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I. THE RELATIONSHIP OF NaK-ATPase 
TO CATION TRANSPORT 

Complex mechanisms are involved in the translocation of materials 
across cell membranes. Although in some cases this process may involve 
simple diffusion through the lipoprotein membrane, more and more sys
tems are continually being defined which mediate in the transfer of 
solutes. Evidence for such systems includes rates of solute movement 
exhibiting saturation kinetics, synergistic and competitive interactions 
between one solute and another in transmembrane transfer processes, 
and movements against concentration gradients. At least in some in
stances, particularly the movement of N a

+
 out of, and K

+
 into, cells, 

both against their concentration gradients, energy expenditure is required. 
Movements of some solutes, such as amino acids, depend on the existence 
of transmembrane concentration differences in N a

+
 and K

+
, and energy 

for these transport systems may be supplied indirectly through the main
tenance of these ionic gradients. 

Maintenance of a low cytoplasmic N a
+
: K

+
 ratio in high N a

+
: K

+
 media 

is affected by a mechanism whereby intracellular N a
+
 is exchanged for 

extracellular K
+
 in an energy-dependent manner (1-4)· The fact that 

erythrocytes incubated in the presence of glucose, but not in its absence, 
maintain these ionic gradients indicates that glycolysis can provide the 
energy source for this process (1, 2). In 1960, Caldwell et al. (4) found 
that the inhibited N a

+
 efflux of cyanide-poisoned squid giant axon can 

be restored by microinjection into the cytoplasm of ATP and several 
other nucleotides as well as by arginine phosphate or phosphoenolpyr-
uvate (4). It has since been demonstrated, through the use of resealed 
erythrocyte ghosts and internally dialyzed squid giant axon, that ATP 
provides that "high-energy" phosphate necessary for cation tranport (5-8) 
and the other "high-energy" phosphate compounds support energy-de
pendent N a

+
 efflux only to the degree to which they can provide ATP 

through transphosphorylation reactions (9). 
In 1957, Skou (10) reported the discovery of an enzyme system in 

the microsomal fraction of crab nerve that hydrolyzes ATP to A D P 
in the presence of M g

2+
 and whose activity is markedly enhanced by 

the further addition of N a
+
 plus K

+
 but not by either ion alone. He 

related this hydrolytic activity to the active transport system for N a
+ 

and K
+
, since both exhibit many similarities with regard to cation activa

tion, substrate specificity, and inhibition by cardioactive glycosides 
(10-12). The enzyme system is generally known as the (Na

+
 plus K

+
) -
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activated, Mg
2 +

-dependent ATPase abbreviated here as NaK-ATPase. 
In the presence of Mg

2 +
, N a

+
 is essential for activation of ATP hydrolysis 

by the crab nerve as well as other preparations, while K
+
 may be replaced 

by Rb
+
, N H 4

+
, Cs

+
, or Li

+
 in order of decreasing affinity for the enzyme 

(11, 12). Activation of ATP hydrolysis by these cations does not occur 
in the absence of Mg

2 +
. More recently it has been found, with mammalian 

systems, that T l
+
 ions can also substitute for K

+
 in the NaK-ATPase 

{13, 14) and in the N a
+
 and K

+
 transport systems {15, 16). 

NaK-ATPase is found to be widely distributed in all animals 
but its occurrence in plants and bacteria is less certain. Bonting and 
Caravaggio (17) reported that NaK-ATPase activity is directly related 
to the cation fluxes in six different tissues. In the cat, the enzyme system 
can be detected in all tissues, with the exception of those having low 
cell densities (18). Tissues, such as brain and kidney, in which cation 
movements play an important role have especially high NaK-ATPase 
activity. By means of microdissection techniques, Cummins and Hyden 
(19) have isolated nerve cell membrane and demonstrated the presence 
therein of NaK-ATPase activity. The activity in brain is higher in gray 
matter than in white (20). In kidney, it is found in cortex and medulla, 
the latter having the greater activity (21). Although it is usually ob
tained as a microsomal enzyme, the NaK-ATPase in various tissues is 
known to be tightly associated with the membrane (5-7, 19, 22). In rats 
surgical removal of a single kidney leads to increased renal filtration and 
N a

+
 reabsorption by the remaining kidney (23). Epstein (23) reported 

that this treatment also increases the NaK-ATPase in that kidney. A 
high protein diet or methylprednisolone administration produces parallel 
changes in renal enzyme activity and N a

+
 transport. Likewise, an adaptive 

diminution of salt gland NaK-ATPase can be produced by maintaining 
herring gulls on a low-salt diet (24). 

All preparations of NaK-ATPase also catalyze the hydrolysis of ATP 
in the presence of M g

2+
 alone. This Μg

2 +
-activated hydrolysis, Mg-

ATPase, was initially considered to be intimately related to NaK-ATPase. 
In many preparations, the Mg-ATPase can largely be separated from 
the NaK-ATPase (25-27), and it remains relatively unchanged during 
the various induced changes in the kidney and salt gland NaK-ATPase 
activity mentioned above (23, 24). Hence, it would appear that, for the 
most part, Mg-ATPase is a distinct enzyme system probably unrelated 
to N a

+
 and K

+
 transport. 

One system that has proved to be of particular importance in establish
ing the relationship of NaK-ATPase to N a

+
 transport is the resealed 

erythrocyte ghost preparation (5-7). By means of controlled hypotonic 
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lysis and resealing in isotonic or hypertonic media of suitable composi
tion, a closed membrane system can be prepared from erythrocytes 
whose internal constituents can be altered to suit the purposes of experi
mentation. For example, ATP and labeled N a

+
 can readily be introduced 

into these ghosts. The hydrolysis of internal ATP by this preparation 
is activated by internal N a

+
 plus external K

+
 (or ions that substitute 

for K
+
 in stimulating NaK-ATPase) and is accompanied by the efflux 

of about 3 equivalents of N a
+
 and the influx of 2 equivalents of K

+ 

per mole of A D P produced (β, 7, 28, 29). Moreover, the external I n 
dependent N a

+
 efflux requires the presence of internal ATP. The trans

port of cations and the hydrolysis of ATP by this preparation respond 
similarly to changes in ionic conditions as well as to the presence of 
inhibitors. Hence, this system appears to provide a means of studying 
NaK-ATPase in situ as it functions in cation transport. 

In addition to Mg-ATPase, another enzymic activity found in all 
NaK-ATPase preparations is a (K

+
 plus Mg

2 +
) -dependent neutral phos

phatase (K-dependent phosphatase) that hydrolyzes p-nitrophenyl phos
phate, acetyl phosphate, and carbamyl phosphate (27, 80-33). The K

+
-

dependent phosphatase can also be activated by ions that substitute 
for K

+
 in stimulating NaK-ATPase. The ratio of this activity to NaK-

ATPase is relatively constant in a large number of preparations, with 
a wide range of specific activities, obtained from different tissues and 
species (27, 33). Its sensitivity to a number of inhibitors, particularly 
cardioactive glycosides, resembles that of NaK-ATPase. Therefore, 
K-dependent phosphatase seems to be closely associated with NaK-
ATPase, and it has been suggested that the former represents an alter
nate mode of expression of the latter enzyme system (30, 34). 

In the presence of Mg
2 +

, N a
+
 activates the transfer of

 3 2
P from 

γ - [
3 2

Ρ ] Α Τ Ρ to NaK-ATPase preparations [reaction (1)] (30, 33, 
35-37). The phosphate is bound to the protein through an acyl phosphate 
linkage that is stable to acid precipitation but is labile in the presence 
of hydroxylamine (38, 39). This labeling of the enzyme system, N a

+
-

dependent phosphorylation, is diminished by the addition of K
+
 either be

fore and after the phosphorylation process begins [reaction ( 2 ) ] . The 
latter reaction, K

+
-dependent dephosphorylation, is thought to represent 

the terminal step in a multistep NaK-ATPase reaction cycle. It has been 
proposed that K

+
-dependent phosphatase activity is derived from the 

ability of several other phosphorylated molecules to replace the enzyme 
acyl phosphate group, E-P, in reaction (2) of the cycle. 

Mg2+, Na+ 

Ε + ATP ( Ε—Ρ + ADP (1) 

Ε—Ρ ——> Ε + Pt- (2) 
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The sum of reactions (1) and (2) is equivalent to a (Na
+
 plus 

K
+
)-activated hydrolysis of ATP. It appears that reaction (1) is rever

sible under some conditions since NaK-ATPase preparations also cata
lyze a Na

+
-dependent transphosphorylation reaction, transferring the 

terminal phosphate of ATP to [
1 4

C ] A D P (40,  41). Inhibitor studies 
are for the most part in agreement with this model. However, a few 
contradictory results, particularly with respect to the influence of hydrox-
ylamine on Na

+
-dependent phosphorylation and NaK-ATPase, have also 

been reported. 

II. INHIBITORY EFFECTS OF CATIONS, 
SUBSTRATES, AND PRODUCTS 

At constant ionic strength, maximal activation of NaK-ATPase by 
monovalent cations requires an optimal ratio of N a

+
: K

+
, usually about 

5 or 10:1. A large excess of either K
+
 or N a

+
 diminishes activity in 

a manner that is suggestive of cross competition between these two cat
ions for their respective sites (11, 4®, 43). Ions that can substitute for 
K

+
 in activating NaK-ATPase inhibit the enzyme in a similar manner 

when they are present in excess. Moreover, the K
+
-dependent phosphatase 

activity associated with NaK-ATPase is also sensitive to inhibition by 
N a

+
 (81, 44, 45) > Using resealed erythrocyte ghosts, Whittam (7) found 

that the ATP hydrolysis that is activated by intracellular N a
+
 and is 

associated with active cation transport is relatively uninfluenced by in
tracellular K

+
 concentration over the range 25-135 mikf. However, with 

low K
+
 in the medium, extracellular N a

+
 inhibits both ATP splitting 

(29) and K
+
 uptake (46) by this preparation. Simultaneous with 

the inhibition of K
+
 uptake by Na

+
, the exchange of extracellular N a

+ 

for intracellular N a
+
 is enhanced (47). These observations are indicative 

of the interaction of N a
+
 with extracellular K

+
 sites of the erythrocyte 

NaK-ATPase and N a
+
 transport systems. Increasing the N a

+
 concentra

tion at a constant N a
+
: K

+
 ratio inhibits the NaK-ATPa§e prepared 

from guinea pig kidney medulla but not that obtained from the cortex 
(48). Gutman and Katzper-Shamir (48) suggested that this may provide 
a mechanism for regulating active N a

+
 transport in regions of high 

tonicity. 
The optimal concentrations of M g

2+
 and ATP for NaK-ATPase activ

ity appear to be interrelated (11, 42, φ, 50). Maximal ATP hydrolysis 
is usually obtained at a M g

2 +
: A T P ratio of about 1:1 to 2:1 and 

an excess of either ligand often diminishes activity. Charnock and Potter 



6 NORMAN Β. GLICK 

(51) reported that a high M g
2 +

: A T P ratio diminishes Na
+
-dependent 

phosphorylation of kidney cortex NaK-ATPase as well as Pi liberation. 
This inhibitory effect of M g

2+
 is reduced by increasing N a

+
 in the assay 

medium. The monovalent cation transport system is also subject to in
hibition by excess Mg

2 +
, as indicated by the fact that microinjection 

of nonchelated M g
2+

 into squid giant axon markedly diminishes K-depen
dent, N a

+
 efflux (9). The NaK-ATPase reaction cycle appears to involve 

a Mg
2 +

-dependent conformational change in the phosphorylated inter
mediate produced by Na

+
-dependent phosphorylation (40, 41) > Hence, 

a large excess of ATP may inhibit NaK-ATPase by chelating free M g
2+ 

and thereby diminishing the formation of the K
+
-sensitive phosphoryl-

ated intermediate. 
Although the NaK-ATPase system is relatively specific for ATP, some 

investigators have found that CTP (25, 26) as well as GTP and ITP 
(52) can serve as alternate substrates to some extent. Jensen and N0rby 
(53) recently observed that these three compounds bind to the enzyme 
in the absence of ATP and, if present in very high concentrations, they 
displace ATP from its binding site. The affinities of NaK-ATPase for 
these other nucleotide triphosphates are several orders of magnitude less 
than that for ATP. Kinetic studies indicate that ITP inhibits ATP hy
drolysis in a competitive manner (52). 

The K
+
-dependent phosphatase is inhibited by ATP and ITP (31, 

A4, 54y 55), and acetyl phosphate can inhibit ATP hydrolysis by NaK-
ATPase (44, 54). Kinetic studies indicate that the inhibitions of both 
enzymes are competitive (44)- In contrast to these observations, some 
reports indicate that low concentrations of ATP, CTP, or A D P ( < 0 . 5 
mM) , particularly in the presence of Na

+
, can enhance React ivated 

p-nitrophenyl phosphate hydrolysis by NaK-ATPase preparations 
(56-58). With erythrocyte membranes this enhancement of activity by 
ATP appears to be mediated by endogenous C a

2+
 (58). While ATP 

increases the apparent Km of the enzyme for p-nitrophenyl phosphate, 
the inhibitory effect of the nucleotide is masked by an increase in the 
V m ax (57). However, higher concentrations of ATP ( > 0 . 5 mM) diminish 
erythrocyte K

+
-dependent phosphatase activity. Recently, Garrahan 

and Rega (59) have reported the inhibition of active N a
+
 efflux from 

erythrocytes by intracellular p-nitrophenyl phosphate. 
The rate of ATP hydrolysis by NaK-ATPase gradually diminishes 

with time due to A D P accumulation, particularly at high enzyme concen
trations (60, 61). The rate of Pi liberation may be maintained by the 
addition of an ATP-regenerating system (60, 61). Schoner et al. (52) 
found that I D P and G D P as well as A D P inhibit the enzyme competi-
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tively, although very high concentrations of the first two nucleotides 
are required for a significant effect. The binding of ATP to NaK-ATPase 
is reduced by ADP, which is itself bound to the enzyme (53). The 
affinity of A D P for the ATP binding site is about 20% that of ATP 
(53). Some investigators have reported that beef brain and human plate
let NaK-ATPase are sensitive to inhibition by Pi (62, 63), 50% inhibi
tion of the brain enzyme being obtained with 0.5 mM Pi. Intracellular 
Pi markedly reduces N a

+
 efflux from squid giant axon (9). Moake et 

al. (63) found that the NaK-ATPase and K
+
-dependent phosphatase 

activities of platelet membranes are half-maximally inhibited by 0.15 
mM A D P and that these effects are not competitive with ATP. These 
authors related the effect of A D P to a site on the extracellular side 
of the membrane that is involved in ADP-induced platelet coagulation. 

III. INHIBITORY EFFECTS OF CaCI2 

The presence of C a
2+

 is known to inhibit the NaK-ATPase activity 
of various microsomal and membrane preparations (10, 11, 50, 61, 
64-67). In addition, B a

2+
 and Sr

2+
 as well as F e

2+
 and C o

2+
 ions may 

diminish activity in a similar manner (60, 68). In the presence of 2 
mM Mg

2 +
, a marked diminution of erythrocyte membrane NaK-ATPase 

is obtained with 0.1-0.2 mM Ca
2 +

, a concentration that stimulates (Na
+ 

plus K
+
)-independent ATP hydrolysis {64, 66). Kidney cortex micro

somal NaK-ATPase exhibits a similar sensitivity to C a
2+

 but no activa
tion of the background activity is obtained (66). In both cases, the 
C a

2+
 concentration required to inhibit the (Na

+
 plus K

+
)-independent 

ATPase is tenfold higher than that required to inhibit the NaK-ATPase 
(64, 66). The Ca

2 +
-dependent activation of ATP hydrolysis by some 

preparations appears to be due to the presence of a Ca-ATPase, thought 
to be involved in active C a

2+
 transport in some tissues (68-71). 

Skou (10, 11) found that increasing the concentration of M g
2+

 over
comes the inhibitory effect of C a

2+
 on crab nerve NaK-ATPase. Epstein 

and Whittam (66) obtained evidence suggesting that the C a
2 +

- A T P com
plex, rather than free Ca

2 +
, is the actual inhibitor of the rabbit kidney 

enzyme and that this complex competes with Mg-ATP for the intracel
lular substrate binding site on the enzyme. Studies on N a

+
 and K

+
 trans

port by erythrocytes and brain slices also indicate that the site at which 
C a

2+
 exerts its inhibitory influence is intracellularly oriented (72-74)· 

The Na
+
-dependent phosphorylation of electric organ NaK-ATPase is 
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diminished by C a
2+

 (75), as are both the Na
+
-dependent A D P - A T P 

exchange (40, 76) and the Independent phosphatase activities (31). 
However, half-maximal inhibition of the phosphatase requires a tenfold 
higher concentration of C a

2+
 (31). The activation of K

+
-dependent phos

phatase by ATP, reported by Rega et al. (57), is observed only in 
the presence of small concentrations of C a

2+
 (58). This suggests that 

Ca-ATP binding to the enzyme may confer a particularly suitable con
figuration for K

+
-dependent phosphatase activity. 

IV. CARDIOACTIVE STEROID INHIBITORS 

Apart from the fundamental similarities between active sodium trans
port and NaK-ATPase regarding cation requirements and substrate spec
ificity, confidence that these systems are intimately related rests mainly 
on the excellent correlation that exists between the effects of cardioactive 
steroids and glycosides on the two systems. These compounds, whose 
pharmacological importance stems from the long-known positive ino
tropic effect that they induce in failing heart (77, 78), inhibit the sodium 
transport mechanism and NaK-ATPase. First reported by Schatzmann 
(79) in 1953 for erythrocytes, the inhibition of active sodium transport 
by cardioactive steroids has since been observed with many other animal 
tissues- (17y 80). Bonting and his associates (17, 18, 80), in their studies 
of the distribution of NaK-ATPase in different tissues and species, found 
that in each case the enzyme system is sensitive to inhibition by ouabain. 
Glynn (64, 81) demonstrated that only cardioactive steroids and glyco
sides, but not their inactive analogs, are able to inhibit both erythrocyte 
sodium transport and NaK-ATPase. The inactive compounds affect 
neither system. In addition, the cardioactive steroids inhibit the exchange 
of intracellular N a

+
 for extracellular N a

+
 that occurs when K

+
 is absent 

from the medium (47, 82). In view of the importance of sodium reabsorp-
tion in urine formation by kidney, the fact that the ability to induce 
diuresis is limited to those steroids and glycosides that also promote 
a positive inotropic response in heart muscle (83, 84) is further evidence 
for the similarity of the cardiac receptor site for cardioactive steroids, 
the sodium transport system, and the NaK-ATPase. 

Active transport of sodium and NaK-ATPase exhibit similar responses 
to the presence of cardioactive steroids in a number of ways. Increasing 
the concentration of K

+
 overcomes the inhibitions of both systems pro

duced by low concentrations of cardiac glycosides (43, 64, 81, 85). The 
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concentration of cardioactive steroid required to inhibit sodium transport 
in a particular tissue is about the same as that required for the inhibition 
of the NaK-ATPase present (64, 81, 86). Moreover, NaK-ATPase re
sembles the sodium transport system with respect to the reversibility of 
the inhibitions induced by these steroids (86, 87). 

The site of cardioactive steroid interaction with the N a
+
 transport 

system and presumably with the NaK-ATPase is asymmetrically ori
ented in the cell membrane. Hoffman (88) found that, in contrast to 
extracellular steroid, a large excess of strophanthidin incorporated into 
resealed erythrocyte ghosts has no effect on cation transport. Similarly, 
intracellular microinjection of ouabain into squid giant axons fails to 
inhibit labeled N a

+
 efflux, although this NaK-ATPase inhibitor is ex

tremely effective when applied externally (89). The flux of N a
+
 from 

the mucosal to the serosal side of the toad colon as well as the toad 
and frog bladders is blocked by cardiac glycosides present in serosal 
medium and not by those in the mucosal medium (86, 90, 90a). These 
observations indicate that the inhibitory site for cardioactive steroids 
and glycosides is located only at the external surface of the membrane, 
that it is distributed asymmetrically in cells whose function is the main
tenance of body cation levels, and further that these compounds pene
trate the cell membrane relatively slowly. 

Various other transport systems, including the Na
+
-dependent uptake 

of sugars, amino acids, and catecholamines, are sensitive to cardioactive 
glycosides, suggesting a linkage between such systems and the activity 
of NaK-ATPase (91, 92). Hence, it is of interest that Mohri et al. 
(93) found the NaK-ATPase obtained from HeLa cells to be stimulated 
by leucine in the absence of N a

+
 and K

+
, ouabain (ΙΟ

-5
 M) preventing 

this stimulation. 

A. Structure of the Cardioactive Steroid Inhibitors 

Cardioactive steroids (aglycones or genins) and their glycosides occur 
naturally in plants and other organisms. One class of these compounds, 
the cardenolide derivatives (I ) , has been obtained from foxglove (Digi
talis) as well as from other plants (94). Squill and toad poisons contain 
structurally related steroids, the bufadienolides, which differ from the 
former primarily in the replacement of a five-membered unsaturated 
lactone by a six-membered doubly unsaturated lactone at the 17β posi
tion of the steroid nucleus, as shown in (I) and (II) (95). Derivatives 
of either class that possess 14/3- and 3/3-hydroxyl groups (III) or a 



3/3,14/3-Dihydroxy-5/3-
card-20(22)-enolide 

Digitoxigenin 

(ΠΙ) 

Digitoxigen-3/3-
tridigitoxoside(j3l-» 3) 

Digitoxin 

(IV) 

3/?-glycosyl substituent (IV) exhibit cardiotonic activity (96, 97) and 
are inhibitors of NaK-ATPase. Hydroxyl, aeetoxy, or aldehyde groups 
at various positions of the steroid nucleus modify the potency of these 
compounds in inhibiting NaK-ATPase (86, 87, 98-101). For example, 
Yoda and Hokin (87) reported that ouabagenin (V), the aglycone of 
ouabain, is only one-fifteenth as potent as digitoxigenin (III) . Further
more, ouabain, a 3/?-monorhamnoside, is more inhibitory than ouaba
genin and the monodigitoxoside of digitoxigenin is considerably more 
potent than the aglycone (87, 99). The latter indicates the importance 
of the carbohydrate substituent in altering the affinity of these com
pounds for the NaK-ATPase. 

Hellebrigenin (VI) , a bufadienolide derivative, is a more potent inhibi
tor of NaK-ATPase than the corresponding cardenolide, strophanthidin 
(87, 99, 100). On the other hand, saturation of the 17/?-lactone in ouabain 
or digitoxin diminishes their ability to inhibit NaK-ATPase (98, 99). 
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5/3,14/3-Card-20(22)-enolide 

(I) 

5/3,14/3-Bufa-20, 22-dienolide 

(ID 
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Ο 

JC. 
Ο 

HO HO 
OH OH 

Ouabagenin 

(V) 

Hellebrigenin 

(VI) 

Although cymarin is a potent inhibitor of this enzyme, its 17a epimer, 
isocymarin, is completely inactive (101). Several investigators have re
ported that the aglycone-induced inhibition of NaK-ATPase and active 
sodium transport appears to be more readily reversible than that due to 
the corresponding glycoside (86, 87). The bufadienolide-enzyme com
plex seems to be more stable than the one formed by the corresponding 
cardenolide. Clearly, the nature of the interaction of these compounds 
with the inhibitor site on the enzyme is complex. A model for this re
action constructed by Wilson et al. (99) involves three distinct loci of 
interaction of the inhibitor site with cardioactive glycosides. 

B. Systems Sensitive to Cardioactive Steroids 

In resealed erythrocyte ghosts, only the portion of ATP splitting acti
vated by internal N a

+
 and external K

+
 is inhibited by ouabain (6, 28). 

The effect of cardioactive steroids on ATPase activity in membrane 
and microsomal preparations is specific for the NaK-activated compo
nent while the Mg-ATPase, always associated with NaK-ATPase, is 
insensitive to these inhibitors (11, 17, 18, 80). An interesting exception 
to this is the report by Fujita et al. (102). They have found that par
tially purified pig brain NaK-ATPase preparations exhibit minor oua-
bain-sensitive, Na

+
-stimulated, K

+
-stimulated, and Mg

2 +
-stimulated 

ATPase activities. However, the four activities appear to be different 
expressions of a single enzyme system. All the activities are equally 
inactivated by iV-ethylmaleimide and sonication and exhibit the same 
substrate specificity. The authors suggested that the K

+
-activated 

ATPase activity, optimal at low pH, is compatible with an increasingly 
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NaMndependent phosphorylation of the NaK-ATPase with decreasing 
pH. Alternately, hydrogen ions may substitute for N a

+
 in activating 

the formation of the phosphorylated intermediate at low pH. 
Various ATPase and phosphatase activities have been detected in bac

terial membrane preparations (103-105). These phosphorylytic systems 
are usually activated by either N a

+
 or K

+
 and exhibit little if any sensi

tivity to cardioactive glycosides (103, 104). The cation-activated system 
from Vibrio parahaemolyticus can degrade ATP to adenosine, liberating 
3 moles of phosphate, and may include a mixture of different enzymes 
(104). The membrane-bound Mg-ATPase of Streptococcus faecalis re
sembles the ATPase associated with mammalian mitochondrial mem
branes in its sensitivity to iV,iV'-dicyclohexylcarbodiimide (105, 106). A 
role for this ATPase in transport is suggested by the finding that Ν,Ν'-
dicyclohexylcarbodiimide inhibits the uptake of K

+
, phosphate, and 

alanine by S. faecalis (105). 
It has been reported that very low concentrations of cardiac glycosides 

may give a small but significant enhancement of ATP hydrolysis by 
cardiac microsomal ATPase (107). This effect appears to be associated 
with preparations exhibiting a high background Μg

2 +
-activated activity. 

Brown (107) found that NaK-ATPase activity of freshly prepared rabbit 
heart microsomes is either unaffected or enhanced by ouabain, whereas 
the activity of aged or deoxycholate-treated preparations is usually in
hibited by this compound. These treatments are known to diminish Mg-
ATPase activity of heart microsomes while having less effect on NaK-
ATPase activity (26, 108). In their studies on the rate of interaction 
of ouabain with the sodium transport system of squid giant axon, Baker 
and Manil (109) noted that a transient stimulation of N a

+
 efflux fre

quently occurs prior to the onset of the inhibition. It is not clear whether 
these phenomena are interrelated, and no explanation for their occurrence 
has been provided. 

The uptake of C a
2+

 by sarcoplasmic reticulum and the extrusion of 
intracellular C a

2+
 from erythrocytes are associated with ATP hydrolysis 

(70, 71, 110, 111). In erythrocytes, C a
2+

 efflux and membrane Ca
2 +

-acti-
vated ATPase are insensitive to ouabain (71, 112). However, it has 
been found that cardioactive steroids release bound C a

2+
 from sarcoplas

mic reticulum and that the influence of various steroids on C a
2+

 release 
is proportional to their inhibitory effects on cardiac NaK-ATPase (101). 
Since C a

2+
 is important in regulating the contraction-relaxation cycle 

in muscle, the interaction of these inhibitors with systems involved in 
C a

2+
 movement is of particular interest with respect to the positive ino

tropic effect induced by cardioactive steroids. Lee et al. (101) have 
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proposed that the binding of cardioactive steroids to NaK-ATPase in 
the plasma membrane or to sarcoplasmic reticulum may alter the con
figuration of these membranes in a manner leading to enhanced C a

2+ 

permeability. 
Ouabain (10~

5
-10~

4
 M) causes cat and rat cerebral cortex slices to 

take up water from the medium, an effect largely due to the inhibition 
of NaK-ATPase and the concomitant gain in tissue N a

+
 (113, 114). 

Water moves into the cells passively in order to maintain isotonicity. 
However, Okamoto and Quastel (114) have recently found that tetro-
dotoxin, an agent that blocks the generation of action potentials in nerve, 
partly inhibits this ouabain-induced water uptake as well as the asso
ciated uptake of

 2 2
N a

+
 without affecting these processes in the absence of 

ouabain. While the effect of ouabain is exerted mainly on NaK-ATPase 
and the N a

+
 efflux system, these observations are suggestive of an addi

tional effect of cardioactive glycosides on N a
+
 influx into brain slices. 

C. Effects of Cardioactive Steroids on NaK-ATPase-Associated Reactions 

Many investigators have observed that, in the presence of Mg
2 +

, Na
+
, 

K
+
, and γ - [

3 2
Ρ ] Α Τ Ρ , low concentrations of ouabain increase the steady-

state level of
 3 2

P-labeled enzyme (35-37, 51, 75). Such an enhancement 
of the [

3 2
P]phosphoenzyme level is not usually obtained in the absence 

of K
+
. These observations indicate that ouabain interacts with the phos-

phoenzyme, giving an intermediate that is relatively stable even in the 
presence of K

+
. 

The fact that K
+
-dependent phosphatase activity, catalyzed by NaK-

ATPase preparations, can be inhibited by cardiac glycosides (30-32, 
115) is consistent with this model. Yoshida et al. (115) reported that 
the ouabain sensitivity of K

+
-dependent phosphatase is enhanced by 

N a
+
 plus ATP, CTP, or ADP. However, the observation that ^ - d e p e n 

dent phosphatase activity is more sensitive to inhibition by ouabain 
than is NaK-ATPase, when both are assayed simultaneously in the same 
medium, is difficult to reconcile with the view that a single enzyme 
system catalyzes both activities (44)- Askari and Rao (34) found that 
extracellular p-nitrophenyl phosphate hydrolysis can induce an ouabain-
sensitive "downhill" exchange of intracellular N a

+
 for extracellular K

+ 

by resealed erythrocyte ghosts, although intracellular p-nitrophenyl 
phosphate and extracellular ATP are without influence on this process. 
Ouabain-sensitive "uphill" pumping of N a

+
 against a concentration gra

dient was obtained only if the medium containing p-nitrophenyl phosphate 
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was supplemented by either ATP or CTP. These observations are in con
trast to the results of Garrahan et al. (116), indicating that the active 
center of erythrocyte K

+
-dependent phosphatase is located at the inner 

surface of the membrane. Moreover, Garrahan and Rega (59) have re
cently reported that ouabain-sensitive N a

+
 efflux and R b

+
 uptake by 

erythrocytes are inhibited by the presence of p-nitrophenyl phosphate 
at this site. Hydrolysis of extracellular p-nitrophenyl phosphate is found 
to take place only on the serosal side of the turtle bladder membrane 
(117). These observations provide further evidence that ouabain-sensi
tive NaK-ATPase, sodium transport, and K

+
-dependent phosphatase ac

tivity are closely related with regard to distribution and suggest the 
possibility of a common cardioactive steroid inhibitory site for the three 
processes. 

High concentrations of ouabain inhibit the Na
+
-dependent phosphoryl

ation reaction, suggesting that cardioactive glycosides form inactive com
plexes with the nonphosphorylated form of NaK-ATPase (37, 51, 75, 
118). Low concentrations of inhibitor have no effect on [

3 2
P]phospho-

enzyme formation, diminishing only the K
+
-dependent dephosphorylation 

(75). Fahn et al. (76) and Stahl (119) have observed that ouabain 
inhibits Na

+
-dependent A D P - A T P exchange. However, this effect of oua

bain may be due either to the formation of an inactive complex with 
the nonphosphorylated enzyme or to stabilization of the phosphorylated 
intermediate. The apparently contradictory findings with regard to the 
influence of low and high concentrations of ouabain on Na

+
-dependent 

phosphorylation may be due to different experimental conditions, as the 
rate of interaction of cardiac glycosides with NaK-ATPase is dose and 
time dependent and is modified by the presence of various ligands that 
interact with the enzyme system. 

D. Factors Influencing the Cardioactive Glycoside—NaK-ATPase Interaction 

On the basis of an apparent antagonism between K
+
 and low concentra

tions of cardioactive steroids, some investigators have suggested that 
these inhibitors interact reversibly with the N a

+
 transport and NaK-

ATPase systems (30, 43, 64, 81). However, others have had difficulty 
in restoring activity following inactivation of these systems by ouabain 
and other glycosides (109, 120-122). Baker and Manil (109) found that 
in metabolically active squid giant axon the effect of ouabain on N a

+ 

transport is not reversed even by 2 hours of incubation in an inhibitor-
free medium. Similar observations have been reported by Asano et al. 
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(86) with regard to the action of digitoxin and ouabain on frog bladder 
N a

+
 transport and NaK-ATPase. The effects of digitoxigenin on both 

frog bladder systems as well as those of ouabain on the toad bladder 
systems are readily reversible (86). Ouabain and digoxin seem to form 
relatively stable complexes with canine NaK-ATPase in vivo (21, 
123-125). Allen et al. (21) reported that microsomal NaK-ATPase prep
arations obtained from dog kidney exposed to digoxin by renal arterial 
infusion have considerably lower specific activities than those obtained 
from the nontreated contralateral kidneys. In this study, the enzyme 
was washed at least three times by suspension and centrifugation prior 
to assay. Similar results have been observed with regard to the stability 
of the ouabain-NaK-ATPase complex formed in vivo by the dog cardiac 
muscle enzyme (123, 125). The inhibition of kidney NaK-ATPase in 
vivo and the induction of natriuresis by ouabain are both antagonized by 
K

+
 (124). 
The rate of action of cardioactive glycosides in inducing a positive 

inotropic effect in heart muscle is slow and dose dependent (98). Baker 
and Manil (109) have examined the rate of interaction of ouabain with 
the KMinked N a

+
 efflux system in squid giant axon by the use of a 

device for rapidly changing the incubation medium. They found that, 
even with 10~

3
 Μ ouabain, a concentration 10

4
 times that needed for 

complete inactivation of the N a
+
 transport system, 13 seconds are re

quired to obtain 50% inhibition of N a
+
 efflux. More than 2 minutes 

of exposure to the inhibitor are needed to obtain an equivalent effect 
with 10"

6
 Μ ouabain. The rate of interaction of ouabain with the squid 

giant axon transport system may be further diminished by increasing 
K

+
 in the medium or by replacing N a

+
 with choline (109). Continuous 

monitoring of the NaK-ATPase reaction indicates that the cardioactive-
steroid-induced inhibition of the enzyme is time dependent (120). Albers 
et al. (120) have reported that the rate of inactivation depends on the 
nature of the inhibitor used and varies inversely with the number of 
hydroxyl and sugar substituents on the cardioactive steroid nucleus. The 
rate is enhanced by increasing the inhibitor concentration and reduced 
by elevating K

+
 in the assay medium. 

Preincubation studies demonstrate that inactivation of NaK-ATPase 
by ouabain occurs most rapidly when ATP, Na

+
, and M g

2+
 are present 

in the assay medium (120). As these are suitable conditions for N a
+
-

dependent phosphorylation, this may be indicative of a rapid interaction 
between the inhibitor and the phosphorylated intermediate. Sen et al. 
(122) have attempted to distinguish between the influence of these li-
gands on the ouabain-enzyme interaction and their effects on phospho-
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enzyme formation. If Na
+
-dependent phosphorylation is inhibited by 

chelating M g
2+

 with excess cyclohexylenediaminetetraacetate, the disap
pearance of protein-bound

 3 2
P can be rapidly blocked by a subsequent 

addition of ouabain (0.2 mM). This suggests that the rapid interaction 
of the enzyme and inhibitor is due to the formation of the phosphory-
lated intermediate rather than to the presence of the ions and substrate. 

When ATP is absent from the medium, M g
2+

 enhances the rate of 
ouabain-induced NaK-ATPase inactivation observed following preincu
bation of the enzyme with the inhibitor (120, 122). Under these condi
tions the interaction of the enzyme and inhibitor is slow, and long periods 
of preincubation are necessary to obtain a maximum effect. The addition 
of high concentrations of N a

+
 (60 mM) blocks the Mg

2 +
-dependent inac

tivation of NaK-ATPase by ouabain while, at lower concentrations, 
N a

+
 increases the preincubation time required to obtain a given level 

of inhibition (122). Inorganic phosphate markedly enhances the rate 
of Mg

2 +
-dependent inactivation of the enzyme by ouabain and N a

+
 exerts 

a similar antagonistic effect. In the absence of Mg
2 +

, preincubation with 
ouabain has no effect on NaK-ATPase, irrespective of the presence of 
inorganic phosphate. The inhibition of the enzyme obtained with M g

2 +
, 

in the absence of N a
+
 and ATP, is associated with a decrease in N a

+
-

dependent phosphorylation (122). The relatively slow interaction of 
ouabain with NaK-ATPase in the absence of ATP may explain the 
failure of Baker and Manil (109) to detect any influence of this inhibitor 
on the N a

+
 efflux system of cyanide-poisoned squid giant axon. 

An important finding with regard to the mechanism of interaction 
of cardioactive glycosides with NaK-ATPase is the observation that 
inactivation of the enzyme by ouabain in the presence of M g

2+
 and 

3 2
Pi is accompanied by incorporation of

 3 2
Pi into the enzyme preparation 

(120, 121, 126-129). At high concentrations of
 3 2

P t this ouabain-induced 
incorporation approaches the level obtained by means of Na

+
-dependent 

phosphorylation with labeled ATP (120). The (Mg
2+
 plus ouabain)-de

pendent
 3 2

Pi incorporation is antagonized by N a
+
 as well as by K

+ 

(122, 127), and the optimum pH and temperature and the ouabain sensi
tivity for this process are similar to those found for the inhibition of 
NaK-ATPase activity (126). The native dephosphoenzyme does not ap
pear to bind inorganic phosphate in the absence of cardioactive 
glycosides. 

Both the Na
+
-dependent phosphorylation of the enzyme, occurring 

either in the presence or absence of ouabain, and the ouabain-induced Pi 
incorporation seem to yield chemically identical phosphorylated proteins. 
Enzymic or basic hydrolysis of these labeled phosphoproteins gives 
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labeled peptides whose distribution on electrophoresis or ion-exchange 
chromatography and whose sensitivity to dephosphorylation by hydro-
xylamine and to oxidation by performic acid are the same (126} 129, 
130). Albers et al. (120) and Sen et al. (122) have suggested that the 
reaction of ouabain with the phosphorylated intermediate is accompanied 
by a marked decrease in free energy and that this free-energy change is 
probably due to a change in the "conformational potential of the system." 

The factors influencing labeled cardiac glycoside binding to various 
preparations of NaK-ATPase are similar to those affecting the rate of 
enzyme inactivation by these compounds. Schwartz et al (131, 132), 
Albers et al. (120), as well as others (133-138) have demonstrated that 
NaK-ATPase binds [

3
H] digoxin and [

3
H] ouabain rapidly in the pres

ence of ATP, Na
+
, and Mg

2 +
. The presence of K

+
 diminishes the rate 

of cardioactive glycoside binding but does not reduce the maximal bind
ing capacity under these conditions (127). This process is specific in 
that the amount of inhibitor bound by a given enzyme preparation varies 
directly with its activity. Cardioactive steroids, but not inactive analogs, 
reduce the binding of labeled inhibitor (131, 132). Hoffman (136) re
ported that the slow progressive inactivation of human erythrocyte K

+ 

uptake by ouabain (6 Χ ΙΟ
-9
 M) is directly proportional to the mem

brane-bound [
3
H] ouabain. In this manner, it has been estimated that 

only 150-200 bound cardiac glycoside molecules per cell are sufficient 
to inactivate completely erythrocyte N a

+
- K

+
 exchange (136) and NaK-

ATPase (134). The turnover number of the enzyme per specific cardio
active glycoside binding site is usually about 10,000/minute (131, 138), 
roughly the same as that obtained per Na

+
-dependent phosphorylation 

site (33). However, Electrophones electric organ NaK-ATPase may bind 
only one molecule of ouabain for every two phosphorylation sites (120). 
As found for the Mg

2 +
-dependent, ouabain-induced inactivation of the 

enzyme, labeled ouabain binding is slow in the presence of M g
2+

 alone 
while the further addition of Pi stimulates this process (120, 131, 133, 
137). In the absence of M g

2+
 (with E D T A ) , cardiac glycosides are not 

bound to the enzyme during preincubation nor is the specific activity 
of the NaK-ATPase decreased by this treatment. When M g

2+
 are present, 

N a
+
 is antagonistic to binding whereas K

+
 affects the reaction in a rather 

complicated fashion, stimulating at low concentrations and inhibiting 
at higher ones (127, 128, 133). The presence of Mg

2 +
, or of M g

2+
 plus 

inorganic phosphate, increases the affinity of the enzyme for the labeled 
cardioactive glycoside (133). 

On the basis of metabolic studies with guinea pig cerebral cortex slices, 
it has been suggested that C a

2+
 antagonizes the binding of ouabain to 
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the membrane [139-141). However, Hoffman (136) failed to detect any 
significant diminution, in the presence of Ca

2 +
, of [

3
H] ouabain bind

ing to erythrocyte membrane fragments incubated with Na
+
, Mg

2 +
, and 

ATP. 
Some investigators have found that other nucleotide triphosphates 

(ITP, GTP, UTP, CTP) as well as A D P are as effective as ATP in 
promoting [

3
H] ouabain binding to NaK-ATPase preparations in the 

presence of M g
2+

 and N a
+
 {120, 181, 132, 136). This gave rise to the sug

gestion that nucleotide binding irrespective of phosphoenzyme formation 
is sufficient to induce a particularly suitable enzyme conformation of car
diac glycoside binding. However, Schoner et al. (52) have demonstrated 
the Na

+
-dependent phosphorylation of the enzyme by ITP and GTP, 

while Tobin and Sen (133) failed to detect any significant enhancement 
of [

3
H] ouabain binding by ADP. The latter observations are in agree

ment with the suggestion made by Sen et al. (122) that cardioactive 
glycosides react most rapidly with the phosphorylated intermediate. 

Dissociation of the cardioactive glyeoside-NaK-ATPase complex and 
reactivation of the inhibited enzyme appear to be very slow processes 
at 0°C (122, 133). Tobin and Sen (138) have observed that the half-life 
of the preformed [

3
H]ouabain-enzyme complex is about 9 hours at 0°C. 

On the basis of the second-order rate constant for [
3
H] ouabain binding 

and a maximal estimate of the dissociation constant for the complex, 
Barnett (135) has obtained a half-life of 1.9 hours for the ouabain-en-
zyme complex formed by lamb brain NaK-ATPase under normal assay 
conditions, i.e., with ATP, Na

+
, and Mg

2 +
, as well as K

+
. Sen et al (122) 

have found that the guinea pig kidney enzyme gives similar enzyme-in
hibitor complexes in the presence of ATP, Mg

2 +
, and N a

+
 or in the 

presence of M g
2+

 plus Pj. However, Akera and Brody (137) have re
ported that the enzyme-ouabain complexes derived from rat brain NaK-
ATPase under these two conditions are dissimilar with regard to their 
stability. The [

3
H]ouabain-enzyme complex obtained in the presence 

of ATP, Na
+
, and M g

2+
 exhibits a half-life of 4.5 minutes at 37°C, 

while that formed in the presence of M g
2+

 plus Pj has a half-life of 
about 30 minutes. Moreover, they have observed that the half-life 
of the former complex is increased to about 30 minutes in the pres
ence of K

+
, while the latter form is unaffected by K

+
. Therefore, 

Akera and Brody (137) have proposed that the more stable inhibitor 
complex can be derived from the less stable one by means of an irre
versible K

+
-dependent conformational change resembling the one in

duced by K
+
 acting on the native phosphoenzyme or on the N a

+
 transport 

system. 
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V. INHIBITORY EFFECTS OF ERYTHROPHLEUM ALKALOIDS 

A number of alkaloids obtained from the leaves and bark of plants 
belonging to the genus Erythrophleum exhibit marked digitalis-like car
diac activity and in addition are capable of inducing intense, long-last
ing, local anesthesia (14®)· These compounds, including cassaine, eryth-
rophleine, and coumingine, are iV-alkyl derivatives of the aminoethyl 
esters of diterpene acids. The structure of cassaine (VII) has been deter-

Cassaine 

(vn) 

mined (143), while that of erythrophleine remains uncertain with regard 
to the placement and configuration of the ring substituents (14®, 144)-

In view of the cardiotonic activity of these alkaloids, Bonting and 
his associates (90a, 144-147) have examined the influence of cassaine 
and erythrophleine on NaK-ATPase from several sources and on a num
ber of sodium transport-dependent processes. Both compounds specifi
cally inhibit the NaK-ATPases of various tissues and species while hav
ing no effect on Mg-ATPase (144)- The concentrations of erythrophleine, 
cassaine, and ouabain giving 50% inhibition of the rabbit brain enzyme 
are 0.3, 1.1, and 5.2 μΜ, respectively. Although the sensitivity of NaK-
ATPase from the different species to cardioactive glycosides varies con
siderably, the enzymes from rat, rabbit, cat, and toad are each more 
sensitive to erythrophleine than to ouabain by approximately one order 
of magnitude (147). Another indication that the inhibitor site for the 
Erythrophleum alkaloids may be related to that for the cardioactive 
steroids is the observation that the inhibition by low concentrations 
of erythrophleine, but not by high concentrations, is reversed by increas
ing K

+
 (144)- Moreover, as mentioned previously for the cardioactive 

steroids (107), Bonting et al. (144) have reported that very low concen
trations of erythrophleine and cassaine can produce a small but signifi
cant enhancement of NaK-ATPase activity. 
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Kahn {148, 149) has found that cassaine and coumingine diminish 
K

+
 accumulation by human erythrocytes. Erythrophleine inhibits toad 

bladder sodium transport but this effect requires an inhibitor concentra
tion tenfold greater than that needed to obtain an equivalent inhibition 
of the NaK-ATPase (90a, 145). Unlike the cardioactive steroids, this 
compound is equally effective when added to either the mucosal or serosal 
medium. Erythrophleine diminishes the membrane potential of frog sarto-
rius muscle by interfering with the sodium and potassium transport sys
tem (14^). Cerebrospinal fluid formation involves the active secretion of 
N a

+
 into the ventricular space by the choroid plexus. Vates et al. (145) 

have demonstrated that this process and choroid plexus NaK-ATPase 
are both inhibited by erythrophleine. However, unlike ouabain, which 
inhibits both the formation of cerebrospinal fluid and NaK-ATPase ac
tivity at the same concentration, erythrophleine and cassaine inhibit 
the former process only at levels twenty- to fortyfold greater than those 
that block the latter. 

VI. INHIBITORY EFFECTS OF SULFHYDRYL REAGENTS 

Microsomal and other preparations of NaK-ATPase are sensitive to 
inhibition by a wide variety of sulfhydryl reagents. The types of SH 
reagents shown to be inhibitory include the organic mercurial diuretics, 
maleimide derivatives, arsenicals, ethacrynic acid, and chlorpromazine 
as well as other phenothiazines. All of these sulfhydryl reagents inhibit 
NaK-ATPase but have variable effects with regard to their action on 
Mg-ATPase. Skou (12, 150) has observed that ox brain NaK-ATPase 
and Mg-ATPase are inhibited by iV-ethylmaleimide (NEM) and p-chlo-
romercuribenzoate (PCMB) but while PCMB diminishes both activities 
at the same rate, N E M attacks the Mg-ATPase more rapidly. In contrast 
to its effect on the ox brain system, PCMB as well as other organic 
mercurials are relatively selective inhibitors of NaK-ATPase in prepara
tions from heart (108), liver (61), and kidney (60, 67, 151-153). More
over, N E M has little effect on the Mg-ATPase of human red blood 
cell membranes or of microsomes obtained from turtle bladder mucosal 
cells, although in both cases the NaK-ATPase activity is sensitive to 
this inhibitor (154-156). These observations appear to reflect important 
differences in the properties of the Mg-ATPase associated with NaK-
ATPase in various tissues. 
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A. Organic Mercurials 

Organic mercurial diuretics (10
_ 6

-10~
5
 M) inhibit kidney NaK-ATPase 

from various species while having little or no effect on the basal rate 
of hydrolysis in the presence of M g

2+
 (60, 67, 151, 153). Jones et al. 

(153) examined the relationship between the organic mercurial-induced 
diuresis in rats and NaK-ATPase inhibition. They found that diuretic 
concentrations of meralluride and mercaptomerin markedly inhibit kid
ney NaK-ATPase both in vitro and in rats pretreated with the drugs. 
In contrast, the nondiuretic mercurials PCMB and p-chloromercuriphenyl 
sulfonate are effective NaK-ATPase inhibitors only in vitro, although 
both compounds inhibit other kidney enzymes when administered in vivo 
(153). These observations are in agreement with the view that NaK-

ATPase may be the site of action of organic mercurial diuretics in 
promoting diuresis (124, 153). It is of interest that chlormerodrin, a 
diuretic, and PCMB, a nondiuretic mercurial, bind equally to renal mem
brane fractions following administration to intact dogs (157). Moreover, 
PCMB is a more potent inhibitor of dog kidney NaK-ATPase in vitro 
than is chlormerodrin. 

B. Maleimide Derivatives 

Maleimide derivatives are able to inactivate NaK-ATPase in prepara
tions obtained from a wide variety of tissues (40, 76, 130, 150, 154-156). 
Although N E M (10"

3
-10-

2
 M) is the agent most frequently used, maleim

ide (158) and iV-butylmaleimide (76) appear to act in the same manner. 
Unlike PCMB, which inhibits the various reactions associated with 
NaK-ATPase, N E M appears to be more selective in its action (40, 76). 
Using Electrophones electric organ preparations, Fahn et al. (76) found 
that Mg-ATPase, NaK-ATPase, and an Mg

2 +
-dependent A D P - A T P 

transphosphorylase are rapidly inactivated by NEM. Short periods of 
exposure of the ATPase to this inhibitor enhance the Na

+
-dependent 

A D P - A T P exchange (76), a reaction usually observed only in the 
presence of very small concentrations of M g

2+
 (40, 119). Long-term expo

sure of this preparation to N E M diminishes this exchange reaction as 
well as the Na

+
-dependent phosphorylation reaction (75). Similar effects 

due to N E M have been observed with the guinea pig kidney and turtle 
bladder NaK-ATPase preparations (130, 156). 

The fact that M g
2+

 fails to inhibit the Na
+
-dependent A D P - A T P ex-
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change catalyzed by NEM-treated enzyme preparations has led to the 
proposal that at least two phosphorylated intermediates are involved 
in the NaK-ATPase reaction cycle (40, 119, ISO), as indicated in reac
tions ( 3 ) - ( 5 ) . 

Na
+
, M g

2+ 

Ei + ATP < Εχ—Ρ -f ADP (3) 
Mg2+ 

Ει—Ρ > Ε 2—Ρ (4) 

Ε 2—Ρ > Ε 2 + Pi (5) 

According to this scheme N E M must initially react with an enzyme 
sulfhydryl group in such a manner as to prevent the conversion of E x- P 
to E 2- P . Hypothetically, N E M may block the M g

2+
 site for reaction 

(4) or it may otherwise prevent a conformational change in the enzyme, 
thought to take place during the conversion of E i - P to E 2- P . 

The K
+
-dependent phosphatase activity associated with NaK-ATPase 

preparations is also sensitive to inhibition by N E M (44, 159). However, 
Israel and Titus (44) have observed that, in the presence of N E M , 
the rates of inactivation of these two activities in beef brain microsomes 
differ significantly, 60% of the phosphatase remaining, when 80% inhibi
tion of the ATPase has taken place. If the reaction cycle as outlined 
above is correct, and if the K

+
-dependent phosphatase is represented 

at least in part by reaction (5), clearly E x- P cannot be involved in 
the hydrolysis of acetyl phosphate or p-nitrophenyl phosphate. Whether 
or not the K

+
-dependent phosphatase proves to be an integral part of 

the NaK-ATPase system, it appears from the kinetics of inactivation 
of NaK-ATPase, Na

+
-dependent phosphorylation, and Na

+
-dependent 

A D P - A T P exchange that at least two separate sulfhydryl groups, vary
ing in reactivity to NEM, are involved in ATP hydrolysis by this enzyme 
system (160,161). 

C. Arsenite and Oxophenarsine 

The inhibition of NaK-ATPase by oxophenarsine (158) and by arse
nite (162, 163) may indicate the presence in the enzyme of two closely 
associated sulfhydryl groups (164) · As occurs with other enzymes, arse
nite is a relatively poor inhibitor of NaK-ATPase (K{ = 6 mM) . How
ever, low concentrations of 2,3-dimercapto-l-propanol (BAL) markedly 
enhance the action of arsenite (162, 163). Maximal potentiation of the 
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arsenite inhibition occurs when BAL and arsenite are present at the 
same concentration, whereas a two- to threefold excess of BAL com
pletely prevents the inhibition. These observations suggest that the reac
tive sulfhydryl groups may be more accessible to an arsenite-BAL com
plex than to inorganic arsenite (165). 

The characteristics of Electrophones NaK-ATPase inactivation by ar
senite-BAL or by high concentrations of arsenite resemble those seen 
with N E M (163). The inhibition of hydrolysis is time dependent and 
is accompanied by an increase in Na

+
-dependent A D P - A T P exchange. 

Although the maximum level of Na
+
-dependent incorporation of

 3 2
P from 

γ - [
3 2

Ρ ] Α Τ Ρ into the microsomal protein remains relatively unchanged 
in the presence of this inhibitor, the affinity of the enzyme for N a

+ 

in this reaction is enhanced. 

D. Ethacrynic Acid 

Ethacrynic acid (VIII) promotes diuresis in a number of mammalian 
species (166) and inhibits the active N a

+
 transport of various tissue 

preparations in vitro, including guinea pig kidney cortex slices 

(167-171). Its influence on ATPase, studied mainly with guinea pig 
microsomal preparations, appears to be that of a relatively weak, non
specific inhibitor of both the NaK- and the Mg

2 +
-dependent activities 

(171-173). The inhibition of ATP hydrolysis by ethacrynic acid and 
its analogs may be correlated with their ability to react with the sulfhy
dryl group of cysteine and their inhibitory effects have been thought 
to be due to reactions with enzyme sulfhydryl groups (160, 172, 173). 
The relevance of the NaK-ATPase inhibition to the diuresis induced 
by ethacrynic acid has been questioned for a number of reasons. In 
rats, ethacrynic acid can inhibit the enzyme without causing diuresis 
(166, 174). The concentration required to inhibit NaK-ATPase in vitro 
is several orders of magnitude greater than that needed in vivo to induce 
diuresis (172). Moreover, Hoffman and Kregenow (167) and Proverbio 

ci ci 

CH2 

Ethacrynic acid 

(vra) 
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et al. (171) have obtained evidence which suggests that ethacrynic acid 
inhibits a mode of N a

+
 extrusion from erythrocytes and kidney cortex 

slices that is independent of external K
+
. On the other hand, Gordon 

(175, 176) has suggested that part of the effect of ethacrynic acid on 
transport may be a consequence of its interference with ATP production 
by mitochondria and glycolysis. The observation that 1 nxM ethacrynic 
acid diminishes the ATP level of rat uterine muscle while increasing 
intracellular N a

+
 also suggests that this compound may interfere with 

energy production (170). 
Recently, Chanock et al. (177) and Banerjee et al. (178) found that 

the apparently low potency of ethacrynic acid in inhibiting NaK-ATPase 
in vitro is partially due to the high concentration of K

+
 (20 mM) fre

quently used to assay enzyme activity. If K
+
 is decreased to about 2 

mM, the inhibition by ethacrynic acid is enhanced. Treatment of the 
enzyme with ethacrynic acid appears to increase the stability of the 
phosphorylated intermediate E 2- P and to decrease its sensitivity to 
hydrolysis in the presence of K

+
 [reaction (5)] (178). In addition, N a

+
-

dependent phosphorylation and Na
+
-dependent A D P - A T P exchange are 

inhibited (178). In contrast to the effect of N E M whereby conversion 
of E x- P to E 2- P is thought to be blocked [reaction ( 4 ) ] , inhibition 
of NaK-ATPase by ethacyrnic acid is correlated with a decrease in 
Na

+
-dependent phosphorylation [reaction (3) ] when examined at high 

K
+
 concentrations and a decrease in K

+
-dependent dephosphorylation 

[reaction (5)] at low K
+
 concentrations (178). A number of observations 

suggest that the inhibitor reacts with NaK-ATPase at several sites—at 
least one essential for ATP hydrolysis and another related to cardioac
tive glycoside binding (160,179). 

E. lodoacetate, lodoacetamide, and lodoacetate Esters 

Iodoacetate and iodoacetamide are relatively weak NaK-ATPase in
hibitors. Glynn (180, 181) found that these compounds, at concentrations 
in excess of ΙΟ

-2
 M, can inhibit the enzyme prepared from Electrophones 

electric organ. Although similar results have been obtained with a par
tially purified calf kidney NaK-ATPase preparation (60), Fahn et al. 
(76) failed to detect any significant effect of 50 mM iodoacetate on 
the Electrophones enzyme. 

Hokin and his co-workers (100, 182-184) have examined the influence 
of "site-directed" 3-haloacetate derivatives of the cardioactive steroids 
strophanthidin and hellebrigenin on NaK-ATPase. In contrast to iodo-
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acetate, a concentration of 0.1 mM strophanthidin 3-iodoacetate is suffi
cient to inhibit the enzyme irreversibly. Strophanthidin (0.1 mM) does 
not irreversibly inhibit the enzyme nor does it enable iodoacetate to in
activate NaK-ATPase. These observations indicate that the 3-iodo
acetate derivative reacts with a sulfhydryl group in the vicinity of the 
cardioactive steroid binding site. Hellebrigenin 3-iodoacetate is a much 
more potent inhibitor than the strophanthidin derivative but its action 
on the enzyme is otherwise similar (100). Binding of labeled strophan
thidin 3-iodoacetate to NaK-ATPase preparations far exceeds that 
normally obtained with the cardioactive steroids, but much of the non
specific binding is eliminated when low concentrations of the labeled 
hellebrigenin derivative are used (184). The latter may, therefore, pro
vide a useful tool for labeling the cardioactive steroid binding site of the 
NaK-ATPase. 

F. Chlorpromazine 

Chlorpromazine and other phenothiazines inhibit brain and liver 
NaK-ATPase (85, 185-188) as well as cation transport in these tissues 
(85, 188). The inhibitory effects of a large series of phenothiazines on 
this enzyme appear to vary directly with their pharmacological activity 
(187). Recently, Chan and Quastel (188) found that the enhanced respi
ration of rat cerebral cortex slices associated with electrical stimulation 
is inhibited by chlorpromazine, as is the NaK-ATPase from the same 
source. However, 0.1 mM chlorpromazine gives almost complete inhibi
tion of enhanced brain respiration due to electrical stimulation but in
hibits NaK-ATPase by only 14%. With 0.5 mM chlorpromazine, ATPase 
activity is reduced by more than 70%, although the inhibitory effect 
on respiration is no greater than that obtained at the lower inhibitor 
concentration (188). 

The inclusion of chlorpromazine among the group of inhibitory sulfhy
dryl reagents stems from the recent investigations by Akera and Brody 
(189-192) concerning the interaction of chlorpromazine, exposed to ultra
violet irradiation, with rat brain NaK-ATPase. This treatment was 
shown to generate the chlorpromazine free radical (CFR), which reacts 
with sulfhydryl groups in the microsomal preparation. They found that, 
if precautions are taken to prevent the exposure of the drug to light, 
chlorpromazine has little effect on enzyme activity (189). Exposure of 
the drug to ultraviolet irradiation markedly increases its ability to in
hibit NaK-ATPase, reducing the half-maximal inhibitory concentration 
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to about 45 μΜ. Irradiation of chlorpromazine-enzyme mixtures fur
ther enhances the inhibitory potency of the drug (a concentration of 
3 μΜ giving 50% inhibition), although ultraviolet irradiation of the 
enzyme has little or no effect on activity. In addition to irradiation 
of chlorpromazine, various other conditions known to generate CFR in
crease the potency of chlorpromazine, thus leading to the conclusion 
that the free radical form is the actual inhibitor of NaK-ATPase and 
that previous observations on the inhibitory effect of this drug may 
have been due to traces of the free radical. 

The inhibition of NaK-ATPase by CFR is accompanied by a decrease 
in the number of free sulfhydryl groups, complete inactivation corre
sponding to the loss of 75% of these groups (191). Moreover, the inhibi
tory effect of the chlorpromazine free radical is additive with that of 
p-chloromercuribenzoate but not with that of ouabain. These observa
tions, along with the fact that partial reactivation of the inhibited NaK-
ATPase can be obained with cysteine or BAL (190), indicate that 
chlorpromazine free radical reacts with essential sulfhydryl groups on 
the enzyme. 

Whereas NaK-ATPase and K
+
-dependent phosphatase are equally sen

sitive to inhibition by the chlorpromazine free radical, the associated 
Mg-ATPase is considerably less sensitive (190). 

G. Reversal and Prevention of the Inhibition by Sulfhydryl Reagents 

The inhibition of NaK-ATPase with PCMB, N E M , and other sulfhy
dryl reagents can be prevented by the presence of cysteine and other 
sulfhydryl-containing compounds (26, 150, 158, 173). Moreover, the 
oxophenarsine- and PCMB-inhibited enzymes can be reactivated by the 
subsequent addition of BAL and cysteine, respectively (158), or by dilu
tion of the enzyme-PCMB mixture (173). However, neither BAL nor 
cysteine is able to reverse the inhibition due to N E M , although either 
can prevent the inhibition if it is added together with the inhibitor 
(158). The inhibition of NaK-ATPase by chlorpromazine free radical 
has been reported to be reversed by high concentrations of NaCl (190). 

The rate of inactivation of NaK-ATPase by sulfhydryl reagents is 
altered by a number of agents that are unrelated to sulfhydryl groups, 
including ATP, ADP, Na

+
, and K

+
 (76, 150, 154, 158, 160). Although 

ATP can diminish the rate of inactivation of NaK-ATPase by N E M , 
it has no effect on the NEM-induced inhibition of Mg-ATPase. To a 
lesser degree, the inhibitory effects of PCMB and oxophenarsine on NaK-
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ATPase activity are also antagonized by the presence of ATP (150, 
158); A D P but not ITP can substitute for ATP in this respect. 

In the presence or absence of ATP, low concentrations of N a
+
 or 

K
+
 enhance the inhibition of ox brain NaK-ATPase due to preincubation 

with N E M (158). The influence of these ions is extremely complex; 
N a

+
 is more effective than K

+
 in the absence of ATP whereas the reverse 

holds in the presence of ATP. The addition of ouabain enhances the 
ability of N a

+
 to promote the NEM-induced inhibition of NaK-ATPase 

in the presence of ATP without altering the influence of K
+
 (158). Baner-

jee and Sen (160) have observed that N a
+
 also increases the rate of 

guinea pig kidney NaK-ATPase inactivation by ethacrynic acid. 
The ability of ATP to protect the enzyme from inactivation by N E M 

may indicate that (a) ATP binding blocks an essential, NEM-sensitive 
sulfhydryl group, (b) ATP binding promotes a conformational state 
of the enzyme in which the NEM-sensitive sulfhydryl groups are no 
longer accessible to the inhibitor or, alternately, (c) ATP may prevent 
a change in the enzyme configuration that is secondary to the reaction 
with N E M but that is the actual cause of inhibition (158). The last 
possibility appears to be least likely since ATP protects against the 
inhibition of erythrocyte membrane NaK-ATPase associated with 
[

1 4
C ] N E M binding and the protection conferred by ATP continues be

yond the removal (by washing) of the ATP and unbound [
1 4

C ] N E M 
(154)· Inhibition of this previously protected activity can be obtained 
by a second incubation with [

1 4
C ] N E M alone, which also increases fur

ther the labeling of the protein. N0rby and Jensen (192), using a rapid 
dialysis technique, found that K

+
, but not Na

+
, promotes the dissociation 

of the ATP-enzyme complex. This may explain the much larger influence 
of K

+
 than N a

+
 in promoting the inhibition of NaK-ATPase by N E M 

in the presence of ATP. As may be seen below, ATP can also protect 
NaK-ATPase from the effects of various other inhibitors that are unre
lated to sulfhydryl groups. Therefore, it is reasonable to assume that 
ATP promotes a change in enzyme conformation resulting in the protec
tion of several inhibitor sites in addition to the NEM-sensitive one. 

VII. EFFECTS OF OLIGOMYCIN ON NaK-ATPase 
AND RELATED ENZYMIC ACTIVITIES 

Jarnefelt (185) reported in 1962 that rat brain NaK-ATPase is specifi
cally inhibited by oligomycin, a well-known inhibitor of the oxidative 
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phosphorylation-linked ATPase of mitochondria (193). This finding 
has since been confirmed for many other preparations of the enzyme 
system (26, 36, 181, 185, 194, 195), in each of which the Mg-ATPase 
activity is unaffected by oligomycin. Whittam et al. (36) compared 
the oligomycin sensitivity of erythrocyte membrane NaK-ATPase with 
that of the K

+
 uptake system. They found the inhibition of the transport 

system to be proportional to the effect on NaK-ATPase over a wide 
concentration range. Furthermore, Garrahan and Glynn (28, 196) have 
observed that, in addition to blocking K

+
-dependent N a

+
 efflux from 

erythrocytes, oligomycin inhibits the exchange of intracellular N a
+
 for 

extracellular N a
+
 as well as the ouabain-inhibited

 3 2
Pi incorporation 

into ATP, which they have suggested is associated with a reversal of 
the sodium pump. Since erythrocyte cation transport does not depend 
on mitochondrial ATP synthesis, these effects of oligomycin on the cation 
transport system would appear to be due to its direct action on the 
membrane NaK-ATPase. 

In general, the concentrations of oligomycin that inhibit NaK-ATPase 
and sodium transport are about 10-100 times greater than those required 
to block mitochondrial ATPase (26, 194, 195). Matsui and Schwartz (26) 
obtained half-maximal inhibition of the calf heart NaK-ATPase with 
7 χ ΙΟ"

6
 Μ oligomycin. Both rutamycin and oligomycin inhibit the en

zyme from beef brain with half-maximal inhibitory concentrations of 
5.6 χ ΙΟ"

5
 Μ and 2.0 Χ ΙΟ"

5
 M, respectively (197). Various other anti

biotics including erythromycin and methymycin have little or no effect 
on the beef brain NaK-ATPase system. Kinetic studies indicate that 
oligomycin is an uncompetitive inhibitor with respect to ATP and N a

+ 

and inhibits K
+
 activation of the enzyme noncompetitively (44)-

Oligomycin usually inhibits ouabain-sensitive ATP hydrolysis by only 
70-80% (194, 195, 197), suggesting that some transformation in the 
NaK-ATPase reaction cycle is impeded but not blocked by this antibi
otic. The inhibitor diminishes neither the Na

+
-dependent phosphorylation 

of the enzyme (36, 44, 75) nor the Na
+
-dependent A D P - A T P exchange 

(40). In fact, the latter activity associated with brain NaK-ATPase 
is enhanced by oligomycin (119). In contrast to the Na

+
-dependent 

A D P - A T P exchange catalyzed by NEM-treated NaK-ATPase, which 
is unaffected by Mg

2 +
, this reaction with untreated enzyme preparations 

is inhibited by M g
2+

 in both the presence and absence of oligomycin 
(40y 76, 119). Like cardioactive glycosides, oligomycin seems to render 
the phosphorylated intermediate relatively insensitive to dephosphoryla-
tion in the presence of K

+
 (36, 75, 197). However, the antibiotic has 

no effect on K
+
-dependent phosphatase activity with either p-nitrophenyl 
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phosphate or acetyl phosphate as substrate (44, 197). Askari and Rao 
(34) suggested that the NaK-ATPase is a two-component system consist
ing of an enzyme or site on the matrix side of the membrane which 
supplies the "physiological substrate," the phosphorylated intermediate, 
to a K

+
-dependent phosphatase that is the primary ion translocator. 

According to this scheme, oligomycin acts to retard the transfer of the 
"physiological substrate," but not p-nitrophenyl phosphate or acetyl 
phosphate, to the phosphatase site. 

The Influence of 2,4-Dinitrophenol 

The reader is referred to reviews by Slater (198) and Racker (199), 
on uncouplers and inhibitors of oxidative phosphorylation, for details 
concerning the mode of action of 2,4-dinitrophenol on mitochondrial 
ATPase. With the exception of a slight inhibitory effect on the calf 
kidney enzyme system seen with very high concentrations of dinitro-
phenol (60), this uncoupler appears to have little influence on NaK-
ATPase (26, 68). For the most part, the effects of 2,4-dinitrophenol 
on N a

+
 and K

+
 transport can be explained by its uncoupling action 

on mitochondrial oxidative phosphorylation. 
Wins and Schoffeniels (68) have reported that dinitrophenol inhibits 

an erythrocyte ghost (Ca
2+
 plus Mg

2 +
) -act ivated ATPase. In concentra

tions sufficient to block this ATPase activity, dinitrophenol markedly 
enhances passive N a

+
 permeability in erythrocytes without affecting ac

tive N a
+
 transport. The effect on membrane permeability to N a

+
 may 

be related to the influence of dinitrophenol on the (Ca
2+
 plus M g

2 +
) -acti

vated ATPase (68). 

VIII. THE INFLUENCE OF HYDROXYLAMINE ON NaK-ATPase 

Hydroxylamine liberates
 3 2

Pi from acid- or dodecylsulfate-treated 
microsomal ATPase preparations that have been phosphorylated with 
γ - [

3 2
Ρ ] Α Τ Ρ (38, 89, 200). This supports the hypothesis that an enzyme 

acyl phosphate derivative is the initial product in the reaction of NaK-
ATPase with its substrate. Hokin and his co-workers (201, 202) have 
identified this group as γ-glutamyl phosphate by its reaction with triti-
ated Af-propylhydroxylamine to form the corresponding labeled glutamyl 
derivative. 
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The nature of the interaction of hydroxylamine with the native NaK-
ATPase is unclear. If hydroxylamine reacts with the acyl phosphate 
group of the phosphorylated intermediate, the formation of an enzyme 
hydroxamate derivative might lead to inactivation of ATP hydrolysis. 
In a number of instances, hydroxylamine has been found to promote 
dephosphorylation of the enzyme preparation, in the presence of Mg

2 +
, 

Na
+
, and ATP, without inhibiting NaK-ATPase (208, 204) · Elsewhere, 

the presence of hydroxylamine has been shown to cause dephosphoryla
tion as well as inhibition of the enzyme system (75, 205, 206). In pro
moting dephosphorylation of the native enzyme, the action of hydroxyl
amine resembles that of K

+
, and some investigators suggest that its 

action may be related to the presence of small amounts of ammonium 
ions rather than to the direct reaction of this compound with the acyl 
phosphate group (205, 206). 

Recently Sachs et al. (206) have reported that preincubation of pig 
brain microsomal ATPase preparations with Na

+
, Mg

2 +
, ATP, and hy

droxylamine diminishes Na
+
-dependent phosphorylation of the enzyme 

but has no significant effect on ATP hydrolysis. One interpretation of 
these phenomena is that the product of Na

+
-dependent phosphorylation 

is not an intermediate in the NaK-ATPase system (206). In contrast 
to these observations, however, Chignell and Titus (205) have observed 
little inhibition of Na

+
-dependent phosphorylation following preincuba

tion of the enzyme with N-methylhydroxylamine under similar condi
tions. In this case, the inhibitory effects of hydroxylamine and iV-methyl-
hydroxylamine on enzyme activity were attributed to their action at 
sites other than the acyl phosphate group of the phosphorylated inter
mediate. Clearly, further investigation on the action of hydroxylamine is 
essential, particularly since some of the observations made thus far seem 
to challenge the widely held view that the liberation of Pi derived from 
ATP by NaK-ATPase proceeds by way of a phosphorylated intermediate. 

IX. INHIBITION BY FLUORIDE 

Sodium fluoride (2-10 mM) blocks N a
+
 extrusion and K

+
 uptake by 

human and swine erythrocytes (207-209). This phenomenon was initially 
attributed solely to the well-known inhibitory effect of fluoride on gly
colytic activity (210, 211). In agreement with this view, a number of 
investigators have demonstrated that, in the presence of glucose, eryth
rocyte ATP is depleted by low concentrations of sodium fluoride (212, 
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213). However, Kirshner (209) has observed that adenosine, in place 
of glucose, can maintain high ATP levels in erythrocytes incubated in 
the presence of fluoride, although N a

+
 extrusion is inhibited under these 

conditions. In this case, the effect on cation movement is correlated 
with an inhibition of NaK-ATPase by sodium fluoride (209). 

The NaK-ATPases from a number of species and tissues are inhibited 
by fluoride (209, 214-217) while Mg-ATPase activity is unaffected by 
this anion (215). Other common inorganic anions such as iodide, bromide, 
and sulfate ions, as well as acetate, have no effect even at high concentra
tion (100 mM) . Inhibition of NaK-ATPase by fluoride is time dependent 
and does not occur in the absence of M g

2+
 or during preincubation at 

low temperatures. The presence of K
+
 accelerates the effect of fluoride, 

and ATP protects the enzyme system from inactivation (215-217). The 
inhibition induced by preincubation with fluoride is poorly reversible, 
as indicated by the failure of washing to restore the activity of the 
inhibited NaK-ATPase (217). All of the reactions associated with the 
NaK-ATPase, including K

+
-dependent phosphatase, are inhibited by pre

incubation with fluoride; however, p-nitrophenyl phosphate does not ex
hibit a protective action similar to that of ATP (215). The protective 
action of ATP is apparent even in the presence of excess M g

2+
 and 

hence cannot be due to the complexing of M g
2+

 by ATP. Lahiri and 
Wilson (217) have suggested that M g F

+
 may be the inhibitory agent, 

thereby explaining the requirement for M g
2+

 in the fluoride-induced in
hibition of NaK-ATPase. It has also been proposed that M g

2+
 may 

induce a conformational change in the enzyme, resulting in a form that 
interacts more readily with fluoride (215). 

X. INHIBITION BY DIISOPROPYLFLUOROPHOSPHATE 

Diisopropylfluorophosphate (DFP) and related compounds inhibit 
various enzymes, particularly esterases, by reacting with serine residues 
that are essential for activity (218, 219). Hokin and Yoda (220, 221) 
have found that D F P (10 mM) inhibits NaK-ATPase irreversibly, 
affecting Mg-ATPase to a lesser extent. The inhibition is observed only 
on preincubation of the enzyme with D F P plus M g

2+
 and is retarded 

by the presence of ATP or Ca
2 +

. Both K
+
 and strophanthidin enhance 

the inhibitory potency of D F P , while N a
+
 gives some protection of the 

enzyme in the presence of K
+
, but not in its absence. The Na

+
-dependent 

phosphorylation and exchange reactions, as well as the K
+
-dependent 

phosphatase activity, are all inhibited by D F P (216). 
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The similarity of the factors influencing the inhibition by D F P with 
those affecting the fluoride-induced inhibition of NaK-ATPase has raised 
the question as to whether contamination by fluoride may be responsible 
for the effect of D F P (215, 217). This seems unlikely since a number 
of related compounds that do not contain fluorine, such as tetraethyl 
pyrophosphate, diethyl p-nitrophenyl phosphate, as well as methane-
sulfonyl chloride, inhibit NaK-ATPase in a similar manner (216, 221). 
Incubation of microsomal ATPase preparations with

 3 2
P-labeled D F P 

leads to the incorporation of
 3 2

P , much of which can be recovered as 
phosphorylserine following acid hydrolysis of the labeled protein 
(220-222). This

 3 2
P incorporation can be partially blocked by ATP, 

but it is not diminished by C a
2+

 or by the absence of M g
2+

 or K
+
, condi

tions that prevent the DFP-induced inhibition of NaK-ATPase (217, 
221). Therefore, it appears that much of the incorporation of

 3 2
P , includ

ing that portion which is blocked by ATP, may be unrelated to the 
inhibitory effect of D F P on NaK-ATPase. 

XI. INHIBITION BY BERYLLIUM IONS 

Preincubation of the guinea pig kidney NaK-ATPase with low concen
trations of B e

2+
 (0.02 m M ) , plus M g

2+
 or M n

2 +
, results in a diminution 

of activity that is slowly reversed during the course of assay with Na
+
, 

K
+
, and ATP (223, 224). Calcium ions are unable to substitute for 

M g
2+

 in promoting the Be
2 +

-induced inhibition of the enzyme. The pres
ence of K

+
 (or K

+
- l ike ions such as N H 4

+
 or Rb

+
) during preincubation 

enhances the inhibitory potency of Be
2 +

, while N a
+
 protects NaK-

ATPase from inactivation and restores activity when added after the 
inhibitor (224). The initial rate of NaK-activated ATP hydrolysis is 
half-maximally inhibited by preincubation with 1.8 Χ 10~

6
 Μ B e

2 +
, in 

the presence of 32 mM K
+
 and 4 mM Mg

2 +
, over a wide range of enzyme 

concentrations. The Mg-ATPase activity of guinea pig kidney micro
somes is completely insensitive to this inhibitor. 

Toda (224) suggested that B e
2+

 binds to a form of the enzyme that 
exists in the presence of M g

2+
 plus K

+
 [reaction ( 6 ) ] . A Na

+
-stablized 

form that hydrolyzes A T P is thereby diminished. In reaction (6), Be-Ei -
Mg represents the relatively stable inactive Be

2 +
-enzyme complex and 

E 2- M g is the active form of the NaK-ATPase. This model may perhaps 

(6) E2-Mg Γ Eo-Mg« Ei-Mg » Be-Ei-Mg 
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apply as well to the D F P - and flouride-induced inhibitions of the ATPase, 
which are also dependent on M g

2+
 and enhanced by K

+
 [215). 

XII. EFFECTS OF NEUROTROPIC AGENTS INCLUDING 
CHLORINATED HYDROCARBONS 

Chlorinated hydrocarbon insecticides act on the central nervous system 
and thereby produce various neuromuscular disorders {225). Elec
trophysiological evidence indicates that ρ,ρ'-DDT interferes with N a

+
 and 

K
+
 movements in nerve during the propagation of action potentials (226, 

227). Hence, a number of studies have focused on the effects of these 
compounds on the membrane ATPases of nervous tissue. Koch (228, 
229) has observed that NaK-ATPase preparations from rabbit brain, 
cockroach nerve cord, and honeybee ganglia are sensitive to inhibition 
by a number of chlorinated hydrocarbon insecticides including chlordane, 
aldrin, dieldrin, ρ,ρ'-DDT and ρ,ρ'-TDE. In general, these compounds 
also inhibit the Mg-ATPase activity in these and other nerve tissue 
preparations (227-231). Even at high concentrations, the chlorinated 
hydrocarbons usually do not give complete inhibition of either of these 
ATPases (228-231). This may be due to their limited solubility in aque
ous media. 

Matsumura and Patil (230) have found a good correlation between 
the insecticidal potency of a number of chlorinated hydrocarbons and 
their ability to inhibit the NaK-ATPase activity of acetone-treated rat 
brain synaptosomes. The toxicity of ρ,ρ'-DDT diminishes with increasing 
temperature as does its inhibitory effect on ATP hydrolysis (230). In 
contrast, Akera et al. (231) have observed that ρ,ρ'-DDT, p,p'-DDE, 
and ο,ρ'-DDT are equally potent inhibitors of the rat brain NaK-
ATPase although the last two are considerably less toxic insecticides 
and that their effects on the enzyme are diminished at lower tempera
tures. Difocol, a relatively nontoxic chlorinated hydrocarbon (230), is 
a potent inhibitor of cockroach nerve cord NaK-ATPase (229). Some 
of these differences may be due to different methods of enzyme prepara
tion (231). 

In view of electrophysiological data indicating that ρ,ρ'-DDT inter
feres with the mechanisms by which N a

+
 conductance is decreased and 

K
+
 conductance is increased during an action potential, Matsumura and 

Narahashi (227) have examined the influence on NaK-ATPase of a 
number of agents that may affect action potentials in a similar manner. 
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Half-maximal inhibition of the lobster nerve enzyme was obtained with 
ΙΟ

-3
 Μ tetraethylammonium, 5 Χ 10~

5
 Μ hemicholinium-3, or 5 Χ 10~

5 

Μ JV-acetylimidazole. Veratrine (10~
4
 gm/ml) , an agent known to pro

duce repetitive discharges in nerve fibers, also inhibits this enzyme sys
tem {227). Tetrodotoxin, which is known to block completely the genera
tion of action potentials, has no effect on rat brain or lobster nerve 
NaK-ATPase (188,227). 

Chan and Quastel (188) studied the effects of various neurotropic 
drugs on

 2 2
N a

+
 influx into rat brain cortex slices and on NaK-ATPase. 

Neither local anesthetics nor atropine had any effect on NaK-ATPase 
at concentrations that inhibit the enhanced ion influx due to electrical 
stimulation. In addition, they found amytal and pentothal, at concentra
tions of 0.1-1.0 mM, to be ineffective ATPase inhibitors, although both 
compounds block the stimulation of respiration by electrical impulses 
(188). Elsewhere, higher concentrations of amytal have been reported 
to inhibit the NaK-ATPase of guinea pig heart (108). The influence 
of chlorpromazine on rat brain NaK-ATPase is discussed in Section 
VI,F. 

Ethanol inhibits monovalent-cation transport in various tissues (232, 
233), and this effect is overcome by increasing the concentration of 
extracellular K

+
 (233). Beer and Quastel (234) have observed that, in 

rat brain cortex slices, the enhanced respiration brought about by high 
extracellular K

+
 is inhibited by ethanol, n-propanol, n-butanol, and 

n-pentanol, in order of increasing potency, although these alcohols have 
little influence on rat brain mitochondrial oxygen uptake. The NaK-
ATPase of rat and beef brain microsomal preparations is sensitive to 
inhibition by ethanol and higher alcohols at relatively high concentra
tions (235, 236). In the beef brain system, ethanol appears to diminish 
the affinity of the K

+
-site for K

+
 and enhance its affinity for N a

+
 (236). 

Israel and Salazar (236) have reported that half-maximal inhibition 
of the enzyme at a N a

+
: K

+
 of 38:1 requires 470 mM ethanol, while 

under the same conditions pentanol and octanol are more potent inhibi
tors by two to three orders of magnitude. The associated Mg-ATPase 
activity is more resistant to the presence of these alcohols as well as 
to other depressants such as acetone, chloroform, and ethyl ether. The 
inhibition of both the NaK-ATPase and the Mg-ATPase by ethanol 
is readily reversible, ruling out the possibility of nonspecific denaturating 
effects (236). These observations suggest that the effects of alcohols on 
cation transport and K

+
-stimulated brain respiration may be partly re

lated to their effects on NaK-ATPase. However, propanol and tribromo-
ethanol block K

+
-stimulated respiration at concentrations that have 
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little influence on ATPase activity (237). This suggests that the action of 
alcohols on brain metabolism probably involves other systems in addition 
to NaK-ATPase. 

Jarnefelt (235) has reported that pyridine aldoxime dodecyliodide 
(PAD) , at concentrations as low as 3 χ ΙΟ

-5
 M, completely prevents 

the activation of rat brain microsomal ATPase by Na
+
. Much higher 

concentrations of P A D are required to diminish A T P hydrolysis in the 
presence of M g

2+
 alone. 

Festoff and Appel (238) examined the influence of diphenylhydantoin, 
an antiepileptic agent, on synaptosomal preparations of NaK-ATPase. 
At a concentration of 0.1 mM, this compound enhances the enzyme 
activity if the ratio of N a

+
: K

+
 is high (50:1), has no effect when this 

ratio is about 10:1, and inhibits the enzyme if the K
+
 concentration 

is raised further relative to N a
+
 (238). 

Peters and Walshe (239) have found that injection of C u
2+

 into the 
brains of pigeons causes immediate convulsions usually followed by the 
death of the animal. The injection of Cd

2 +
, but not C o

2+
 or T h

4 +
, gives 

similar effects. The toxicity of C u
2+

 and Cd
2+
 correlates with their ability 

to inhibit pigeon brain microsomal ATPase activity, and these investiga
tors suggested that both ions act by inhibiting the active cation trans
port mechanism (239, 210). In agreement with this view, Dreifuss et 
al. (241) found that the iontophoretic application of C u

2+
 to cortical 

neurons rapidly diminishes the resting membrane potential. Epstein and 
Mcllwain (242) have reported that preincubation with C u

2+
 affects 

guinea pig and pigeon brain slices in a manner resembling the action 
of ouabain. The K

+
 content is diminished, N a

+
 is increased and, although 

respiration is not appreciably affected by Cu
2 +

, these ions render the 
respiratory activity of the slices less responsive to enhancement by elec
trical stimulation. Moreover, NaK- and Mg-ATPase activities are dimin
ished in homogenates and microsomes obtained from Cu

2 +
-treated slices 

(242), suggesting that this ion inhibits the N a
+
 pump in a poorly rever

sible manner. In rat brain cortex slices, C u
2+

 appears to act like ouabain 
and H g

2+
 in promoting net N a

+
 uptake and swelling of the tissue while 

P b
2+

 is without influence (243). Recently, it has been found that C u
2+ 

inhibits rat brain NaK-ATPase in a relatively selective manner, 2 Χ 1 0
-5 

Μ C u
2+

 diminishing the activity by 50% while having only a small inhibi
tory effect on Mg-ATPase (244). Whereas rat erythrocyte ghost NaK-
ATPase is similar to the brain enzyme in its sensitivity to Cu

2 +
, the 

erythrocyte ghost Mg-ATPase activity is markedly enhanced by 1 Χ 1 0
-4 

Μ C u
2+
 (244). In this respect the action of C u

2+
 on erythrocyte membrane 

ATPase resembles the discussed previously for Ca
2 +

. 
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XIII. EFFECTS OF PHLORIZIN, PHLORETIN, 
AND DIETHYLSTILBESTROL 

Phlorizin, phloretin, and diethylstilbestrol, inhibitors of Na
+
-dependent 

sugar transport, inhibit NaK-ATPase (45, 50, 60, 245, 246) without 
affecting the associated Mg-ATPase (50, 60) or the dinitrophenol-acti-
vated mitochondrial ATPase (60). The influence of phlorizin and phlor
etin is complex in that they activate NaK-ATPase at low concentrations 
of K

+
 and inhibit as the concentration of this ion is raised (60). Both 

compounds enhance the K
+
-dependent hydrolysis of p-nitrophenyl phos

phate (45, 247). Kinetic studies carried out by Robinson (45) demon
strate that the concentrations of phlorizin required for half-maximal 
inhibition of NaK-ATPase and for half-maximal stimulation of ^ - d e 
pendent phosphatase are the same, i.e., 5 Χ ΙΟ

-5
 M. This compound, 

as well as phloretin, appears to modify both enzymic activities in the 
same manner, by increasing the affinity of the enzyme for K

+
 and de

creasing its affinity for N a
+
 (4). Hence, higher concentrations of N a

+ 

are needed to activate NaK-ATPase or to inhibit K
+
-dependent phos

phatase, while lower concentrations of K
+
 serve to enhance these activi

ties. Robinson (245) has also reported that 0.1 mM diethylstilbestrol 
and hexestrol markedly inhibit both NaK-ATPase and K

+
-dependent 

phosphatase. However, in this case, the effect of the diethylstilbestrol 
is associated with a decreased affinity of the enzyme systems for both 
N a

+
 and K

+
 as well as with a diminished Vnmx. 

XIV. EFFECTS OF MISCELLANEOUS AGENTS 

A. Detergents 

High concentrations of detergents such as deoxycholate or lauryl sul
fate inhibit NaK-ATPase (181, 235). With low concentrations of deoxy
cholate (0.05-0.10%) or lubrol WX, a variety of results has been ob
tained. In some cases, Mg-ATPase was found to be more strongly 
affected, yielding preparations with a relatively high dependence on N a

+ 

and K
+
 for activation of ATP hydrolysis (26, 42). In other instances, 

detergents have been found to enhance the total NaK-ATPase activity 
of microsomal preparations in addition to increasing the specific activity 
of the enzyme (246, 248). Emmelot and Bos (61) have observed an 
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activation by deoxycholate of the NaK-ATPase of liver plasma mem
brane fragments only in those membrane preparations having low activ
ity. This is in agreement with the suggestion of Jorgensen and Skou 
(246) that activation by low concentrations of detergents is a conse
quence of the exposure of latent enzyme sites. Dunham and Hoffman 
(249) have solubilized NaK-ATPase, as well as the ouabain-binding 
component, from erythrocyte membranes with 0.2% dodecylsulfate. The 
enzyme was completely inactive even when diluted to give 0.04% 
dodecylsulfate in the assay medium. The recovery of NaK-ATPase ac
tivity following 80 hours dialysis indicates that the inhibition by this 
detergent is partially reversible. The NaK-ATPase has been extracted 
from guinea pig brain microsomes with lubrol W X containing 2.5 mM 
ATP (250). The lubrol-extracted enzyme loses activity rapidly at 0°C 
but the presence of 60 mM N a

+
 or 5 mM K

+
 stabilizes this preparation. 

B. Purgatives 

Phenolphthalein as well as other purgative drugs inhibit intestinal 
NaK-ATPase (251, 252), N a

+
 transport in frog skin and rabbit ileum 

(253), and Na
+
-dependent uptake of 3-methyl-D-glucose by hamster 

small intestine (254). Phenolphthalein inhibits the enzyme noncompeti-
tively (252). The effect on ATP hydrolysis is selective for the NaK-acti-
vated component, approximately 10~

5
 Μ phenolphthalein giving 50% 

inhibition of this activity (251, 252). Danthron is about as potent as 
phenolphthalein in this respect while bisacodyl is somewhat less active 
(252). The disulfate and monoglucuronide of phenolphthalein are with
out effect on ATPase activity, indicating the importance of the phenolic 
hydroxyl groups for its inhibitory action. Chignell (252) has suggested 
that the inhibition of NaK-ATPase by these purgative agents may be 
the basis for their action in stimulating peristalsis. An increase in water 
retention in the intestine due to diminished N a

+
 absorption would expand 

the bulk in the lumen of the intestine, thereby promoting a peristaltic 
reflex. 

C Urea 

Urea, at relatively high concentrations, inactivates NaK-ATPase as 
well as Mg-ATPase (12, 158). The presence of ATP protects the former 
but not the latter enzyme activity. Rat liver NaK-ATPase is less sensi-
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tive to 1.5 Μ urea than is the Mg-ATPase {147). Bakkeren and Bonting 
(147) have made use of this fact to increase the normally low ratio 
of NaK-ATPase relative to Mg-ATPase (1:8) in rat liver microsomes 
for the purpose of studying the former activity. Following exposure to 
urea, more than 35% of the ATPase activity is found to be dependent 
on the presence of N a

+
 plus K

+
. 

D. Proteolytic Enzymes 

Rat brain NaK-ATPase is inactivated by preincubation with proteoly
tic enzymes (255). Trypsin is more potent in this respect than chymo-
trypsin or subtilisin A, and its effect is modified by Na

+
, K

+
, Mg

2 +
, 

and ATP either separately or in various combinations. Somogyi (255) 
suggested that these ligands induce conformational changes in the NaK-
ATPase, altering the accessibility of the trypsin-sensitive residues to 
this proteolytic enzyme. It is of interest to note that choleragenic strains 
of Vibrio cholerae elaborate an inhibitor of intestinal mucosa NaK-
ATPase and K

+
-dependent phosphatase that does not affect Mg-ATPase 

activity and that may be enzymic in nature (251). This inhibitory factor 
is heat labile, acts irreversibly, and requires preincubation with the 
ATPase preparation to exert its effect (251). The presence of ATP during 
the preincubation period protects NaK-ATPase from inactivation by 
the V. cholerae inhibitor. 
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