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I. INTRODUCTION 

The sodium-potassium pump plays a central role in physiology, 
underlying osmotic regulation in virtually all cells, net transport of 
sodium or potassium in glandular structures, intestine, kidney, etc., and 
excitability in nerve and muscle. It is estimated that 20-45 % of resting 
respiration in the mammal is used for driving the Na-K pump [1]. 
The transports of sugars and amino acids also appear to be dependent 
on sodium transport in many situations (Chapters 11 and 12). The phys
iological aspects of the Na-K pump are reviewed elsewhere in this 
volume (Chapter 7). 

One important feature of this pump is that ATP appears to be the 
immediate energizer. This was first indicated in the squid axon by Cald
well et al. [2]. The active extrusion of Na was first poisoned by bathing 
the axon in cyanide or 2,4-dinitrophenol. Upon injection of a high 
energy compound such as ATP, phosphoarginine (the invertebrate 
analog of phosphocreatine), or phosphoenolpyruvate into the poisoned 
axon with a micropipet, active extrusion of Na was restored. The 
phosphoarginine and phosphoenolpyruvate functioned by forming ATP 
through the action of their respective kinases [3,4]. A similar line of 
evidence was provided with resealed erythrocyte ghosts by the tech
nique of " reverse hemolysis " in which erythrocyte ghosts hemolyzed 
under hypotonic conditions can be resealed by suspending them in 
isotonic solutions. If the ghosts were resealed in a solution containing 
ATP, so as to trap the latter within the ghosts, active sodium transport 
was restored [5]. 

In 1957 Skou [6] found an Mg-dependent adenosinetriphosphatase in 
the microsome fraction of the leg nerve of the shore crab which was 
activated by Na. This activation was much enhanced if Κ was also pre
sent. Skou made the suggestion that this adenosinetriphosphatase 
activity (hereafter referred to as the NaK ATPase) was involved in Na 
and Κ pumping. Since that time the case for involvement of the NaK 
ATPase in Na and Κ transport has been made very strong. For example, 
Bonting and Caravaggio [7] found with a large variety of tissues ranging 
in pumping activity by over a thousandfold that the activity of the pump 
and the NaK ATPase paralleled each other so that the ratio of moles of 
Na transported to moles of ATP hydrolyzed remained quite constant, 
fluctuating around a value of 2-3. The data on stoichiometry are most 
accurate in the erythrocyte, where three Na are pumped outward and 
two Κ are pumped inward for every ATP hydrolyzed [8-12]. 
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Probably the strongest evidence linking the NaK ATPase with Na and 
Κ transport is derived from erythrocyte ghosts. Despite their low NaK 
ATPase activity, erythrocytes are uniquely suited for studies on the 
relationship between Na-K transport and the NaK ATPase, because 
they can be so readily manipulated. The main arguments for a relation
ship between the NaK ATPase and Na-K transport are as follows 
[5,13-16]. 

1. With erythrocyte ghosts the pump and the NaK ATPase require 
the simultaneous presence of Na and K. The concentration of each ion 
for half-maximal activation of the pump agrees very closely with the 
concentration of each ion for half-maximal activation of the NaK 
ATPase. 

2. With resealed erythrocyte ghosts, Na activates the pump and the 
NaK ATPase only from the inside and Κ activates only from the out
side. ATP is hydrolyzed and phosphate released on the inside. 

3. Cardiac glycosides inhibit the pump and the NaK ATPase in 
erythrocyte ghosts or fragmented ghosts, and the concentrations for 
half-maximal inhibition of both processes agree closely. The structure-
activity relationships of the cardiac glycosides for inhibition of the pump 
and the NaK ATPase are similar. Glycosides inhibit only on the external 
surface of the membrane. External Κ antagonizes the inhibitory effect of 
low concentrations of cardiac glycosides on both the pump and the 
NaK ATPase. 

4. The K-rich erythrocytes of certain sheep (HK erythrocytes) have a 
much higher NaK ATPase than the K-poor erythrocytes of other sheep 
(LK erythrocytes) [17,18]. The NaK ATPase is present in higher 
amounts in the K-rich erythrocytes of man or the guinea pig than in the 
K-poor erythrocytes of the cat [19]. 

5. Thermodynamic considerations of Garrahan and Glynn [20] 
indicate that it should be theoretically possible to run the NaK ATPase 
reaction backwards and synthesize ATP. Garrahan and Glynn [21] 
showed that, if K-rich resealed ghosts in which glycolysis was poisoned 
with iodoacetate were incubated in high Na media so as to drive the Na 
pump backwards, more 3 2 P was incorporated into ATP than that due 
to glycolytic enzymes in the membrane, and this extra incorporation was 
sensitive to cardiac glycosides. These findings have been confirmed in 
experiments on ghosts [22,23] and intact erythrocytes [24-26]. More 
recently, Lew et al. [27] were able to demonstrate a net synthesis of 
ATP by reversing the pump in a high Na, K-free medium; this synthesis 
of ATP was wholly or partly prevented by ouabain. 

Ultimately, proof of a direct involvement of the NaK ATPase in Na 
and Κ transport rests with insertion of homogeneous enzyme in an 
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artificial membrane and demonstration of the active transport of Na 
and K. Jain et al. [28] claim to have induced electrogenic processes by 
inserting a particulate rat brain fraction containing NaK ATPase in 
black lipid membranes. Proof that this was due to the NaK ATPase 
would be a significant advance. 

Since 1965 the NaK ATPase has been reviewed by Skou [29], Albers 
[30], Heinz [31], Glynn [32], Charnock and Opit [33], Whittam and 
Wheeler [34], and Bonting [35]. 

II. PROPERTIES OF THE ENZYME 

It should be emphasized at the outset that the NaK ATPase is 
considerably more complicated than conventional enzymes. It is mem
brane-bound and contains phospholipid. The molecular weight of its 
protein component is probably close to 250,000 (Section ΙΙ,Ε). There is 
good evidence that it consists of more than one enzymatic activity, and 
it is perhaps more meaningful to think of it as a structured enzyme 
system which translocates sodium and potassium ions across the cell 
membrane coupled to the hydrolysis of ATP. This enzymatic activity 
which hydrolyzes the y-phosphate of ATP requires the simultaneous 
presence of Mg, Na and Κ and is inhibited by cardiotonic steroids such 
as ouabain. Minor ATPase activities inhibited by ouabain but not 
requiring the simultaneous presence of Na and Κ have been reported 
by several investigators [29,36-39]. Goldfarb and Rodnight [40] 
concluded that these minor activities could be due to intrinsic cations 
bound very tightly to membrane preparations. Neufeld and Levy [41] 
suggested that an Na-dependent ouabain-sensitive ATPase may be 
associated with ouabain-sensitive transport systems that require Na but 
not K. Hegyvary and Post conclude that it is not necessary to invoke a 
separate enzyme to explain the K-independent ATPase activity [42]. 

A membrane-bound ATPase activity which is dependent only on Mg 
and not inhibited by ouabain is present in NaK ATPase preparations, 
and there has been speculation that these two activities may be part of 
the same enzyme system. Available evidence does not support this 
contention, however. The Mg ATPase contribution to the total ATPase 
activity decreases as the NaK ATPase enzyme is purified [43]. Robinson 
[44] concluded from his kinetic studies that these were two distinct 
enzymes. Boegman et al. [45] working with frog skeletal muscle achieved 
a clear-cut separation of the NaK ATPase from the NaK-independent 
ATPase and concluded that the two enzymes are not located on the 
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same membrane fragments. Some investigators [46] have suggested 
that the Mg-dependent ATPase of excitable cells may have a role in the 
control of passive permeability and in excitation. 

A. Cellular Localization 

Because no satisfactory histochemical method for localizing the NaK 
ATPase has been developed (see [35, p. 226]), fractionation by differen
tial centrifugation and sucrose density gradient centrifugation, coupled 
with electron microscopy of the isolated fractions, have been used to 
establish the localization of the enzyme in the cell. The bulk of evidence 
suggests that the NaK ATPase is a plasma membrane enzyme. Perhaps 
the most clear-cut evidence is derived from work with erythrocytes 
where the enzyme is tightly associated with and confined to the plasma 
membrane. Studies with nucleated cells also suggest that the NaK 
ATPase may be confined to the plasma membrane. Kamat and Wallach 
[47] separated surface membrane fragments from the bulk of micro
somal components of Ehrlich ascites carcinoma cells. They followed the 
plasma membrane fragments by means of a specific immunologic tag. 
On further density gradient fractionation of the plasma membrane 
material they found that 67% of the NaK ATPase activity coincided 
with a peak containing 88% of cell surface antigen. Various explana
tions were offered for the distribution of the balance of the NaK ATPase. 
Emmelot and Bos [48] reported the separation of liver plasma mem
branes from microsomes and mitochondria and concluded that the 
NaK ATPase was truly a plasma membrane-bound enzyme. Quigley 
and Gotterer [49] isolated the enzyme from rat intestinal mucosal cells. 
The final material was relatively free of brush border, mitochondrial, 
nuclear, and microsomal contamination and would appear to be plasma 
membranes. Barclay et al. [50] isolated plasma membranes from rat liver 
and found a 12-fold increase in the specific activity of the NaK ATPase 
over that in the homogenate. Microsomal fractions of cell homogenates 
generally have NaK ATPase activity, and it is assumed by most that this 
is due to the fact that on disruption of the cell the plasma membrane 
forms small vesicles which sediment with vesicles derived from the 
smooth and rough endoplasmic reticulum. It has, therefore, been diffi
cult to rule out the presence of NaK ATPase in smooth and rough 
endoplasmic reticulum because microsome fractions have not been 
obtained which are unequivocally free of vesicles derived from the 
plasma membrane. In practice microsomal fractions have been used 
almost exclusively in studies of the NaK ATPase. 
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B. Substrate Specificity 

Although ATP is greatly preferred by the NaK ATPase, other nucleo
tides can serve as alternative substrates in some preparations. The other 
nucleotides are far less effective than ATP, however; this may account 
for the reports of absolute specificity for ATP by certain NaK ATPase 
preparations examined with the alternative substrates at low concen
trations [51-53]. Hokin and Yoda [54] reported an ouabain-sensitive 
hydrolysis of CTP, but not of GTP and UTP by a NaK ATPase pre
paration from beef kidney. Hegyvary and Post [42] reported relative 
activities of the NaK ATPase with various nucleotides of 100:49:2.3: 
2.4:0.6 for ATP, </-ATP, CTP, ITP, and GTP, respectively. Schoner 
et al. [55] found relative hydrolysis rates of 27:2:1 with ATP, ITP, and 
GTP, respectively. Towle and Copenhaver [56] found that CTP and 
ITP, but not GTP, serve as alternative substrates. ADP is an inhibitor of 
enzyme activity [57,58] which suggests feedback control on the basis of 
the existing ATP/ADP ratio in the cell. AMP does not inhibit hydrolysis 
of ATP but P f does [57]. 

C. Cation Requirements 

Sodium and potassium ions are both required to activate the ATPase, 
and at appropriately high concentrations each inhibits activation by the 
other. Optimal enzyme activity has been observed at Na/K ratios be
tween 10:1 and 5:1. Small differences in experimental conditions can 
have considerable effect on the optimal ratio found. Kinetic studies have 
shown that the interrelationships between the two ions are complex 
[44,59,60]. 

Although the requirement for Na is absolute, numerous other ions 
can substitute for Κ and do so with varying degrees of efficiency. The 
order of effectiveness has been found to be Κ > Rb > NH 4 > Cs > Li 
[29]. Tl can also substitute for Κ and has been found to have ten times 
the affinity of Κ for the enzyme [61]. 

The presence of Mg is essential for enzymatic activity. Many investi
gators have found that optimal activity is obtained when the Mg 
concentration is approximately equal to that of the substrate. Discrep
ancies have arisen because the optimal ratio in fact varies with ATP 
concentration [57,62]. When either Mg or ATP is present in large 
excess over the other, inhibition occurs. 

It has been assumed from these optimal Mg/ATP concentration 
ratios that Mg ATP is the true substrate for the reaction. While kinetic 
studies by Hexum et al. [57] support this contention, Hegyvary and 
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Post [42] find that ATP is bound to the enzyme in the absence of Mg 
and assume some other explanation is needed for the kinetic results. 
NMR and ESR studies of the interaction of Mn with a purified enzyme 
would resolve these conflicting ideas. Both Mn [63] and Co [64] can 
substitute for Mg, but with one-tenth the efficacy. Ferrous ion can also 
substitute for Mg [64]. Calcium, Ba, Sr, and Be have been found to be 
inhibitory. Toda [65] found that Mg was required for Be inhibition. 

D. Inhibitors 

There are many reports in the literature concerning inhibition of the 
NaK ATPase by various chemicals, drugs, and other biologically active 
agents. Several of these substances (cardiac glycosides, oligomycin, 
NEM, etc.) have proved to be useful tools in unraveling the mechanism 
of the NaK ATPase reaction, as will be discussed later (Section IV,C and 
Section V,B). The inhibition of the NaK ATPase by several classes of 
drugs has been studied in the hope that some light might be shed on the 
mechanism of action of these agents. Their pharmacological effects 
have been presumed to be due to their effects on the plasma membrane 
and therefore might relate to specific effects on mechanisms controlling 
active transport. What will be attempted here is only a very general 
description of the conclusions reached from numerous inhibition 
studies. 

7. Drugs 

a. Cardiac Glycosides. Because of the vast literature on the subject, 
inhibition of the enzyme by these agents and correlation with pharma
cological effect will be considered later and in more detail than the 
other agents. 

b. Diuretics. The evidence that the NaK ATPase plays a major role 
in renal Na reabsorption has been recently reviewed [66]. It has been 
postulated that inhibition of the enzyme might be responsible for the 
diuretic effect of various drugs. Indeed thiol-reactive diuretics such as 
mercurials and ethacrynic acid are in vitro inhibitors of the NaK 
ATPase; however, nondiuretic mercurials also inhibit the enzyme [67]. 
Thiazide diuretics and xanthines are without effect on enzyme activity. 
Rather detailed examination of the effects of ethacrynic acid [68-71] 
point out a number of limitations in accepting the renal NaK ATPase 
system as the site of action of this diuretic. 

c. CNS Agents. A number of drugs with central nervous system 
activity have been tested for their effects on cerebral NaK ATPase 
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preparations. Inhibition of enzyme activity by a number of general 
depressants including barbiturates, ethanol, and general anesthetics has 
been found [72-76]. Intravenous or intraperitoneal administration of 
short chain fatty acids which are also NaK ATPase inhibitors results in 
a rapid and reversible narcosis [77]. No definitive correlation between 
pharmacologic effect and inhibition of the NaK ATPase has been found. 

Chlorpromazine, which has been found to have a profound effect on 
membrane permeability, is also an NaK ATPase inhibitor, and it ap
pears that chlorpromazine-free radical is responsible for its inhibition 
[78-80]. Imipramine is also an NaK ATPase inhibitor [81]. 

The antiepileptic activity of diphenylhydantoin has been attributed 
to its ability to augment sodium extrusion from brain cells [82]. It 
seemed reasonable to assume that it might exert its effect by stimulating 
the NaK ATPase. The drug is in fact an inhibitor of enzymatic activity 
[82,83]. 

d. Purgative Drugs. Phenolpthalein and other purgative drugs were 
found to inhibit the NaK ATPase [84]. This may be an explanation for 
the inhibition of intestinal Na transport by purgative drugs and may be 
an explanation for their pharmacologic effects. 

In many of the cases above, enzyme inhibition and pharmacologic 
activity may be related simply because they are both expressions of the 
action of these substances on cell membranes. 

2. Insecticides 

The toxic effect of DDT on the nervous system is presumed to be due 
to its interference with the transport processes in nerve membrane and 
it was assumed that an ATPase or ATP-utilizing system is involved in 
DDT poisoning [85]. Present data do not support the hypothesis that 
the inhibition of the NaK ATPase in vitro is causally related to the 
insecticidal action in vivo [85-88]. 

3. Hormones 

Since various hormones (aldosterone, hydrocortisone, vasopressin, 
angiotensin) affect renal electrolyte excretion, their effects on the ATPase 
have been examined. In vitro studies have given no evidence to link 
directly the effects of these hormones with their effects on the NaK 
ATPase [19,89-91]. Bakkeren et al [92] found daily rhythmic changes 
in the NaK ATPase activity in rat liver and kidney and speculated that 
adrenocortical steroids might play a role in the kidney enzyme changes. 
Recently, Ismail-Beigi and Edelman [93] have found that treatment of 
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euthyroid and thyroidectomized rats with triiodothyronine led, respec
tively, to 81 % and 54% increases in NaK ATPase activity in liver homog-
enates and 21% and 69% increases in kidney homogenates. Liver 
plasma membrane fractions showed a 69% increase in NaK ATPase 
activity. Other membrane enzymes examined were not increased. The 
authors suggested that, since the NaK ATPase accounts for such a large 
percentage of resting respiration in the whole animal, these stimulations 
in NaK ATPase activity may account at least in part for the calorigenic 
effects of thyroid hormones. 

4. Sulfhydryl Reagents 

A number of sulfhydryl reagents have been shown to be inhibitors 
of the NaK ATPase: /7-chloromercuribenzoate (PCMB), /;-hydroxy-
mercuribenzoate, 2,4-dinitrofluorobenzene, N-ethylmaleimide (NEM), 
as well as ethacrynic acid [29,52,94]. The reversal of PCMB and NEM 
inhibition by cysteine has been reported and interpreted to confirm the 
specific requirement for sulfhydryl groups [95]. ATP has been found to 
protect against irreversible inhibition by NEM which suggested that the 
sulfhydryls are at or near the active site [96]. Neither finding provides 
any more than circumstantial evidence for the importance of sulfhydryl 
groups in the NaK ATPase reaction, however. Cysteine could simply be 
reducing the amount of free inhibitor available to interact with the 
enzyme. ATP has been found to protect against inhibition by agents 
which are not capable of reacting with sulfhydryl groups [54]. Akera and 
Brody [79] found that chlorpromazine free radical decreased the free 
SH content of rat brain Nal microsomes and concomitantly inhibited 
the enzyme. It is not clear that the reaction with SH groups is respon
sible for the inhibition, however. 

5. Diisopropylfluorophosphate (DFP) 

The NaK ATPase is irreversibly inhibited by high concentrations of 
DFP [54,97-100]. Inhibition is markedly influenced by various ligands 
which are involved in NaK ATPase activity. It has been argued that the 
irreversible inhibition by DFP is due to the fluoride ion liberated from it 
[101,102]. The fact remains that organophosphorus compounds which 
do not contain fluorine but which inhibit "active center serine" 
enzymes in the same manner as DFP, also irreversibly inhibit the NaK 
ATPase [98]. It is unclear whether DFP inactivates the NaK ATPase 
preparation by phosphorylation of a serine at the active site. Chignell 
and Titus [100], for example, found that DFP- 3 2 P phosphorylated a 
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different protein than that phosphorylated by ATP-y- 3 2P in the pres
ence of Mg and Na. 

6. Other Inhibitors 

In order to evaluate a possible role of carboxylic acid groups in the 
NaK ATPase, the effect of dicyclohexylcarbodiimide on the enzyme 
has been studied [103]. Carbodiimides were found to inhibit the enzyme; 
Na, K, and ATP protected against inhibition. There is a difference of 
opinion as to whether these results indicate that a carboxylic acid 
group is located in the active center [104]. Various organic solvents (e.g., 
glycerol and DMSO) have been found to inhibit enzymatic activity 
[105,106]. Reagents such as EDTA which complex Mg are also inhib
itors [29]. 

7. Effects of Proteases 

Somogyi [107] studied the effect of various proteases on the NaK 
ATPase from rat brain. He found that the progressive loss in enzyme 
activity which these substances produced was modified by the presence 
of Mg, Na, and K. He concluded that trypsin in contrast to chymo-
trypsin and subtilisin A acts at the active center of the NaK ATPase. 

E. Molecular Weight 

The molecular weight of the NaK ATPase has considerable bearing 
on models for Na and Κ transport. Several models invoke conformation
al changes in the enzyme which translocate Na and Κ to opposite sides 
of the membrane. If the binding sites for Na and Κ are near the surface 
and on opposite sides of the membrane, the enzyme would likely have 
sufficient diameter to span the thickness of the membrane, even though 
the binding sites may be in troughs in the enzyme. Kepner and Macey 
[108] have calculated that a spherical protein with a density of 1.3 and a 
molecular weight of 250,000 would have a volume of 3.2 χ 10" 1 9 cm 3. 
This would give a diameter of 85 A, which is close to current estimates 
of membrane thickness. The two major problems in estimating the 
molecular weight of the NaK ATPase are the inhomogeniety of all 
preparations to date and the association of considerable phospholipid 
with the enzyme. In fact, it is difficult to know how much phospholipid 
to include in determining molecular weight. 

In the face of the difficulties above, two approaches for determining 
molecular weight have been resorted to: radiation inactivation and gel 
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filtration. The former method is based on classical radiation target 
theory applied to radiation inactivation of lyophilized membranes con
taining the NaK ATPase. Using this method, Kepner and Macey [108— 
110] arrived at a molecular weight of 250,000 for the NaK ATPase in 
human erythrocyte ghosts, guinea pig kidney cortex microsomes or 
plasma membrane preparations, and crayfish nerve cord. Nakao et al. 
[Il l] arrived at a molecular weight of 500,000 for the enzyme from pig 
brain microsomes. Kepner and Macey [112] criticize the work of Nakao 
et al. because the conditions of irradiation were not given. Medzihradsky 
et al. [113] found that, on chromatography of Lubrol extracts of guinea 
pig brain microsomes on 6 % agarose, NaK ATPase activity emerged as 
a peak with an apparent molecular weight of 670,000. Kahlenberg et al. 
[114] found the same apparent molecular weight for the beef brain 
enzyme extracted with Lubrol from Nal-treated microsomes. The enzyme 
peak was quite sharp and symmetrical. Using the gel filtration technique 
Mizuno et al. [115] found an apparent molecular weight of 500,000 for 
the NaK ATPase derived from pig brain microsomes sonicated in the 
presence of deoxycholate. 

Uesugi et al. [43] found that their enzyme preparations retained a con
stant proportion of phospholipid (about 25% by weight) and protein 
(about 50% by weight) on successive stages of purification, the balance 
being comprised of bound Lubrol, cholesterol, carbohydrate, and prob
ably some nonphosphorus lipid. If the protein component of the enzyme 
is the only target area sensitive to X-ray inactivation, or if only a small 
percent of lipid is vital for enzyme activity, the discrepancy between 
molecular weights obtained by the two methods above is not great. For 
example, correcting for bound Lubrol and assuming the enzyme is 55 % 
protein [43], the gel filtration technique gives a molecular weight of 
260,000, based on protein only. It is likely that most of the lipid associa
ted with the protein is not essential for enzyme activity, since relatively 
small amounts of any one of several acidic phospholipids will reactivate 
phospholipase Α-treated enzyme in which 90 % of the /?-glyceride ester 
bonds have been cleaved [116]. The large amounts of phosphatidyl
choline and phosphatidylethanolamine associated with the enzyme 
after solubilization and purification may reflect the fact that the enzyme 
retains its tendency to form membranelike structures [43] on purification. 
It is likely that the rather reproducible 670,000 molecular weight com
ponent obtained on solubilization with Lubrol represents a fragment 
containing the enzyme protein and considerable attached lipid derived 
from the membrane. The reproducible manner in which this lipoprotein 
complex solubilized may be due to a unique way in which the membrane 
fractures on treatment with Lubrol. Until homogeneous enzyme is 



280 L. Ε. HOKIN AND J. L. DAHL 

obtained, it is probably best to express molecular weights in terms of pro
tein only. As indicated above, if this is done, there is general agreement 
that the molecular weight is around 250,000. 

III. LIPID REQUIREMENT 

Numerous studies point to a requirement for phospholipids in the 
NaK ATPase, as attested by the fact that enzyme activity is lost when 
lipids are removed by solvent extraction, treatment with detergents, or 
exposure to phospholipases. Skou [117] referred to unpublished obser
vations from his laboratory which showed an abolishment of the NaK 
activation of crab nerve microsomal ATPase by phospholipase A. There 
was no effect on the Mg-activated ATPase. Schatzmann [118] reported 
an inhibition of the glycoside-sensitive and glycoside-insensitive ATPase 
of erythrocyte ghosts by a partially purified phospholipase C from 
Clostridium welchii. Phospholipase A has been found to inhibit NaK 
ATPase in horse erythrocyte ghosts [119], kidney microsomes [120] 
and beef brain [116]. More recent work with phospholipase C has 
shown an inhibition of the NaK ATPase in rat liver plasma membranes 
[121], erythrocyte [122], renal cortex [123], ox brain microsomes [124], 
and synaptic membranes from squirrel monkey cerebral cortex [125]. 

Further light has been thrown on the role of phospholipids in the 
NaK ATPase by adding various phospholipids to NaK ATPase prepara
tions which have been treated either with detergents (usually deoxycho-
late), phospholipases, or solvents. There has been some disagreement as 
to which lipids restore activity after treatment with detergents or with 
phospholipases. A preparation which has been widely used in these 
studies is that first described by Tanaka and Abood [126] and Tanaka 
and Strickland [127]. These authors used a deoxycholate-" solubilized " 
beef brain microsome fraction which had been further fractionated with 
ammonium sulfate. This preparation was inactivated and markedly de
pleted in phospholipids. They found that the NaK ATPase in their 
preparation was stimulated by several phospholipids, particularly com
mercial animal lecithin, commercial lysolecithin, and phosphatidate; 
however, no data were given on the purity of the phospholipid prepara
tions. It should be pointed out that the specific activity of the reactivated 
enzyme in these studies was very low. Sun et al. [125] also obtained 
partial reactivation by lecithin and found the Km for ATP to be the same 
before and after treatment with phospholipase C. Fenster and Copen-
haver [128], using an enzyme preparation very similar to that of Tanaka 
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and his associates, provided evidence that the contaminating phospha-
tidylserine in the "commercial lecithin" was responsible for the activa
tion of the NaK ATPase. Other phosphatide preparations which were 
apparently free of phosphatidylserine gave at most marginal stimulation 
of the NaK ATPase. This supported an earlier observation of Ohnishi 
and Kawamura [119] that phosphatidylserine would restore the activity 
of the NaK ATPase in their phospholipase Α-treated horse erythrocyte 
ghost preparation. Wheeler and Whittam [129,130] claimed that only 
phosphatidylserine could reconstitute a deoxycholate-treated beef 
brain NaK ATPase preparation prepared essentially by the method 
of Tanaka and associates. They did show activating effects of their 
phosphatidic acid and phosphatidylinositol preparations, but they at
tributed them to contaminating phosphatidylserine in these crude pre
parations. However, examination of their data suggests a true stimula
tion by phosphatidylinositol. The phosphatidic acid effect cannot be 
interpreted because all fractions which were tested after paper chro
matographic separation were inhibitory. There did not appear to be any 
phosphatidylserine in their phosphatidic acid preparation. Formby and 
Clausen [131] found that phosphatidylserine and phosphatidylinositol 
gave significant activation of the NaK ATPase in deoxycholate-treated 
synaptosomes from rat brain. Taniguchi and Tonomura [124] obtained 
similar results. Formby and Clausen [131] found that the residue of the 
synaptosomes after deoxycholate activation was enriched with respect 
to phosphatidylserine. Tanaka and Sakamoto [132] carried out a system
atic investigation of the structural requirements of various phospho
lipids for activation of the NaK ATPase in the Tanaka-Strickland prepa
ration. They found that the NaK ATPase was activated by either 
mono- or dialkyl phosphates; both were most active when they possessed 
a ten-carbon chain. Activation by didecyl phosphate was comparable 
to that by several natural acidic phospholipids, including phosphatidyl-
serine. With respect to the natural phosphatides, Tanaka and Sakamoto 
concluded that the minimum structural requirement for activation of 
the NaK ATPase was a phosphate plus one or two fatty acyl residues. 
In a related study Tanaka [133] found that of the pure phosphatides 
tested for restoration of NaK ATPase activity only phosphatidylserine 
and phosphatidic acid gave good stimulation, weaker stimulation being 
produced by bovine brain lecithin, lysolecithin, and soybean phospha
tidylinositol. Recently, Tanaka et al [134] have studied the kinetics of 
binding and activation with various phospholipids, using the Tanaka-
Strickland preparation. Hokin and Hexum [116] found that their 
beef brain enzyme, which was rapidly inactivated by incubation with 
protease-free phospholipase A, was almost fully reactivated by Inosithin, 
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which is a commercial preparation of phosphatidylinositol-enriched 
soybean phosphatides. Of the chromatographically pure phosphatides 
tested, phosphatidylserine, phosphatidic acid, or phosphatidylinositol 
was highly effective in restoring activity as was didodecyl phosphate. 
Inclusion of defatted serum albumin was necessary during phospholipase 
A treatment for maximum reconstitution by phospholipids. Hokin 
and Hexum [116] concluded that any one of many acidic phospholipids 
was capable of reconstituting activity. They further found that on 
purification of the NaK ATPase the enzyme preparation became 
enriched with respect to phsophatidylserine. They suggested that 
under physiological conditions the lipid responsible for maintaining 
activity of the NaK ATPase may be phosphatidylserine but that the 
specificity for this phosphatide is not high. The results of Hokin and 
Hexum are in general agreement with those of Tanaka and his as
sociates. It should be pointed out that, with the exception of two other 
studies [120,124], the specific activity of the reconstituted preparation 
of Hokin and Hexum [116] was one to two orders of magnitude higher 
than that observed by other workers. 

Part of the confusion in the literature may be due to the fact that 
lipids have been removed by different techniques, and in a large number 
of cases the phosphatides added back have not been pure. It is of inter
est, however, that the results of Hokin and Hexum and of Tanaka and 
his associates are in such close agreement even though the former used 
phospholipase A for inactivation and the latter used deoxycholate. 

Attempts have also been made to reconstitute enzyme activity after 
solvent extraction. After extraction with a mixture of petroleum ether 
and ft-butanol, Emmelot and Bos [121] were unable to restore activity 
with either crude or synthetic lecithin. Noguchi and Freed [135] re
ported a reconstitution at —70° by a cholesterol fraction obtained from 
thin layer chromatograms (not further characterized) of an NaK ATPase 
preparation which had been lipid-extracted at —70° in chloroform-
methanol. Hokin and Hexum [116] found no reconstituting effect of 
cholesterol sonicated alone or with phosphatidylserine. 

A very interesting study has recently been carried out by Karlsson 
et al [136]. They fed ducks hypertonic saline for 8 days; the results were 
hypertrophy of the salt glands and a 200% increase in the specific ac
tivity of the NaK ATPase. The sulfatide content of the gland increased 
to the same extent. The correlation between sulfatide content and the 
NaK ATPase was unique among the lipids examined and suggests a 
possible involvement of the former in the enzyme activity. 

Although it seems clear that phospholipids are involved in the NaK 
ATPase, the precise role of phospholipids in the enzyme is far from clear. 
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A frequently held view is that binding of phospholipid to the protein is 
necessary to maintain the appropriate conformation for enzyme activity. 

IV. REACTION MECHANISM 

A great deal of effort has gone into unraveling the mechanism of the 
NaK ATPase reaction. A picture which has found fairly wide acceptance 
has begun to emerge as will be amplified below. Most of the work has 
been done with fragmented membrane preparations; ultimately these 
findings must be incorporated into models for transport of Na and Κ 
across intact cell membranes. 

It has been postulated that the NaK ATPase hydrolyzes ATP in a 
stepwise fashion involving Na-dependent phosphorylation of the en
zyme and K-dependent dephosphorylation. Partial reactions have been 
ascribed to the system; in their simplest form they can be formulated as 
follows: 

M g 2 + 

Εχ + ATP t £ \ ~ P + ADP (1) 
Na + 

M g 2 + 

Z T j - P > E2-V (2) 

£ 2 - P + H 2 0 K + > £ 2 + P* (3) 

E2 , El (4) 
The reaction sequence appears to involve conformational changes in the 
enzyme depicted by Ex and E2. The findings which have led to the 
postulation of this sequence will be discussed, and data will be presented 
which indicate additional complexities in the sequence. 

A. The Phosphorylated Intermediate 

As early as 1960 Skou [137] postulated that phosphorylation of the 
enzyme might be involved as an intermediate step in the overall reaction. 
This was based on the observation of an Mg-dependent ATP-ADP ex
change catalyzed by a microsomal fraction from the leg nerve of the 
shore crab. However, at that time Na-stimulated exchange could not be 
demonstrated, and in brain microsomes Stahl et al. [138] could separate 
most of the exchange activity from NaK ATPase activity (see Section 
IV,C) Stronger evidence for a phosphorylated intermediate was the 
finding of a very rapid Na-dependent incorporation of 3 2 P from 
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ATP-y- 3 2P into NaK ATPase preparations [139-148]. The 3 2 P remained 
bound to the protein after trichloroacetic acid precipitation. If Κ was 
present simultaneously with Na, the radioactivity recovered in the acid-
insoluble denatured protein was greatly reduced. If Κ was added to the 
enzyme system after Na, the 3 2 P was rapidly lost. The labeling was de
pendent on Mg and specific for Na [143]. The same cations which sub
stituted for Κ in the overall hydrolysis reaction, namely, Li, N H 4 , Rb, 
Cs, or Tl, activated dephosphorylation [143,149]. A similar nucleotide 
specificity for the overall reaction and the phosphorylation reaction was 
also found [55], although in certain preparations the requirement for 
ATP is very specific [51-53]. Ouabain in low concentrations inhibited 
the K-dependent dephosphorylation; at high concentrations it pre
vented phosphorylation. NEM and oligomycin did not inhibit phospho
rylation but did inhibit the K-dependent dephosphorylation. Bader et al. 
[150] examined 6 tissues from 11 different species and found that, al
though the specific activities of the NaK ATPase from these various 
sources varied by more than 400-fold, the range in the ratio of NaK 
ATPase activity to the level of phosphorylated intermediate was only 
2-fold. In other words, the turnover number of the enzyme from a wide 
variety of sources was quite constant. These findings all lend credence 
to the view that the phosphorylated protein is a functional intermediate 
in the reaction sequence. 

Since 3 2 P f was released from pepsin digests of these preparations by 
high pH, hydroxylamine, or purified acyl phosphatase, it was postulated 
that the phosphorylated intermediate was an acyl phosphate residue in 
the protein [144,146,151]. Kahlenberg et al. [152,153] showed that the 
acyl phosphate was an L-glutamyl-y-phosphate. Because of the impurity 
of the available NaK ATPase preparations with attendant low levels of 
phosphorylated intermediate (a few hundred picamoles of acyl phos
phate per mg of protein) and the instability of the carboxyl phosphate 
bond, identification proved rather difficult. It was achieved by conver
sion of the carboxyl phosphate into a radioactive propylhydroxamate 
derivative by incubating pepsin digests of the phosphorylated and non-
phosphorylated forms of the NaK ATPase with N-[2,3-3H] w-propyl-
hydroxylamine of high specific activity, further digestion with pronase, 
and purification by column chromatography, paper chromatography, 
and paper electrophoresis. At the final stage of purification, radioactivity 
which was threefold higher in material from phosphorylated enzyme 
than from nonphosphorylated enzyme chromatographed with authentic 
L-glutamyl-y-propylhydroxamate in seven systems. It did not cochro-
matograph with authentic L-aspartyl-y-propylhydroxamate in five of 
these seven systems. 
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There has been considerable argument as to whether the L-glutamyl-
y-phosphate residue is the true intermediate in the NaK ATPase. One of 
the most serious arguments has been that hydroxylamine can discharge 
3 2 P f from some native mammalian preparations of phosphorylated NaK 
ATPase without inhibiting enzyme activity [154,155]. If the discharge 
of 3 2 P , involves hydroxylaminolysis of the acyl phosphate bond, one 
would anticipate that the enzyme would be inhibited by formation of a 
stable hydroxamate according to the following reactions: 

Enzyme + ATP ' Enzyme-O-P + ADP 

Enzyme-O-P + N H 2 O H • Enzyme-NHOH + P, 

It turns out, however, that this discharging effect of hydroxylamine is 
due to a K-like effect of either contaminating ammonium ions in the 
hydroxylamine or an ammonium-like action of hydroxylamine itself, 
since TV-methyl hydroxylamine, which can discharge 3 2 P , from acid-
denatured phosphorylated enzyme preparations [151,156], does not dis
charge 3 2 P , from native phosphorylated enzyme [157] as does hydroxyl
amine [156]. 7V-Methylhydroxylamine does not decompose to ammonia 
as does hydroxylamine. With electric organ and kidney microsomes, 
hydroxylamine will, in fact, partially replace Κ in activating the NaK 
ATPase reaction [158,159]. It is now generally assumed that, in the 
native enzyme of mammalian origin, hydroxylamine is inaccessible to 
the susceptible L-glutamyl-y-phosphate residue. 

In native NaK ATPase preparations from cold-blooded vertebrates, 
hydroxylamine appears to inhibit enzyme activity and also reduce Na-
dependent phosphorylation [160]. A deoxycholate-treated beef brain 
preparation also appears to be inhibited by hyroxylamine [157]. Certain 
metals also induce hydroxylamine inhibition of the NaK ATPase in 
mammalian preparations [153,161-163]. 

Sachs et a l [163] recently showed an 80% inhibition of phosphoryla
tion of an NaK ATPase preparation by preincubation with Na, ATP, 
and hydroxylamine without any appreciable inhibition of enzyme ac
tivity. There is considerable difficulty in interpretation of experiments of 
this nature. For example, if all of the hydroxylamine were not completely 
washed out of the preparation after preincubation, it would exert an 
ammonium-like effect during the phosphorylation reaction. 

More recently it has been possible to show phosphorylation of the 
enzyme with Mg and 3 2 P f in the presence of ouabain [164-166]. Diges
tion with pepsin and peptide mapping by electrophoresis on paper in 
one dimension suggested that phosphorylation was at the same site as 
that phosphorylated by ATP-y- 3 2P [100,149,166]. (Peptide mapping by 
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electrophoresis in one dimension is a limited criterion.) The phosphoryl
ation by 3 2 P f in the presence of Mg and ouabain would seem to be 
energetically unfeasible, since a high energy phosphate bond is being 
formed on the enzyme. However, it should be borne in mind that the 
intermediate is not turning over under these conditions; hence very little 
is actually formed. Its demonstration requires the highly sensitive 
radioactive technique. In any event, ouabain may produce a conforma
tional change in the enzyme, and conformational energy may be con
verted into the synthesis of the acyl phosphate. 

B. Potassium-Dependent Phosphatase Activity 

Further support for the multistep reaction mechanism is the finding 
of a potassium-dependent phosphatase activity in various NaK ATPase 
preparations—erythrocyte membranes [167,168], microsomal fractions 
from liver [169], kidney [170], brain [43,171-177], and electric eel [178], 
and in frog ventricles [179]. The phosphatase is capable of hydrolyzing 
a variety of substrates such as /?-nitrophenylphosphate, acetyl phosphate, 
and carbamyl phosphate. This is consistent with the hypothesis that the 
phosphorylated intermediate in the NaK ATPase reaction is an acyl 
phosphate. Ahmed and Judah [180] found that the K-dependent /?-nitro-
phenylphosphatase activity in microsomal fractions from various tissues 
paralleled their NaK ATPase activity. Others have found a parallel 
purification of the two enzyme activities. For example, Towle and 
Copenhaver [56] working with a 50-fold purified enzyme from rabbit 
renal cortex and Uesugi et al. [43] working with a highly purified beef brain 
enzyme found that purification of the K-dependent /?-nitrophenylphos-
phatase activity followed that of the NaK ATPase. Using an approxi
mately half-pure NaK ATPase, Jorgensen et al. [181] found that the 
K-dependent /?-nitrophenylphosphatase activity was distributed in a 
sucrose density gradient in the same fractions as the NaK ATPase. 

The close association of the two enzyme activities has led to specu
lation that the phosphatase may be involved in the final step of the re
action sequence catalyzed by the NaK ATPase and that the K-activated 
phosphatase is the expression of the ability of the transport ATPase to 
hydrolyze phosphate esters apart from its natural substrate provided by 
the Na-dependent phosphorylation of the NaK ATPase. Similarities and 
differences in the properties of the K-dependent phosphatase and the 
NaK ATPase have been noted [131,169,172-175,182]. It is difficult to 
conclude from such data whether the two reactions are a function of the 
same enzyme. Since comparisons are being made between artificial sub
strates and the phosphorylated protein, there is no reason why the 
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reaction properties must be identical. It is interesting that differences 
between the two enzyme activities in sensitivities to certain ions and 
inhibitors become less significant when the phosphatase assay con
ditions are made similar to the usual assay conditions for the NaK 
ATPase [175], i.e., the K-dependent phosphatase is assayed in the 
presence of Na and ATP. 

The characteristics of the K-dependent phosphatase reaction have 
been studied by several groups of investigators. The K-dependent phos
phatase is inhibited by ATP, pyrophosphate, inorganic phosphate, and 
apparently by anions in general [177]. It is also inhibited by inhibitors 
of the NaK ATPase such as cardiac glycosides, NEM, and ethacrynic 
acid, but not by oligomycin under the usual assay conditions [175,176, 
182]. At suboptimal Κ concentrations, Na alone has a stimulatory effect 
and Na and ATP together have an even greater stimulatory effect on Κ 
activation [177]. This stimulation can be blocked by oligomycin and 
NEM [182,183]. It might be argued that the activation by Na and ATP is 
due to phosphorylation of the enzyme and that the phosphorylated form 
is more effective as a phosphatase. Robinson [184] supports this view 
and asserts that, although the phosphorylated site may notbethehydrol-
ytic site, the hydrolytic site is highly sensitive to phosphorylation of the 
enzyme. Thus different pathways may be available to phosphatase sub
strates, depending on whether Na is present or not. Koyal et al. [177] 
found activation by oligomycin under conditions where a phosphoryl
ated intermediate could not be formed. They feel that 4 4 the primary role 
of Na is to produce in the presence of ATP a modification in the enzyme 
complex which is necessary if the phosphorylated intermediate is to be 
formed, but not necessary to the subsequent K-dependent hydrolysis of 
either the phosphorylated intermediate or p-nitrophenylphosphate." 
Na is inhibitory at higher concentrations both in the presence and in the 
absence of ATP. The inhibitory effects of high concentrations of Na on 
the NaK ATPase has already been mentioned, as has the fact that Na 
inhibits the Na-K pump from the same side of the membrane as that 
where Κ activates. In the presence of Mg the /7-nitrophenylphosphatase 
is activated by various monovalent cations but not by Na. The activating 
effect of cations is in the order Κ = Rb > Cs > Li [177]. Tl can activate 
both the acetylphosphatase and the /?-nitrophenylphosphatase of beef 
brain microsomes with a Km approximately one-tenth that of Κ [185]. 
Thus there is an obvious similarity between the cation sensitivity of the 
K-dependent phosphatase and the NaK ATPase. 

Substrates for the K-dependent phosphatase have been found capable 
of phosphorylating the NaK ATPase [174,186-188]. Israel and Titus 
[174] and Bond et al. [188] reported similarities in a phosphorylated 
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intermediate produced by acetyl phosphate- 3 2P or ATP-y- 3 2P. In addi
tion, each substrate inhibited phosphorylation by the other and ouabain 
enhanced the inhibitory effect of acetyl phosphate suggesting that the 
same active site participates in both the K-dependent acetylphosphatase 
and the NaK ATPase activities. However, it was found that, in the 
presence of Mg and K, acetyl phosphate, unlike ATP, phosphorylated 
the enzyme. The quantity of phosphorylated intermediate was less and 
its turnover faster. Thus Κ appeared to stimulate both phosphorylation 
and dephosphorylation. 

Inturrisi and Titus [189] found phosphorylation of the NaK ATPase 
by /?-nitrophenylphospate-32P, but only in the presence of ouabain. The 
ouabain-dependent labeling required Mg but not Na or Κ—the same 
conditions which permit phosphorylation of the enzyme by P f . The 
amount of P, generated from the p-nitrophenylphosphate could not ac
count for the labeling. The phosphorylation bore no clear relation to 
K-dependent phosphatase activity. 

The importance of lipid to the phosphatase reaction has also been 
examined. Tanaka and Mitsumata [190] reported that the K-dependent 
phosphatase like the NaK ATPase was activated by phospholipids. 
Tanaka [133] compared in detail the effects of lipids on the NaK ATPase 
and the K-dependent phosphatase and found considerable differences in 
the properties of the two enzymes. P-nitrophenylphosphatase but not 
NaK ATPase activity was present in DOC-treated preparations even in 
the absence of added phospholipid. He also found a different lipid acti
vation spectrum but concluded that the essential structure for stimula
tion is similar for the ATPase and the phosphatase. Tanaka et al. [134] 
and Tanaka and Sakamoto [132] concluded that the essential structure 
needed for activation of the phosphatase is a phosphate plus 2 acyl 
residues, while only one acyl residue appears to be required for activa
tion of the NaK ATPase. Wheeler and Whittam [129,130] found the 
NaK ATPase and the phosphatase to be activated by phosphatidylserine 
and by none of the other phospholipids tested. 

Garrahan and co-workers [191-195], studying the K-dependent 
phosphatase with resealed erythrocyte ghosts found asymmetrical 
requirements for K, Na, Mg, and ATP similar to those of the NaK 
ATPase system, e.g., activation by external but not by internal K. This 
together with the good correlation between the activities of the NaK 
ATPase and K-dependent phosphatase in erythrocytes with different 
pumping rates gives additional support to the idea that the phosphatase 
is a partial reaction of the NaK ATPase. Further evidence comes from 
findings that the phosphatase activity in erythrocytes is significantly 
altered by ATP. When ATP is added, there is an increase in K m of Κ 
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and an increase in sensitivity to ouabain [194]. This supports the view 
that ATP apart from providing the necessary energy for active transport 
also plays a role in promoting cyclic changes in selectivity for these ions 
—a role most active transport schemes require. Brinley and Mullins [3] 
found that acetyl phosphate failed to effect Na transport in squid axons. 
Garrahan and Rega [195] found that hydrolysis of /?-nitrophenylphos-
phate could not energize active transport, but that it could inhibit active 
transport in ATP-containing cells in line with the idea that it is hydrol-
yzed through the pathway used by the phosphorylated intermediate 
formed from ATP. Askari and Rao [197,198] also worked with resealed 
ghosts labeled with 2 2 N a suspended in an Na-free medium and found 
that Κ and /?-nitrophenylphosphate initiate an ouabain-sensitive efflux 
of Na. They hypothesized that the K-dependent phosphatase segment 
of the NaK ATPase is on the outside surface of the membrane and that 
the phosphatase is the primary translocator of Na and K. Garrahan et 
al. [191] had previously concluded that the phosphatase was located at 
the inner surface of the cell membrane consistent with the fact that 
the transport ATPase system releases inorganic phosphate inside the 
erythrocyte. An unequivocal answer to the question whether the K-
dependent phosphatase activity found in various NaK ATPase prep
arations is the same as that of the potassium-stimulated part of the 
NaK ATPase that hydrolyzes the phosphorylated intermediate must 
await purification of the transport ATPase to a state of homogeneity. 

C. Evidence for More Than One Phosphorylated Intermediate 

Evidence that there are two forms of the phosphorylated interme
diate comes from the selective actions of Mg and certain inhibitors on 
the partial reactions postulated for the NaK ATPase reaction. 

As mentioned earlier, Skou [137] had originally observed an Mg-
dependent ADP-ATP exchange activity in his microsomal NaK ATPase 
preparation from crab nerve. Subsequent investigations raised doubts 
about the participation of this exchange reaction in the NaK ATPase 
system because no evidence was found for an ADP-ATP exchange at 
Na and Mg concentrations comparable to those used to phosphorylate 
enzyme protein and catalyze the overall hydrolysis of ATP [141,199]. 
In addition, Stahl et al. [138] were able to separate the bulk of the 
ADP-ATP exchange system from the NaK ATPase in brain micro
somes without affecting the activity of the latter. A residual ADP-ATP 
exchange activity remained firmly attached to the microsomes. Fahn 
and co-workers [51,52,159] and Siegel and Albers [200] working with 
electric organ microsomes and Stahl [53,201,202] with brain microsomes 
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were able to demonstrate, at low Mg concentrations, an exchange 
activity which had absolute specificity for Na and ATP, did not depend 
on K, and was inhibited by cardiac glycosides. The fact that the opti
mum Mg concentrations for exchange and the overall hydrolysis reac
tion are different is consistent with the view that there are at least two 
forms of phosphorylated intermediate. The conversion of Ex ~ Ρ to 
Ε2 — Ρ is postulated to be Mg-dependent and essentially irreversible; 
E2 — Ρ cannot react with ADP in an exchange reaction. 

The selective action of certain inhibitors has also been useful in 
establishing step 2 in the proposed reaction sequence. Fahn et al. 
[52,159] found that, whereas NEM and oligomycin inhibited the NaK 
ATPase reaction, there was enhancement of the exchange reaction and 
there was no reduction in the amount of phosphorylated intermediate 
formed from inhibited as compared to native enzyme. Thus NEM and 
oligomycin are presumed to inhibit conversion of Ex ~ Ρ to E2 - Ρ 
which explains why they can inhibit the overall reaction but stimulate 
exchange activity and not inhibit K-dependent phosphatase activity 
under the usual assay conditions. Further support derives from com
parisons of the phosphorylated forms of native and NEM-treated 
NaK ATPase. The phosphorylated intermediate formed from native 
enzyme is hydrolyzed by Κ but not by ADP, whereas that formed 
after NEM treatment responds to ADP, but not to K. No differences 
were noted in the electrophoretic patterns of peptide digests of these 
phosphorylated forms. Post et al. [149] have reviewed the evidence 
that the transformation of Ex ~ Ρ to E2 - Ρ represents a change in 
conformation. From kinetic studies, Middleton [203] and Stone [204] 
have concluded that the rate limiting step in the reaction sequence is 
the conversion of Ex ~ Ρ to E2-P. Robinson [184], in contrast to 
other investigators, has suggested that the £\ ~ Ρ to E2 — Ρ conversion 
may not be an essential part of the translocation scheme, but that the con
formational changes may play a vital role in regulating cation transport. 

It should be emphasized that the sequence of reactions postulated for 
the overall NaK ATPase reaction is a hypothesis arrived at by piecing 
together the available facts which have been summarized here. This 
reaction sequence cannot be related with certainty to Na and Κ transport 
and no doubt will be modified as additional information becomes available. 

D. ATP Binding Studies 

Recently two groups of investigators [42,205,206] have reported what 
they consider to be an early step in the reaction sequence, i.e., the bind
ing of ATP to the enzyme. Jensen and Norby [206] showed propor-
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tionality between ATP-binding capacity and NaK ATPase activity, 
while Hegyvary and Post [42] found binding capacity to be equal, one 
for one, to the phosphorylation capacity of the enzyme. The binding of 
ATP was inhibited by pretreatment with ouabain. Binding was also 
inhibited by Κ and by other inorganic cations which substitute for Κ in 
the stimulation of the NaK ATPase. Na antagonized the Κ inhibition 
but had no direct effect by itself. Li had no effect. It was concluded that 
the 6-amino group of the purine ring and the y-phosphate group in ATP 
are essential for binding. The nucleotide specificity of the ATP binding 
was similar to the substrate specificity for the NaK ATPase, suggesting 
that the binding site is identical with the substrate site for the enzyme. 
Since ATP binding occurs in the absence of Mg, doubts are raised about 
claims that Mg ATP is the true substrate for the enzyme. Hegyvary and 
Post conclude that Na and Κ control the binding of ATP through their 
action on the enzyme rather than through the formation of complexes 
with ATP, i.e., the cations induce conformational changes in the unphos-
phorylated native enzyme with attendant alteration in properties. 

E. Kinetic Studies 

The sigmoidal effector velocity curves found in kinetic studies of the 
NaK ATPase have been interpreted by Squires [59] and Robinson 
[44,176,207] as indicative of an allosteric mechanism for the reaction. 
Others [208-211] have pointed out that a multiple site-multiple affinity 
model could account for the observed kinetic properties. Kinetic data 
cannot provide unequivocal evidence of allosteric effects, particularly 
when such studies are complicated by the use of impure enzymes and 
the requirement for multiple activators and possible competition be
tween Na and Κ for multiple sites on the enzyme. It is interesting that 
sigmoidal activation curves are also seen in the absence of a possible 
competing ion, e.g., the K-activation curve for the K-dependent 
phosphatase reaction in the absence of Na was found to be sigmoidal 
[176], as was the Na-activation curve for phosphorylation by ATP-y- 3 2P 
in the absence of Κ [200]. Kinetic studies with various inhibitors, 
ouabain [166,212], NEM [213], ethacrynic acid [214,215], and oligo
mycin [184,216], have been interpreted to support an allosteric mecha
nism for the NaK ATPase reaction and by inference an allosteric model 
for cation transport. As Albers et al. [165] have pointed out, however, 
"an allosteric transition in the NaK ATPase would be quite distinct 
from the role of such a transition in most allosteric enzymes because the 
allosteric transition does not simply regulate catalytic activity but 
constitutes the primary function of the system." 
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V. CARDIAC GLYCOSIDES 

A. Inhibition of the NaK ATPase by Cardiotonic Steroids 

In 1953 Schatzmann [217] observed that strophanthin k inhibited the 
active movements of Na and Κ in erythrocytes without affecting the 
energy-yielding reactions of the cell. Since that time a considerable 
literature has accumulated on the effects of various cardiotonic steroids 
on Na and Κ transport in a variety of tissues (see reviews by Glynn 
[218,219] and by Lee and Klaus [220]). 

It was not long after Skou's discovery of the NaK ATPase in 1957 
that the enzyme was also found to be sensitive to cardiotonic steroids 
[13,14]. The concentrations of cardiotonic steroids required for 50% 
inhibition generally range from 10" 7 to 10" 6 M. There is wide variation 
in the sensitivity of different tissues and species [7,221]. The inhibition is 
both time- and temperature-dependent [222,223]. For this reason, there 
has been considerable variation in inhibitory potency reported in the 
literature. The time for complete inhibition is very dependent on the 
concentration of the cardiotonic steroid, developing within a very 
short time at high concentrations. Inhibition of transport and, by 
inference, the NaK ATPase appears to occur only when the cardiotonic 
steroid binds on the outer surface of the membrane [224]. 

There have been numerous studies on the relative inhibitory potencies 
of a large number of cardiotonic steroids on Na and Κ transport and on 
the NaK ATPase [218,219,225-227]. In general, the bufadienolides 
(six-membered diunsaturated lactone ring in the β configuration at 
C-17) are more potent than the cardenolides (five-membered mono-
unsaturated lactone ring in the β configuration at C-17). Structural 
features required for cardiotonic activity are an unsaturated lactone ring 
attached at C-17 in β configuration to a cyclopentanophenanthrene 
nucleus and a β-hydroxyl at C-14. Reduction in inhibitory potency 
results from saturation or disruption of the lactone ring, α configuration 
at C-17, dehydrogenation of the hydroxyl at C-3, or epimerization of 
this hydroxyl from the β to the α position. Much variation in the A/B 
ring area can be made without destroying ability of the steroid to inhibit 
the enzyme. 

From structure activity relationships (SAR) several investigators have 
attempted to deduce the nature of the steroid binding site on the NaK 
ATPase. Because of the cis configuration of the C-D ring juncture a 
rather rigid nonpolar concavity exists on the α surface. Portius and 
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Repke [228] postulated that the steroid interacts with a complementary 
surface of the enzyme by hydrophobic interactions. It is possible that 
this involves the nonpolar concavity of the steroid. Albers et al. [165] 
viewed the dissociation of the steroid from the enzyme by solvents as 
evidence for a nonpolar interaction, but denaturation of the enzyme by 
the solvents would probably cause dissociation as well. Tobin and Sen 
[229] estimated the entropy change for ouabain interaction with the 
enzyme. They arrived at a high value which is consistent with a large 
conformational change. They believed that this ruled out a single-bond 
type and suggest that a large number of noncovalent bond types are 
involved. It should be pointed out, however, that nonpolar interactions 
are not a chemical bond in the usual sense but involve Van der Waals 
forces in a hydrophobic core surrounded by structured water; the 
aggregate force of such an interaction can be considerable. On the basis 
of SAR studies, Wilson et al. [227] constructed a model in which there is 
a three-point attachment of the cardiotonic steroid to the enzyme. An 
A site on the enzyme interacts optimally with the sugar portion of an 
aglycone monosaccharide. Di-, tri-, and tetrasaccharides and the 3 β-
hydroxyl of the aglycone interact more freely. A Β site is believed to 
interact with the 14-hydroxyl group of the steroid. A C site interacts with 
the lactone ring at the 17/? position. The order of reactivity of lactone 
rings is α-pyrone > crotonolactone > y-butyrolactone. Planarity and an 
extensive π-electron system in the lactone ring favor binding. Middleton 
[203] proposed a model for the ATP-ion-enzyme complex which 
allowed him to explain SAR studies of the cardiac glycosides. He 
postulated formation of a mixed anhydride via nucleophilic attack of 
the phosphate of the L-glutamyl-y-phosphate residue on the cardiac 
glycoside lactone ring. 

B. Cardiotonic Steroid-Enzyme Interactions 

These studies have been carried out either by following the binding of 
radioactive cardiotonic steroids to enzyme preparations or by measuring 
residual inhibition of the enzyme after dilution of the system suffi
ciently that inhibition due to free steroid would be negligible. 

There has been considerable controversy about the reversibility of 
binding of cardiotonic steroids to the NaK ATPase. Some have claimed 
reversibility [208,218,230], while others have claimed essential irrever
sibility [165,231,232]. 

Sen et al. [166] and Tobin and Sen [229] found reversibility which 
depended on temperature. Yoda and Hokin [233] found that with a 
series of cardiotonic steroids all cardenolide aglycones bound with 
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complete reversibility to a beef brain NaK ATPase [43]. Binding of 
bufadienolide aglycones, on the other hand, was only partially reversible. 
The binding of all cardiac glycosides was completely irreversible, 
suggesting that the sugar in glycosidic linkage with the 3 position of 
the steroid plays an important role in irreversible binding. It should 
also be mentioned that Albers et al. [165] found that the rate of in
hibition by cardiac glycosides was inversely related to the number of 
hydroxyls on the steroid and the number of sugar substituents. Bound 
biologically active cardiotonic steroids are displaced by other bio
logically active steroids but not by biologically inactive steroids [234]. 

Various physiological ligands significantly influence the interaction of 
cardiotonic steroids with the NaK ATPase. This has been shown by 
following both binding of radioactive cardiac glycosides to NaK ATPase 
preparations and rates of inhibition of the enzyme. Conditions which 
favor the formation of the phosphorylated intermediate favor binding, 
namely, the presence of Mg + Na + ATP, or the presence of Mg + P f 

[95,165,166,229,232,233,235,236]. However, the formation of the 
phosphorylated intermediate is not essential to promote binding 
[149,236]. Either Mg or Mn alone or Mg + acetate has been found 
to be quite effective in promoting binding. 

It had been known for a long time that partial inhibition of Na-K 
transport and the NaK ATPase by low concentrations of cardiotonic 
steroids could be relieved by Κ [218,219]. Glynn [237] had first sug
gested that Κ and cardiotonic steroids may compete for the same site 
because the antagonism showed certain features of competitive inhibi
tion, but further analysis has shown that this is not the case [218,219]. Na 
has been found to increase inhibition by ouabain [238]. Albers et al 
[165] found that, in the presence of ATP + Mg + Na, Κ retarded the 
rate of inhibition by cardiotonic steroids of the enzyme; in the 
presence of Ρ,, Mg increased, Κ slowed, and Na markedly decreased 
the rate of inhibition. On the other hand, Matsui and Schwartz [239] 
found that Na increased the inhibition of a heart NaK ATPase by 
ouabain, in agreement with the findings of Schatzmann [238]. 

Hansen [240] has recently found that ouabain binds to enzyme in a 
constant ratio relative to the specific activity. This enabled calculation 
of the turnover number of the enzyme which was in excellent agreement 
with that arrived at by Bader et al. [150], based on maximum phosphory
lation of the enzyme in the presence of ATP + Mg + Na. This suggests 
a stoichiometry for binding of cardiotonic steroids per mole of enzyme 
close to 1:1. Albers et al. [165] determined this stoichiometry in cat 
brain and electric organ enzymes and arrived at values of 0.5 and 1, 
respectively. 
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The number of ouabain binding sites per erythrocyte has been esti
mated by Glynn [237] and more recently by Hoffman and Ingram [235]. 
The latter estimated the number of sites by counting the number of 
bound radioactive ouabain molecules per erythrocyte as soon as maxi
mum inhibition of Κ influx had been attained. The value arrived at was 
250 sites per erythrocyte, which is probably a maximum figure since 
ouabain binding continued after Κ influx had been stopped, suggesting 
some nonspecific binding. Ellory and Keynes [232] estimated that there 
were 200 molecules of digoxin bound per cell. 

It would appear that certain conformations of the enzyme are neces
sary for optimum binding of cardiotonic steroids. One conformation is 
that imposed by phosphorylation of the enzyme. However, since binding 
can occur under conditions in which the enzyme is not phosphorylated, 
either the same conformation can be achieved without phosphorylation 
or other conformations also favor cardiotonic steroid binding. Post et al. 
[149] have concluded that of the two phosphorylated intermediates 
(Section IV,C), ouabain reacts preferentially with E2 — P and that 
ouabain may also prefer the E2 form of the nonphosphorylated enzyme. 

Recently, Dunham and Hoifman [241] incubated human erythrocyte 
ghosts with tritiated ouabain in the presence of ATP + Mg + Na— 
conditions for optimum binding of cardiotonic steroids—and solubilized 
the membranes with sodium dodecyl sulfate. Membranes not treated 
with ouabain were also solubilized in a similar manner, and it was found 
that the NaK ATPase activity was retained in the soluble extract. On 
sucrose density gradient centrifugation, the NaK ATPase and the 
protein-bound ouabain peaks coincided, moving ahead of the bulk of 
the protein. The purification achieved was about 8-fold over the starting 
material. The authors point out that these experiments are a step 
toward isolation of the cation transport mechanism in the erythrocyte 
membrane. However, it is ironical that, although the erythrocyte has 
provided the most information about the mechanism of Na and Κ 
transport and the role of the NaK ATPase in this mechanism, it is the 
most poorly endowed with NaK ATPase activity of any mammalian cell 
by several orders of magnitude. Thus complete purification of the 
enzyme from this source would be formidable indeed. 

C. Irreversible Inhibition by Cardiotonic Steroid Haloacetates 

Hokin et al. [230] reported an irreversible inhibition of guinea 
pig brain microsomal NaK ATPase by strophanthidin 3-iodoacetate 
and strophanthidin 3-bromoacetate. Iodoacetate, iodoacetate + stro
phanthidin, and the structurally related but biologically inactive 
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dianhydrostrophanthidin 3-iodoacetate did not produce inhibition— 
either reversibly or irreversibly. Later Ruoho et al. [242] found that the 
3-iodoacetate and 3-bromoacetate derivatives of hellebrigenin, a more 
potent inhibitor of the NaK ATPase than strophanthidin, were more 
effective as irreversible inhibitors of the enzyme. It was concluded that 
the irreversible inhibition was due to site-directed alkylation of the 
enzyme at the cardiotonic steroid site. 

More recent studies have shown that under conditions of optimum 
binding for cardiotonic steroids (ATP + Mg + Na) there is no irrevers
ible inhibition of either a partially purified beef brain NaK ATPase 
preparation [243] or an NaK ATPase from microsomes of papillary 
muscle of guinea pig [244,245], although in both cases irreversible inhibi
tion was observed in the absence of conditions for phosphorylation 
of the enzyme. It is concluded that the phosphorylated form of the 
enzyme is protected from alkylation, although it is clear that the steroid 
haloacetates bind at the cardiotonic steroid site under these conditions 
[242,243]. These results can explain why the positive inotropic effect 
of strophanthidin 3-bromoacetate is reversible and why the NaK 
ATPase isolated after sufficient washout to remove any residual positive 
inotropic effect is not inhibited [246], since, in intact cells, conditions 
for phosphorylation are present. It could be argued that cardiotonic 
steroids do not bind to the cardiotonic steroid site at all under non-
phosphorylating conditions. However, Hokin et al. [230] and Ruoho 
et al. [242] showed that, after incubation of brain NaK ATPase prep
arations with strophanthidin or hellebrigenin in the absence of any 
ligands which would lead to phosphorylation, three and seven washes, 
respectively, were required to restore enzyme activity. The fact that the 
more potent hellebrigenin required more washes to restore activity is 
strong evidence that cardiotonic steroids bind at their site under non-
phosphorylating conditions. More recently, Sen et al. [166] have shown 
that ouabain binds to the nonphosphorylated enzyme under conditions 
of low ionic strength and in the absence of monovalent cations— 
conditions close to those used by Hokin et al. [230], Ruoho et al. [242] 
and Fricke and Klaus [244,245] for observing irreversible inhibition. 
However, binding was slow and required high concentrations of ouabain. 
This would explain the rather high concentrations of steroid halo-
acetates required to irreversibly inhibit the NaK ATPase under non-
phosphorylating conditions. In a recent study, Abramson and Cho [247] 
found irreversible inhibition of the NaK ATPase by various haloacetates 
of digitoxigenin, using the standard procedure of Hokin et al. [230]. 
However, Abramson and Cho [247] also found as much irreversible 
inhibition with A14-anhydrodigitoxigenin 3-bromoacetate, even though 
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its nonalkylating sister compound, A14-anhydrodigitoxigenin 3-acetate 
inhibited the NaK ATPase only weakly. Ruoho [243] has also recently 
found under nonphosphorylating conditions irreversible inhibition of 
the beef brain enzyme of Uesugi et ah [43] by isostrophanthidin 
3-iodoacetate, which is essentially biologically inactive. Of a series of 
nonsteroidal haloacetates none produced irreversible inhibition. It 
would appear that we may be dealing here with a mixed irreversible 
inhibition under nonphosphorylating conditions—partially due to 
alkylation at the cardiotonic steroid site and partially due to alkylation 
at other sites. Alternatively, the cardiotonic steroid site may become 
rather nonselective with respect to the steroid structure under non
phosphorylating conditions. 

The inhibition of Na and Κ transport and the NaK ATPase by 
cardiotonic steroids has been reviewed by [Glynn 218,219], Repke [225], 
Whittam and Wheeler [34], and Lee and Klaus [220]. 

D. Erythrophleum Alkaloids 

Another group of compounds which behave pharmacologically very 
much like the cardiotonic steroids but differ from them structurally are 
the erythrophleum alkaloids. They inhibit active transport of Na and Κ 
in erythrocytes [248,249] and the NaK ATPase from a variety of tissues 
[250]. 

E. Is the Positive Inotropic Effect of Cardiotonic Steroids Causally Related 
to Inhibition of the Cardiac NaK ATPase? 

This question has been vigorously debated for over a decade, and we 
still have no definitive answer. The problem has been reviewed by Glynn 
[218,219] and by Lee and Klaus [220]. There is no doubt that there are 
many parallelisms between inhibition of the NaK ATPase and the posi
tive inotropic effect. There is a striking parallelism in SAR for the two 
systems [225,226]. The different species show a close correlation between 
sensitivity of the cardiac NaK ATPase and the positive inotropic 
effect [221]. Both effects are antagonized by K, reduced by reduction 
of extracellular Na concentration or temperature. Several laboratories 
have shown that therapeutic concentrations of cardiotonic steroids are 
inhibitory to the cardiac NaK ATPase, and biopsies of hearts under the 
influence of therapeutic doses of cardiotonic steroids showed that the 
NaK ATPase was partially inhibited [251,252]. Lee and Klaus [220] give 
reasons why the many parallelisms between the two actions cannot be 
taken as proof of a causal relationship and feel that considerable caution 
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should be exercised in concluding that the positive inotropic effect is 
due to inhibition of the cardiac NaK ATPase. 

Glynn [219] gives a detailed analysis of the possible mechanisms 
whereby inhibition of the NaK ATPase might be responsible for the 
positive inotropic effect. Mechanisms which he considers are as follows: 

1. Stimulation of Heart Microsomal NaK ATPase by Very Low Con
centrations of Cardiotonic Steroids (5 χ 10" 1 0 Μ to 5 χ 10" 8 M). 

Although this effect has been observed in many laboratories, it is hard 
to reproduce and requires very exacting conditions, while the positive 
inotropic effect is easily demonstrated. Secondly, the positive inotropic 
effect is associated with a slight fall in internal Κ and presumably a 
slight rise in internal Na—effects opposite those expected if the NaK 
ATPase were stimulated. Thirdly, it is not clear why stimulation of the 
Na-K pump should lead to increased force of contraction of heart 
muscle. 

2. An Effect on the Action Potential Mechanism 

This can be ruled out because the increased force of contraction 
begins before there is any change in the action potential. 

3. Effects on Contractile Proteins 

Such effects seem unlikely because hearts exhibiting a positive 
inotropic effect contain too little cardiotonic steroid to affect the 
contractile proteins. 

4. Interference with the Uptake of Ca by the Sarcotubular System 

Although some investigators have observed inhibition of Ca uptake 
by vesicles derived from the sarcotubular system, others have failed to 
do so even with high concentrations of cardiotonic steroids. 

5. Inhibition of Na and Κ Transport 

As stated above, therapeutic concentrations of cardiotonic steroids 
inhibit the cardiac NaK ATPase. It has been shown that under these 
conditions Κ influx and outflux are inhibited, but the changes in con
centration of internal Κ are small in comparison to the high concen
trations present. It seems unlikely that a slight change in internal Κ 
could account for the positive inotropic effect. The internal Na concen-
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tration is much less, and changes in internal Na equivalent to those of 
internal Κ might be more important. This theory is supported by the 
observation that the positive inotropic effect develops only after a cer
tain number of beats, and each beat of the heart leads to an entry of Na. 
One difficulty is that a rise in internal Na as a result of therapeutic 
concentrations of cardiotonic steroids has not been unequivocally 
demonstrated in heart muscle because of the large extracellular Na and 
the low intracellular Na but, because of the fall in internal K, one can 
infer that the Na is very likely to rise by a comparable amount. Glynn 
[218,219] offers an explanation of how a rise in internal Na might lead 
to a positive inotropic effect. It is based on the important role of Ca in 
excitation-contraction coupling. It is generally agreed that a rise in 
internal Ca would lead to an increased contractile force. In skeletal 
muscle the rise in internal Ca is due to its release from elements of the 
sarcoplasmic reticulum. But, in heart muscle, part of the rise appears to 
be due to the influx of Ca from the extracellular compartment. In frog 
heart the force of contraction is determined by the ratio [Ca]/[Na]2 in 
the extracellular compartment [253,254], and it is suggested that Ca and 
Na compete at the outer surface of the cardiac muscle fiber for a 
common carrier [253]; when the membrane is depolarized, the carrier 
moves from its outer surface to its inner surface and releases Ca into the 
fiber. In support of this hypothesis, Weidmann [255] has shown that, 
by increasing the external Ca in a solution bathing a turtle heart, the 
force of contraction can be increased during the course of a single beat. 
An increase in internal Na could lead to an increased internal Ca either 
by inhibiting re-uptake of Ca into the sarcotubular system or by pro
moting the net uptake of Ca from the extracellular compartment. The 
former mechanism has been fairly well ruled out [256], but Palmer and 
Posey [257] have shown that Na may release Ca from vesicles of the 
sarcoplasmic reticulum. One might expect increased uptake of Ca if 
there is a common carrier for Na and Ca and if competition between Na 
and Ca takes place at the inner surface as well as the outer surface of 
the membrane: a raised internal Na would lead to less outflux of Ca 
with a resulting rise in internal Ca. Unfortunately, it has not been pos
sible to demonstrate a rise in internal Ca because heart muscle contains a 
large amount of sequestered Ca as well as much extracellular Ca. Since 
the concentration of nonionized Ca within the muscle fiber is of the 
order of 10" 7 M, even a hundredfold increase in free intracellular Ca 
would not be detectable. Effects of cardiotonic steroids on the uptake of 
4 5 Ca by the heart have been contradictory [258-261]. However, in a 
recent rather careful study, Lee et a l [262] showed that at the initial 
stage 4 5 Ca influx was increased by ouabain. At a later toxic stage the 
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tissue content of Na and Ca were increased. It was also found that, 
with one exception, all active cardiotonic steroids increased the amount 
of Ca released from fragments of sarcoplasmic reticulum. In the squid 
axon Baker et al. [263] have shown rather unequivocally that either 
lowering the external Na or raising the internal Na increases the influx 
of Ca. In this tissue at any rate there is thus direct evidence that eleva
tion of internal Na would lead to increased internal Ca. 

To some extent this explanation linking the positive inotropic effect 
to a rise in internal Na in the myocardial cell as a result of inhibition of 
the NaK ATPase is hypothesis based on hypothesis, since it is not 
proved that there is a hypothetical carrier for Na and Ca, nor has it been 
proved that the internal Na or the internal Ca actually rises with thera
peutic doses of cardiotonic steroids. Nevertheless, the explanation is 
perhaps the most attractive of those so far put forward and warrants 
further investigation. 

VI. PURIFICATION 

A more complete understanding of the mechanism of action of the 
NaK ATPase awaits purification of the enzyme to homogeneity. The 
enzyme is, however, an insoluble lipoprotein embedded in the mem
brane and thus has proved very difficult to purify. So far, it has only 
been solubilized with detergents. Apart from the argument as to whether 
detergents truly solubilize the enzyme, many detergents lead to marked 
inactivation and/or instability. Also, classical purification procedures 
useful for traditional soluble enzymes have not met with much success 
with either the membrane-bound or the detergent-solubilized enzyme, 
owing either to the ineffectiveness of the methods in separating the 
membrane proteins or to inactivation by the methods. An additional 
problem is that once the enzyme has been solubilized it tends to aggre
gate upon further purification, usually as a result of removal of all or 
part of the detergent. In spite of these difficulties some progress has been 
made in purification. Several approaches have been followed. 

Nature has endowed certain organs with very high NaK ATPase 
activities because of the unique physiological functions these organs 
carry out, which involve high pumping rates for Na and K. For example, 
specific activities of 52-516 /zmoles P,/mg protein/hour have been 
reported for microsomes isolated from the electric organ of Electro-
phorus electricus [30]. Recently, Hokin [264] isolated a membrane 
fraction from the rectal gland of Squalus acanthius with specific activi
ties ranging from 250 to 400 //moles Ρ,/mg protein/hour. The drawback 
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of these sources for routine purification of the enzyme is that they are not 
readily available. For this reason, tissues which are more commonly 
available have generally been used. Of the mammalian sources, brain and 
kidney offer the richest sources of the enzyme. 

An approach which has been used rather extensively in purification of 
the NaK ATPase has been isolation of plasma membrane-rich fractions 
by differential centrifugation or centrifugation in density gradients or a 
combination of both. Most commonly, microsome fractions are isolated. 
It is believed that fragments and vesicles derived from the plasma mem
brane are responsible for the NaK ATPase activity in the microsome 
fraction (see Section ΙΙ,Α). 

Another approach depends on extraction of extraneous protein from 
the microsome fractions with high concentrations of chaotropic agents 
[265] such as Nal. Nakao et al [266] reported considerable purification 
of the NaK ATPase from a variety of tissues by treatment of micro
somes with 2 Μ Nal followed by dilution to 0.8 Μ Nal. This procedure 
extracted from two-thirds to four-fifths of extraneous protein from the 
membrane, leaving the NaK ATPase membrane-bound. Yields as high 
as 95% [43] have been obtained by this method. The Mg ATPase is 
almost completely removed. 

Often, treatment of the particles with concentrations of detergents 
which do not solubilize the NaK ATPase assists in achieving high speci
fic activities of the particles. Deoxycholate has most often been used for 
this purpose. Deoxycholate removes inert protein, reduces the level of 
the Mg ATPase, and often effects a considerable activation of the NaK 
ATPase. As the concentration of detergent is raised, the enzyme is 
progressively solubilized and ultimately inactivated. Jorgensen and 
Skou [267] carried out a detailed study of the effect of three detergents— 
deoxycholate, SDS, and Lubrol 14—on the NaK ATPase in the micro
somal fraction from the outer medulla of the rabbit kidney. Incubation 
of microsomes with deoxycholate under appropriate conditions increas
ed the specific activity of the NaK ATPase from 45 to 270 //moles 
Ρ,/mg protein/hour. Lubrol 14 and SDS also activated the enzyme. 
Activation by all three detergents was optimal at the critical micelle 
concentration of each detergent. Higher concentrations inhibited. In 
the case of deoxycholate, the activated NaK ATPase remained asso
ciated with the membrane. Activation was not due to increased turnover 
number of the enzyme but rather appeared to be due to exposure of 
latent enzyme sites in the preparation. Table I shows the degree of 
activation by deoxycholate of various NaK ATPase preparations of 
high specific activity reported in the literature. 

Recently, Jorgensen et al [181] purified a deoxycholate-activated 
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PURIFICATION OF THE N A K ATPASE 

Specific activity Residual Estimated 0 

Specific corrected for Mg-ATPase Yield purity 
Investigators activity DOC activation (%) (mg) (%) 

Post and Sen 187 187 3 0.37 7 
[267a] 

Schoner [62] 238 238 0.99 106 9 
Towle and 293 293 11 2.2 11 

Copenhaver [56] 
Uesugi et al. [43] 554 554 1.2 50 20 
Jorgensen et al. 1500 259 1.0-1.7 10 

[181,267b] 
Kyte [272] 800 380 1.2 0.46 14 

a The specific activity of the homogeneous enzyme would be 2700 /xmoles P|/mg protein/ 
hr based on an average turnover number of 11,300 m i n - 1 at 37° [148] and a molecular 
weight of 250,000. The estimated purity is calculated from the specific activity corrected 
for any activation. 

microsome fraction from the outer medulla of the rabbit kidney to a 
specific activity of about 1000 ^moles Ρ,/mg protein/hour by isopycnic 
zonal centrifugation with the Ti-15 zonal rotor with a yield of 10-15 
mg of protein. This enzyme could be further purified to a specific activity 
of about 1500 /rnioles Pf/mg protein/hour by rate zonal centrifugation 
with a loss of a third of the enzyme. 

The limitation of all methods which depend on isolation of mem
branous fractions is that the ultimate purification obtainable is 
homogeneous membrane fragments containing the NaK ATPase in 
association with other membrane-bound proteins. For this reason, 
attempts have been made to purify the NaK ATPase after solubilization. 
Solubilization has so far only been effected with detergents, e.g., Lubrol 
WX, Triton X-100, and deoxycholate. 

Following some initial observations of Swanson et al [268], Medzi-
hradsky et al [113] solubilized guinea pig brain microsomes with 
Lubrol and partially purified the enzyme by chromatography on 
agarose. The NaK ATPase was rather unstable in Lubrol extracts, but 
considerable stabilization could be effected by extracting in the presence 
of ATP and adding either Na or K. Interestingly, the concentrations of 
Na or Κ for half-maximal stabilization were the same as the respective 
concentrations for half-maximal activation of the enzyme, suggesting 
that the sites for stabilization by monovalent cations are the same as 
those for activation of the enzyme. Uesugi et al [269] and Kahlenberg 

TABLE I 
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et al. [114] prepared Nal-treated beef brain microsomes on a large scale 
and solubilized the NaK ATPase with Lubrol. Shirachi et al. [270] 
solubilized rat brain microsomes with lower concentrations of Lubrol, 
which seemed to afford a more stable extract. They found that prior 
treatment with Nal necessitated the use of much higher concentrations 
of Lubrol. The enzyme was further purified by centrifugation in a 
sucrose-density gradient. Banerjee et al. [271] compared Lubrol W and 
Triton X-100 for solubilization of guinea pig kidney cortex NaK 
ATPase. They also omitted the Nal-treatment stage and found that 
lower concentrations of detergent could be used. They claimed that 
Triton X-100 was superior to Lubrol W for extraction and suggested 
that the reverse observation reported by Medzihradsky et al. [113] may 
have been due to interference by Lubrol in the latter's protein assays. 
However, that laboratory had carefully worked out a protein assay in 
which interference by Lubrol was eliminated. Species and organ dif
ferences probably account for the discrepancy [270]. 

Towle and Copenhaver [56] started with a deoxycholate-" solubilized " 
[127] membrane fraction from rabbit kidney and partially purified the 
NaK ATPase by ammonium sulfate fractionation, chromatography on 
8% agarose, and glycerol gradient centrifugation. The final specific 
activity was approximately 300 //moles P f/mg protein/hour, and the 
yield was 2.2 mg of protein. It should be noted that no activation was 
achieved with deoxycholate under these conditions. In fact, the enzyme 
was considerably inactivated by deoxycholate but reactivation was 
achieved by addition of phosphatidylserine. 

Recently, Uesugi et al. [43] have reported the large-scale partial 
purification of beef brain NaK ATPase. They started with 2 kg of beef 
brain cortex which yielded 17 gm of microsomal protein and 4 gm of 
Nal-treated microsomal protein. Three grams of Nal-treated micro
somal protein were solubilized with Lubrol. The Lubrol extract was 
purified by zonal centrifugation and a novel ammonium sulfate frac
tionation procedure yielding 35-50 mg of protein which had a specific 
activity ranging from 450 to 750 //moles Pf/mg protein/hour. The 
enzyme was extremely stable. This procedure could be carried out 1-2 
times per week. The purification achieved was approximately 100 times 
over that of the starting homogenate. The enzyme was estimated to be 
35-50% pure on the basis of reasonable estimates of turnover number 
and molecular weight. One drawback of this procedure was that the 
enzyme became insoluble at the last stage of purification (ammonium 
sulfate fractionation), and resolubilization required high concentra
tions of Lubrol with considerable attendant inactivation. The precipi
tation may have been due to the fact that the ammonium sulfate 
fractionation removed half of the bound Lubrol, which presumably 
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played a role in maintaining the enzyme soluble. Electron micrographs 
of the negatively stained preparations of the insoluble enzyme showed a 
rather homogeneous population of membrane-like rings, strands, and 
vesicles. Osmium-fixed pellets showed strands and vesicles. One did not 
see the typical unit membrane type of structure seen in osmium-fixed 
preparations of native membranes. Small "headpieces" on "stalks" 
were seen in negative stains of the ammonium sulfate-precipitated 
enzyme. Their significance is not known. 

Kyte [272] purified the deoxycholate-activated microsome fraction 
from the outer medulla of the dog kidney to a specific activity of 800 
/imoles Ρ,/mg protein/hour by treatment with KI, solubilization of 
impurities with deoxycholate at low salt concentration followed by 
"solubilization" of the NaK ATPase with deoxycholate at higher salt 
concentration. The final step was chromatography on agarose. The 
yield was 0.46 mg of protein. 

There is some question about the truly soluble nature of the NaK 
ATPase obtained by extraction with deoxycholate in both the investi
gation of Towle and Copenhaver [56] and that of Kyte [272]. In both 
studies the enzyme eluted in the void volume on chromatography on 
8% agarose. Particles with a molecular weight less than 1.5 χ 106 

should enter the pores of 8 % agarose. It can be argued that no deter
gent truly solubilizes the NaK ATPase in the usual sense. Detergents 
may cleave the membranes into fragments which contain more than one 
protein and considerable phospholipid. The fragment size and the 
content of phospholipid may depend on the detergent, its concentra
tion, and the presence of other substances. However, the Lubrol-
solubilized NaK ATPase from guinea pig brain and beef brain enters 
the pores of 6% agarose, giving a sharp symmetrical peak with an 
apparent molecular weight of 680,000 [113,269]. Furthermore, 98% of 
the NaK ATPase remains in solution after centrifugation for 2 hours at 
115,000X# [273], and electron microscopy of negatively stained pre
parations shows a rather homogeneous population of discrete protein 
molecules [274]. Lastly, the native NaK ATPase moves as a band, albeit 
somewhat diffusely, on electrophoresis in 3 % polyacrylamide. 

VII. PHOSPHORYLATED SUBUNIT 

Three laboratories have now identified the catalytic subunit of the 
NaK ATPase [43,275,276]. All laboratories showed the molecular 
weight of this subunit to be very close to 100,000. Identification of the 



8. THE SODIUM-POTASSIUM ADENOSINETRIPHOSPHATASE 305 

subunit was accomplished by incubating NaK ATPase preparations 
with ATP-y-3 2P, Na, and Mg to specifically phosphorylate the glutamyl 
residue at the active site, followed by solubilization in SDS and electro
phoresis in polyacrylamide gels equilibrated with SDS. In the study of 
Uesugi et al. [43] the catalytic subunit accounted for 25-50% of the 
protein applied to the gel, which is in good agreement with their esti
mates of the purity of the enzyme based on molecular weight, specific 
activity, and turnover number of the enzyme. It is not known whether 
any of the bands other than the catalytic subunit—noted in all three 
studies—is derived from the NaK ATPase. Until the enzyme is com
pletely purified, identification of other possible subunits requires specific 
labeling, as was done for the catalytic subunit. A molecular weight of 
250,000-300,000 is compatible with a dimer or trimer consisting of 
100,000 molecular weight subunits. But a heteromer is also possible. 
Uesugi et al. [43] attempted to dissociate the catalytic subunit isolated 
by preparative polyacrylamide electrophoresis into smaller subunits by 
heating for 5 minutes at 100° in 3% SDS and 1% mercaptoethanol. 
There was no change in mobility of the subunit, nor did any smaller 
subunits appear. 

VIII. CONFORMATIONAL CHANGES 

The prevailing view on the mechanism of Na and Κ transport is that 
the NaK ATPase undergoes a series of conformational changes which 
effect the translocation of these ions to opposite surfaces of the mem
brane. Evidence for conformational changes has come from kinetic 
studies and from effects of inhibitors on the NaK ATPase reaction and 
the partial reactions associated with it. Investigations of the effect of 
temperature on the reaction rate have also suggested that there is a 
conformational change as part of the reaction [277]. The fact that the 
enzyme has not yet been purified makes it difficult to use physical 
methods to get direct evidence for changes in structure. Some success has 
been achieved in this regard, however. 

Conformational changes of proteins can lead to increased susceptibility 
to reversible and irreversible inhibitors. One of the earliest studies along 
these lines was that of Hokin and Yoda [54,97]. These investigators 
found that the irreversible inhibition of the NaK ATPase by DFP 
required Mg, was enhanced by K, and was protected against by ATP. 
Κ offset the ATP protection. Strophanthidin abolished the latter effect 
of K. If ATP was protecting by binding at the active site and Κ was 
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antagonizing this protection by binding at its site for transport, we 
clearly have interactions due to conformational changes in the enzyme, 
since the evidence is good that the ATP binding site is on the inside 
surface of the membrane and the Κ binding site is on the outside surface 
of the membrane. The fact that strophanthidin opposed the Κ effect is 
evidence that the Κ effect was in fact due to its binding at its site for 
transport. These results can be best explained by conformational 
changes induced by the various ligands which alter the susceptibility of a 
site or sites on the NaK ATPase to DFP. Effects of Κ and ATP on 
fluorescence discussed below are consonant with these effects on DFP 
inhibition. Effects of other inhibitors such as NEM, oligomycin, and 
cardiac glycosides, which may be due to conformational changes, are 
discussed in Sections IV,C and V,A. 

A useful monitor of conformational changes in proteins is fluorescence 
spectroscopy. This technique has been elegantly exploited by Stryer and 
his associates [278-280]. A fluorescence probe such as l-anilino-8-
naphthalenesulfonic acid (ANS) will respond to increased hydropho-
bicity in its environment by a decrease in the wavelength of its maximum 
emission and in increased quantum yield [279]. The hydrophobicity of 
the microenvironment around a fluorescent probe might increase or 
decrease as a result of a conformational change in a protein. Using ANS, 
Nagai et al. [281] in a preliminary note found that fluorescence of the 
ANS bound to guinea pig synaptosomal membranes was increased by 
Mg and decreased by ATP, but these effects were not regarded as 
specific since they occurred with an ANS-albumin system and were not 
abolished by denaturation of the NaK ATPase. However, in the pre
sence of ATP and Na, Κ decreased fluorescence and ouabain abolished 
this Κ effect. Ouabain and Κ had no effect on fluorescence due to ANS 
bound to albumin or to denatured enzyme. 

Mayer and Avi-Dor [282] found that fluorescence of ANS bound to 
beef brain microsomes containing highly active NaK ATPase was 
enhanced nonspecifically by cations, the enhancement depending on 
charge; was enhanced by ATP, AMP, and ADP; was not affected by 
ouabain and oligomycin; was only slightly affected by inactivation of 
the enzyme by phospholipase A or trypsin; and was not affected by 
thermal inactivation of the enzyme. They concluded that the fluores
cence effects were nonspecific, similar to those reported in other 
membrane-ANS systems [283,284], and possibly depended on hydro
phobic interactions between the lipophilic ANS and the mem
branes. 

ANS is not a site-specific probe. In an attempt to obtain more specific 
fluorescence effects, Yoda and Hokin [285] synthesized two site-directed 



8. THE SODIUM-POTASSIUM ADENOSINETRIPHOSPHATASE 307 

fluorescent probes, hellebrigenin 1,4-sulfonaphthylhydrazone (HSNH) 
and strophanthidin 1,4-sulfonaphthylhydrazone (SSNH) which were 
biologically active as cardiotonic steroids but less so than their parent 
compounds. Even with the highly purified brain enzyme of Uesugi et al. 
[43], there was considerable nonspecific fluorescence due to binding of 
these compounds to the enzyme preparation. However, interesting 
effects of various ligands were observed. Among the monovalent ca
tions, only Na enhanced fluorescence while other monovalent cations 
(K, Rb, Li, Cs, Tl, or NH 4) depressed it; the order of effectiveness of 
the suppressing ions paralleled the order of affinities for the Κ site. 
Divalent cations markedly enhanced fluorescence. ATP markedly 
suppressed fluorescence. P f alone had very little effect, but it interacted 
with Mg so as to abolish the enhancing effect of Mg on fluorescence. 
This was not due to removal of free Mg. Mg and P, are known to induce 
tight binding of cardiotonic steroids to the NaK ATPase—presumably 
as a result of a conformational change—and this cooperative effect of 
the two ions on fluorescence could be due to a conformational change in 
the enzyme. ATP + Mg + Na did not show a cooperative effect on 
fluorescence, even though they also lead to increased binding of cardio
tonic steroids. This would suggest that the comformational change 
produced by AT Ρ + Mg + Na is not identical with that produced by 
Mg + Ρ,·. Lindenmayer and Schwartz [212] have also provided evidence 
for this based on different effects of the two sets of ligands on the tight
ness of binding of ouabain to the enzyme. Yoda and Hokin [285] 
observed that the fluorescence effects mentioned above were either 
abolished or diminished by minimal denaturation of the enzyme 
(preincubation with DFP or low pH) and were antagonized by helle
brigenin. Fluorescence due to ANS bound to the enzyme was not 
affected by the ligands above. Fluorescence due to the 1,4-sulfo
naphthylhydrazone of dianhydrostrophanthidin, which is closely related 
structurally to hellebrigenin and strophanthidin but which is biologically 
inactive, was not affected by the cations and was affected less by ATP 
than was that of the biologically active fluorescent steroids. In summary, 
it would appear that the fluorescence changes in the enzyme-fluorescent 
probe system due to Na, K, or Mg + Λ , and part of the change due 
to ATP, result from conformational changes in the NaK ATPase 
induced by these ligands which affect the microenvironment of the 
probe at the cardiotonic steroid site. 

Circular dichroism or optical rotatory dispersion can give information 
about the conformation of proteins. In the presence of Mg + P f , 
ouabain produced a small but statistically significant increase in 
negative rotation of NaK ATPase preparations [212,286]. 
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IX. MODELS FOR Na AND Κ  TRANSPORT 

Models for sodium and potassium transport have recently been 
reviewed in detail by Caldwell [287], and no attempt will be made here 
to be exhaustive. 

In 1966 Jardetsky [288] proposed a simple allosteric model for 
membrane pumps. Similar models based on the available data on the 
NaK ATPase have been proposed more recently [165,166,204,289,290]. 
In all of these models the transports of Na and Κ are effected by a 
series of conformational changes in the NaK ATPase. In the model of 
Jardetsky, which is based on the principle of the opening and closing 
of gates to a particular ligand, allosteric rearrangements of only a few 
angstroms are required. With most of the models the conformational 
changes in the NaK ATPase are geared to the cyclic phosphorylation 
and dephosphorylation of the enzyme (glutamyl residue at the active 
site [152,153]). The enzyme is postulated to exist in two major con
formations. One conformation is that of the dephosphorylated enzyme 
in which Na-specific sites face inward. Binding of Na to these sites 
permits phosphorylation of the enzyme by ATP or possibly MgATP. 
This converts the enzyme to the second major conformational form 
which has K-specific sites facing outward. The conversion of the first 
conformation to the second carries Na to the outside surface of the 
membrane with concomitant loss of Na specificity and gaining of Κ 
specificity. Binding of Κ to the second conformational form of the 
enzyme permits dephosphorylation of the enzyme, converting the enzyme 
back to its first conformation. This conversion carries Κ to the inside 
surface of the membrane with concomitant loss of Κ specificity and a 
regaining of Na specificity, thus completing the cycle. The manner in 
which ouabain interacts with these conformational forms of the enzyme 
has been discussed (Section V,A,B). 
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