. The final chloride concentration 1s 40 Ut and 0.1 11ft MgC1 2 1s present 

throughout. The vesicles are recentrffuged and allowed to eqcflibrate on fee overnight 

follOied by 30 minutes at 37•. One volume of vesicles 1s thea added to 9 volumes of a 

• reaction .edfum tn a final volume of 0.1 ml containing vary11§ a.ounts of KC1 as indicated. 

40 D4 NaCl. and choline chloride to maintain the final chloride concentration at 50 mH. 

10-" Tris glycylglyctne, pH 7.4. 0.1 mH MgClz• and 2.0 pM [T-32,] ATP. The reactions 

are terminated after five minutes at 37° and 32Pt released frua [-.-32P] ATP 1s measured as 

described fn Section 2.6 and the values are corrected for thebaseline act1vi tyln the absence 

of NaCl and presenc;.e of 40 mM KCl.The activities (p molesilafn/mg) are 42 (lOO% control) 

and 10 (KCl baseline). The results of an experfme:'lt typfcll of at least 3 others are 

shown. The values are expressed as the J contr-Qj .. , acti .. ity observed 1n the presence of 

Natl and absence of KC1. 
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6. DISCUSSION 

Inside-out membrane vesicles prepared from HK and LK sheep red 

cells by a modification of the method described for human red cells 

{306) are shown to be about 90% inside-out (Table 5 and 6}. The 

(Na+, K+)-ATPase of these vesicles was examined in order to gain 

insight on the asymmetric interactions of K+ with the en~me as 

well as on the molecular nature of this dimorphism. Previous stu

dies of the sodium pump showed marked differences in Kcyt interac

tions {131, 195) as well as a lower affinity for Kext in LK than 

in HK red cells (131). Studies of {Na+, K+)-ATPase with broken 

membrane preparations (294, 299-303) were devoid of the asymmetry 

required to define the surfaces at which the cations were acting 

in order to precisely correlate the physiological observations with 

the biochemical measurements performed, although one study included 

appropriate corrections for the effects of Kext (296). From a com

parison of the effects of Na+ and K+ on Na+-ATPase of both types of 

sheep vesicles the following are evident: 

i) K+ stimulates HK (Figures 25-27} and inhibits LK Na +

ATPase {Figures 22-24), these effects occurring at the external 

surface of HK and cytoplasmic surface of LK red cell vesicles. The 

activation of the HK Na+-ATPase by Kext is almost maximal with 1 mM 

K+ and is; presumably, at the high affinity K+ loading site (5, 6) 

which has a Km= 0.6 mM in the absence of Naext {131}. The strong 

inh·ibition by Kcyt in LK vesicles is likely due to competition 

for Na+ at the Na+ loading sites as in the case of human red cell 
+ + (Na , ,K )-ATPase ( 168). 

I 
f 



0 

98 

These observations agree also with the.earlier reports of inhibition 

of the pump by intracellular K+ in both sheep (131,295,298) and goat 

(296) red cells. 

ii) Vesicles of HK sheep have a greater apparent affinity for Nacyt 

and are activated to a greater extent than LK Na+-ATPase. The 

response to Nacyt is similar to the observed effects of Na+ on 

ATPase of broken membranes from the two types of sheep red eel ls 

{302). Whereas increasing the ATP concentration {from 0.02 to 

0.2 ~M) increased the apparent affinity of HK Na+-ATPase for 

Nacyt' this did not affect the response of the LK enzyme to Nacyt 

(Figure 21). Thus ATP, even at these low concentrations, is observed 

to modulate the apparent affinity of the HK enZYme for Nacyt' presu

mably at its loading sites, whereas the LK enzyme is less sensi-

tive to changes in both Nacyt and ATP. 

iii) In the absence of K+, Naext appears to have a further 

activating effect on the enZYme, to a greater extent in LK than in 

HK (see Table 7). With·human Na+-ATPase, this Naext stimulation 

observed at very low ATP concentrations has been accounted for in 

terms of current models for the reaction sequence. Thus, in ac

cordance with the scheme shown in Figure 2 (p. 26), a step in the 

transition of ph os phoenzyme from one form, E 1- P, to another, 

E2- P, is reversed by Naext with the result that hydrolysis pro

ceeds mainly by an alternate route: E(""' P ~ E1+ Pi. This alter

nate rrute (320) may result in a faster overall rate of ATP hydro

lysis if subsequent regeneration of the active E1 form of ~he enZYme 

from E2 via the normal route is dependent on a modulating effect of 

ATP. 
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It is nm-J clear that the higher rates of Na: and K+ transport 

(288), (Na+, K+)-ATPase (289) and N/-ATPase (294) activities. in 

HK compared to LK red cells are due not only to a somewhat greater 

number of pump sites per cell (290-292), but also to kinetic dif

ferences. These differences can be considered in terms of the 

plausible steps involving side-specific interactions of Na+ and K+ 

at the two surfaces. Assuming that K+ binding at the external sur

face results in Pi release from phosphoen~me, i.e. E2- P + Kext~ 

E2• K +Pi (see Figure 2, p. 26), it is possible that the rate of 

release of K+ from E2· K may determine whether the en~me is acti

vated by Kext· Several studies suggest that ATP has a role in re

gulating the relmse of K+ from the en~me and/or the conversion 

of E2 back to E1 (202, 204-207). It is apparent that at low ATP 

concentrations the en~e is stimulated maximally by Na+; at 

higher concentrations, maximal stimulation is observed with both 

Na + plus K+. The interaction of ATP with the enzyme at the cata

lytic (phosphorylation) site and at a regulatory site may be in

terelated. This would be the case, for example, if (Na+, K+)

ATPase were a dimeric enzyme having half-of-the-sites reactivity 

(251-254}. 

A basic kinetic difference between HK and LK Na+-ATPase may 

be their interaction with ATP which is manifested by different 

relative apparent affinities of the dephosphoenzyme for Nacyt and 

Kcyt as well as effects of Naext and Kext on the phosphoenzyme. 
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Thus it is not surprising that tight binding of K+ to the dephos

phoenzyme is evident in differences between HK and LK Na+-ATPase 

with respect to interactions with ligands at both membrane surfa-

ces. 
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7. SUMHARY 

The sidedness of cation interactions with the (Na+, K+)-ATPase 

during pNPP hydrolysis is assayed using human red cell membrane 

inside-out vesicles. Intravesicular K+ (K+ at the originally 

external surface, Kext} does not significantly activate pNPPase. 

Extravesicular K+ (K+ at the originally cytoplasmic surface, Kcyt) 

causes maximal activation of pNPPase, although a requirement for 

Kext-'0.05 mM cannot be excluded. ATP inhibits this Kcyt-activated 

pNPPase at a low affinity site(s) {K0•5 for inhibition by ATP = 

0.1 mM). 

A s?gnificant activation of pNPPase by Na + at either or both 

.membrane surfaces could not be detected. In the. presence of Kcyt' 

Kext and micromola~ ATP concentrations, extravesicular Na+ (Na+ at 

the originally cytoplasmic surface, Nacyt) doubles the pNPPase activity; 

The activation is characterized by a high ap~arent affinity for Nacyt 

and an even higher apparent affinity for K t• Higher ATP cmicentra-. ex . 
tions ( 50 uM) inhibit the pNPPase under these .conditions.· 

These observations are considered in terms of a model for the 

(Na+, K+)-ATPase in which Kcytbinds to the enzyme and forms an 

E•K complex capable of hydrolyzing pNPP. This complex would be 

similar to an externally oriented form of the enzyme with occluded 

K+ (E2• K) described previously. ATP inhibits pNPPase by promoting 

K+ release from E·K by acting at a low affinity regulatory site. 

In the presence of Nacyt' ATP allows phosphorylation of the enzyme 

(to yield E2- P) and exposes high affinity external K+ sites. 
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Kext binding then leads to dephosphorylation and formation of the 

active E2• K complex. The inability of pNPP to promote Rb+ uptake 

into vesicles, i.e. transport from the "cytoplasmic 11 to the 11exter

na111 surface, suggests that K+ is not released to an appreciable 

extent at the external membrane surface during pNPP hydrolysis. 

Inside-out membrane vesicles of about 90% purity are obtained 

from HK and LK sheep red cells by a modification of the method des

cribed for human red cells. The activation of the Na+-ATPase of 

HK sheep by Nacyt is more sensitive to increases in the ATP con

centration (from 0.02 to 2.0 ~M) than is the Na+-ATPase of LK sheep. 

The LK en4Yme is sho~~ to be inhibited by Kcyt and is insensitive 

to changes of the ATP concentration in the range mentioned above 

whereas the HK enzyme is sensitive to Kext-activation in an AlP

sensitive manner. An increase in the N~+-ATPase activity in both 

types of sheep vesicles, though more apparent with LK, is seen when 

intravesicular Na+ (Na+ at the originally external membrane sur• 

face, Naext) is included. 

+ + These results indicate that the (Na , K )-ATPase of HK and LK 

sheep assayed at low ATP concentrations has a similar response to 

cations at both membrane surfaces as has been described from studies 

of ion transport. The molecular basis of the sheep dimorphism is 

accounted for as a difference in the relative effects of ATP (LK 

being less sensitive) acting at a low affinity regulatory site(s) 

that increases the sensitivity of the enzyme to both Kext and Nacyt• 
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8. CLAIMS TO ORIGINALITY 

Parts of this investigation have been reported in the publications: 

Drapeau, P. and Blostein, R. (1978) "Side-specific interactions of Na+ 
and K+ with Na+-ATPase of inside-out membrane vesicles of HK and 

LK sheep red cells". Biophys. J. 21, 72a (Abstract} 

Drapeau, P. and Blostein, R. (1979) "Side-specificity of K+-activated 

phosphatase of inside-out membrane vesicles from human red cells". 

Fed. Proc. 38, 4303 (Abstract} 

Blostein, R., Pershadsingh, H.A., Drapeau, P. and Chu,L. (1979) "Side

specificity of alkali cation interactions with (Na+,K+)-ATPase: 

studies with inside-out red cell membrane vesicles". In "(Na + ,K+)

ATPase: Structure and Kinetics", Skou, J.C. and Norby, J., eds., 

Academic Press, London, pp. 223-235. 

Drapeau, P. and Blostein, R. (1980) "Sodium and potassium interactions 

with Na+-ATPase of inside-out membrane vesicles from high-K+ and 

low-K+ sheep red cells". BiO~him. Biophys. Acta (in press) 

Drapeau, P. and Blostein, R. ( 1980) "Interactions ·of·':K+ with (Na + ,K+)

ATPase: orientation of K+-phosphatase sites studied with inside

out red cell membrane vesicles". J. Biol. Chem. (submitted) 

The author considers the original contributions of this investiga

tion to be: 

1. The direct elucidation of the sidedness of K+ interactions with 

the (Na+,K+)-ATPase during the hydrolysis of the pseudo-substrate 

p-nitrophenyl phosphate. The studies were carried out with 

inside-out human red cell membrane vesicles. It was shown that 
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K+ stimulates p-nitrophenylphosphatase activity at the cytoplasmic. 

i.e. extravesicular, membrane surface whereas under conditions of 

enzyme phosphorylation, extracellular K+, i.e. intravesicOlar K+, 

stimulates p-nitrophenylphosphatase activity. 

2. The direct elucidation of the sidedness of K+ interactions with 

the (Na+,K+)-ATPase of sheep red cells. Using inside-out vesicles, 

it was shown that K+ inhibits LK Na+-ATPase (assayed at(2.0 uM ATP) 

at the cytoplasmic membrane surface and has no effect at the extra

cellular membrane surface. In contrast, HK sheep Na+-ATPase is 

stimulated by extracellular K+ and is insensitive to cytoplasmic K+. 

3. From studies with sheep red cell Na+-ATPase, evidence was obtained 

for a regulatory role of ATP on ·the effectiveness of extracellular 

K+ and cytoplasmic Na+ as activators of Na+-ATPase. 

4. Based on the foregoing results, a mechanism has been proposed 

whereby K+ interacts with the dephosphoenzyme at the cytoplasmic 

membrane surface and interqcts with the phosphoenzyme at the extra-
+ cellular membrane surface. The K -enzyme complex hydro1yzes 

p-nitrophenyl phosphate. ATP modulates the release of K+ from the 

dephosphoenzyme. 

5. A modification of the method described for the preparation of 

inside-out vesicles from human red cells was developed for the 

preparation of inside-out vesicles from sheep red cells. The 

modification involves the addition of ice-cold water prior to the 
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dilute phosphate buffers in the steps of the procedure prior to 

the vesiculation of the membranes. 
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