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Summary. The effect of phospholipase A2 and of related agents 
on ouabain binding and Na,K-ATPase activity were studied in 
intact and detergent-treated membrane preparations of rat brain 
cortex and pig kidney medulla. It was found that phospholipase 
A2 (PLA9 may distinguish or dissociate ouabain binding com- 
plexes I (ATP + Mg + Na) and II (Pi + Mg), stimulating the 
former and inhibiting the latter. Procedures which break the per- 
meability barriers of vesicular membrane preparations, such as 
repeated freezing-thawing, sonication or hypoosmotic shock 
failed to mimic the effect of PLA2, indicating that it was not 
acting primarily by opening the inside-out oriented vesicles. The 
detergent digitonin exhibited similar effects on ouabain binding 
in both ATP + Mg + Na and P~ + Mg media. Other detergents 
were ineffective. 

The ability of PLA2 to distinguish between ouabain binding 
type I and II can be manifested even in SDS-treated, purified 
preparations of Na,K-ATPase. The number of ATP + Mg + Na- 
dependent sites is unchanged, while the P~ + Mg-dependent sites 
are decreased in number in a manner similar to that seen in 
original membranes. This inhibition is completely 1])st in the re- 
constituted Na,K-ATPase system, where the ATP- as well as P~- 
oriented ouabain sites are inhibited by PLA2. 
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Introduction 

Plasma membrane Na,K-ATPase pumps Na out of 
the cell and K into the cell against concentration 
gradients using energy derived from ATP hydroly- 
sis (Cantley, 1980; Stahl, 1986). The enzyme is an 
integral membrane protein with a catalytic ATP site 
at the interior surface and ouabain binding site at 
the external surface. 

Sweadner (1979, 1985) demonstrated two forms 
of Na,K-ATPase catalytical subunits, designated as 
alpha and alpha +. The two isoenzymes differ most 
strikingly in the inhibition of the enzyme activity 
by ouabain. The Na,K-ATPase from rat brain 
axolemma (alpha +) has a high affinity for ouabain, 
ICs0 = 1 X 10 -7 M, while that from rat kidney me- 

dulla (alpha) has a low affinity, ICs0 = 3 • 10 ~ M. 
Besides this "intertissue" difference, an equally 
large "interspecies" difference exists--the ICs0 
values for ouabain inhibition of cardiac muscle 
Na,K-ATPase are 0.3 /XM (bovine and dog), I /xM 
(rabbit and guinea pig) and 100/XM (rat and mouse 
s e e  Matsuda & Iiwata, 1986). More recently, three 
distinct forms of Na,K-ATPase alpha-subunits were 
demonstrated in the rat brain (Schull, Schwartz & 
Lindgrel, 1986). 

An open question at present is whether such 
differences are based on inherent differences in pro- 
tein structure of alpha and alpha + isoenzymes, or 
whether phospholipids and/or protein-lipid interac- 
tions play a decisive role in the ouabain sensitivity 
of the enzyme. Numerous studies indicate that the 
Na,K-ATPase activity and ouabain binding are 
strongly dependent on integrity and physical prop- 
erties of plasma membrane lipids (Goldman & Al- 
bets, 1973; Roelofsen & Van Deenen, 1973; Tani- 
guchi & Iida, 1973; Kimelberg & Papahadjopoulas, 
1974; Goodman & Wheeler, 1978; Roelofsen, 1981; 
Abeywardena & Chernock, 1983; Abeywardena et 
al., 1984). 

We have tested the effects of various lipid mod- 
ifying agents such as phospholipases A2, C and D 
and of detergents on ouabain-binding characteris- 
tics, activity and ouabain sensitivity of Na,K- 
ATPase from various sources. These effects were 
compared in intact and detergent-treated enzyme 
preparations from rat brain and pig kidney medulla. 

Materials and Methods 

PREPARATIONS OF MICROSOMAL MEMBRANES 
FROM RAT BRAIN 

Microsomes from rat brain cortex were prepared as described 
before (Svoboda & Mosinger, 1981; DeRobertis, et al., 1962). 
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White rats of the Wistar strain were killed by decapitation, the 
cerebral cortex was removed and the white matter separated and 
discarded. The remaining tissue was homogenized in 10 vol of 
0.25 M sucrose, 20 mN Tris-HCl, pH 7.4, in a tightly fitting 
Elvehjem-Potter homogenizer. The homogenate was centrifuged 
first for 20 rain at 10,000 x g, and the resulting supernatant was 
centrifuged for 1 hr at 100,000 x g. The final pellet was sus- 
pended with rehomogenization in 0.25 g sucrose, 20 mM Tris- 
HC1, pH 7.4, or in redistitled water and stored at -30~ at 0.5- 
1.7 mg protein per ml. 

N a , K - A T P A s E  MEASUREMENT 

The Na,K-ATPase activities were determined in two reaction 
media: (i) 100 mM NaCI, 200 mM KCI, 100 mM Tris-HCl, pH 7.4, 
and 5 mN MgCI2, and (ii) 120 mM NaCI, 100 mM Tris-HCl, pH 
7.4, 5 mM MgC12 and 2 x 10 4 M ouabain. 

The enzyme was preincubated for 5-7 min at 37~ before 
starting the reaction by addition of 2.5 mM ATP. After 5-10 rain 
at 37~ the enzyme reaction was terminated with HC104, the 
precipitated protein was separated by centrifugation, and the 
clear supernatant was assayed for inorganic phosphate according 
to Taussky and Shorr (1951). To verify the pseudo-first order 
kinetics of the enzyme reaction, i.e., linearity of ATP splitting, in 
some experiments the ATPase activities were also measured by 
means of a spectrofluorometric assay in which hydrolysis of ATP 
was coupled to the oxidation of NADH and monitored continu- 
ously on the chart recorder (Pullman et al., 1960). 

All chemicals tested were present in incubation media dur- 
ing the assay of ATPase activities. The Na,K-ATPase was ex- 
pressed as inorganic phosphate released per hour per mg of 
membrane protein in Na + K + Mg medium minus that in Na + 
Mg + ouabain medium. Vanadium free (Sigma A 5394 or 2383) 
was used in all experiments. 

ISOLATION OF N a , K - A T P A s E  FROM RAT BRAIN 

AND PIG KIDNEY MEDULLA 

The Na,K-ATPase from rat brain and pig kidney medulla was 
isolated by the sodium dodecyl sulfate extraction procedure de- 
scribed by Jorgensen (1974) using 0.6 mg SDS/mg protein and a 
two-step sucrose density gradient. The Na,K-ATPase was re- 
covered from the pellet after centrifugation at 100,000 x g. The 
brain enzyme was isolated according to Sweadner (1974). 

MEASUREMENT OF OUABAIN BINDING 

Brain or kidney medulla microsomal fractions (50-100/xg protein 
per sample) were incubated with [3H] ouabain in a total volume 
of 0.4 ml of 2.5 mM ATP, 5 mM MgC12, 100 mM NaC1, 50 mM 
Tris-HC1, pH 7.4 (ATP + Mg + Na medium) or in 5 mM 
NaH2PO4, 5 mM MgC12, 50 mM Tris-HC1, pH 7.4 (Pi + Mg me- 
dium). In some experiments the ATP + Mg + Na medium with- 
out sodium and P~+ Mg medium with 100 mM NaCI were also 
used. 

After a 5-7 min preincubation, the binding reaction was 
initiated by [3H i ouabain and continued for 15, 60 or 90 min at 
37~ (specified in the figure legends). In "one-point assays" 
5-10 nM concentrations of PH] ouabain were used. In Scatchard 
plot analyses, the microsomes were incubated with increasing 
concentrations of PHI ouabain (2 x 10 ~~ x 10 -7 M). Incuba- 

tion was terminated by dilution of the reaction mixture with 5 ml 
of ice-cold buffer, i.e., with ATP + Mg + Na or P~ + Mg medium 
and the solution was immediately filtered through Whatman GFC 
filters under very low vacuum (flow-rate 40-60 ml/min). The 
filters were washed twice with 5 ml of cold buffer and dried 
overnight at laboratory temperature. The radioactivity was de- 
termined in the Beckman L5 spectrometer using a toluene based 
scintillation cocktail. The nonspecific binding was determined in 
the presence of excess of unlabeled ouabain 10 6, 10-5 or 10 -4 M. 
The nonspecific binding accounted for less than 7, 5 and 3% of 
total binding, respectively. The specific binding was defined as 
the difference between the total and nonspecific binding. 

When using Whatman GFC filters, the recovery of micro- 
somal membrane protein was between 50 and 70%. Therefore, in 
the case of purified, SDS-treated Na,K-ATPase membrane frag- 
ments, the separation of bound and free radioactivity was also 
carried out by filtration through Schleicher-Schuell (S-S) filters 
(0.45 /zm). The S-S filters were washed with 20 ml of water 
before use and the results were corrected for the nonspecific 
binding to filters alone. This type of binding was determined in 
the presence as well as in the absence of nonradioactive 10 -4 g 
ouabain and subtracted from the total and nonspecific binding 
measured on the filters plus membranes. The S-S filters retained 
less of SDS-treated Na,K-ATPase than the GFC filters and 
therefore, the GFC filters were preferentially used. pH] ouabain 
(20 or 42 Ci/mmol) was obtained from NEN. 

Results 

In  t he  A T P  + M g  + N a  m e d i u m ,  p h o s p h o l i p a s e  A2 
m a r k e d l y  i n c r e a s e d  [3H] o u a b a i n  b i n d i n g  to  m i c r o -  

s o m a l  m e m b r a n e s  b e g i n n i n g  at  a c o n c e n t r a t i o n  o f  
0.001 U p e r  ml  (ICs0 -- 0 .06 U / m l )  (F ig .  1A). T h e  
m a x i m u m  e f f e c t ,  3 0 0 %  o v e r  t h e  c o n t r o l  l e v e l ,  w a s  
r e a c h e d  at 0 . 2 - 1  U / m l  and  a f u r t h e r  i n c r e a s e  in 

P L A 2  d e c r e a s e d  t h e  b i n d i n g  b e l o w  t h e  p e a k  va lue s .  
T h e  s t i m u l a t i o n  o f  [3H] o u a b a i n  b i n d i n g  c a p a c i t y  

w a s  f o u n d  in t he  ra t  b r a i n  as w e l l  as  in p ig  k i d n e y  

m e d u l l a  m i c r o s o m e s .  
I n  c o n t r a s t ,  in Pi + M g  m e d i u m  (Fig .  1B), P L A 2  

i n h i b i t e d  t h e  [3H] o u a b a i n  b i n d i n g  a t  t h e  l o w e s t  c o n -  
c e n t r a t i o n s  (0.001 U / m l ) .  H a l f - m a x i m u m  inh ib i t i on  

w a s  o b s e r v e d  at  0 .06 U / m l  and  at  a b o u t  10 U / m l ,  
t h e  l e v e l  o f  b i n d i n g  w a s  c l o s e  to  z e r o .  N e i t h e r  p h o s -  

p h o l i p a s e  C n o r  D a l t e r e d  t h e  [3H] o u a b a i n  b i n d i n g  

at  0 . 0 1 - 1  U / m l  in t h e  A T P  + M g  + N a  and  P~ + M g  
m e d i a .  S o m e  m i n o r  i n h i b i t i o n  w a s  o b s e r v e d  at  
10 U / m l  o f  p h o s p h o l i p a s e  C;  p h o s p h o l i p a s e  D w a s  
w i t h o u t  e f f e c t  e v e n  at  th is  c o n c e n t r a t i o n  (data not 
shown). 

T h e  s p e c i f i c i t y  o f  p h o s p h o l i p a s e  A2 a c t i o n  w a s  

a l so  d e m o n s t r a t e d  w h e n  t h e  o v e r a l l  N a , K - A T P a s e  
w a s  m e a s u r e d  as  i n o r g a n i c  p h o s p h a t e  p r o d u c t i o n  in 

A T P  + M g  + N a  + K m e d i u m  (Fig .  1 C ) .  In  b r a i n  
m i c r o s o m e s ,  h a l f - m a x i m u m  i n h i b i t i o n  o f  t h e  en-  
z y m e  a c t i v i t y  w a s  o b s e r v e d  at  0 .08 U / m l  o f  P L A 2  
(Fig .  1C) ,  w h i l e  P L C  a n d  P L D  did  n o t  e f f ec t  t he  
e n z y m e  at c o n c e n t r a t i o n s  up  to 1 U p e r  ml .  
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The sensitivity of the rat brain microsomal Na,K- 
ATPase to ouabain (IC50 = 0.9/XM) was similar to 
that of SDS-treated enzyme from pig kidney me- 
dulla (IC50 = 0.7/XM) and was unchanged by PLA2 
(data not shown). 

The PLA2 effects on [3H] ouabain binding mea- 
sured in both ATP + Mg + Na and P~ + Mg media 
(seeFig. 1A and B) were blocked by EGTA or 
quinacrine; EDTA was less effective than EGTA 
and the addition of exogenous calcium at 0.001-1 
mM was without effect on the control and PLA2- 
stimulated levels of [3H] ouabain binding (not 
shown). 

To investigate the time-course of the PLA2 
action in the ATP + Mg + Na medium, phospholi- 
pase A2 was added 8 or 20 min after initiation of the 
binding reaction by radioactive ouabain (Fig. 2). 
The addition of PLA2 produced a rapid increase of 
binding which was already evident after 2 min. A 
new steady-state level was reached after 90 rain in- 
cubation with PLA2 at 37~ This finding indicated 
that PLA2 increased the rate of association. 

P h o s p h o l i p a s e  A2 also increased the rate of dis- 
sociation of [3HI ouabain (Fig. 2, insert) from the 
ATP + Mg + Na-oriented sites. In this experiment, 
dissociation was initiated by addition of unlabeled 
ouabain to final concentration of 10 .5 M after a 60- 
min incubation with the radiolabeled ligand (10 riM) 
in the presence or absence of PLA2. 

This relatively rapid stimulation of the turn-on 
and off rates in the presence of ATP + Mg + Na 
may reflect a change in the number of glycoside 
receptors and/or an increase in affinity of the bind- 
ing reaction. This was answered by the Scatchard 
plot analysis (Fig. 3). In this experiment, the oua- 
bain binding to brain microsomes was measured as 
a function of increasing total concentrations of the 
radioligand and the data were analyzed according to 
Scatchard (1949). The inhibitory effect of PLA2 on 
ouabain binding in the P~+ Mg medium was also 
analyzed in this way (Fig. 4). In this part of our 
work, the microsomal membranes were suspended 
in redistilled water with 2 mM Tris-HC1, pH 7.4, 
while in former experiments (Figs. 1 and 2) the sus- 
pension in isotonic sucrose was used (see Materials 
and Methods). 

The incubation of microsomal membranes with 
increasing concentrations of [3H] ouabain, 2 x 
10-m-4 x 10 .7 M for90 min at 37~ showed that the 
specific binding is a saturable process. Plateau val- 
ues were reached at about 0.1-0.2/xM [3H] ouabain. 
The ratio between specific and nonspecific sites was 
unchanged by PLA2. 

The Scatchard plots (see Figs. 3 and 4), which 
were analyzed by a unweighted linear robust regres- 
sion method of Cressie and Keightley (1981), were 
linear with correlation coefficients very close to one 
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Fig. l .  The dose-response curves of the phospholipase A2 effect 
on ouabain binding and Na,K-ATPase activity in brain and kid- 
ney microsomes. (A,B) The microsomal membranes (50-100/xg 
protein) prepared fi-om rat brain (O 0) or pig kidney medulla 
( x - - x )  were preincubated for 5 rain at 37~ with increasing 
concentrations of PLA2 (0.0025-25 U per ml) in medium A (2.5 
mM ATP, 5 mM MgCl2, 100 mM NaCl, 50 mM Tris-HC1, pH 7.4) 
or in medium B (5 mm NaH2PO4, 5 mM MgClz, 50 mM Tris-HC1, 
pH 7.4). The binding reaction was initiated by addition of 10 nM 
[3H] ouabain, continued for 15 min at 37~ and terminated by 
filtration through Whatman GFC filters. The radioactivity re- 
maining on the filters was determined as described in Materials 
and Methods. The inhibitors of phospholipase enzyme activity, 
EGTA (A ... . . .  A) and mepacrine ([~ ... . . .  []), were used at 10 -4 M 
concentrations and were present during both pre- and incubation 
periods. The results shown are the means of five independent 
experiments carried out in duplicate. 100% represent the control 
levels of [3H] ouabain binding without phospholipase A2 (ATP + 
Mg + Na = 1.8 pmol/mg protein, P i+ Mg = 3.0 pmol/mg pro- 
tein). (C) The Na,K-ATPase activity was measured as described 
in Materials and Methods using a 7-min preincubation period in 
the presence of increasing concentrations of PLA2 0.0025-25 U/ 
ml. 100% represent the control level of enzyme activity without 
PLAz = 15.1 /xmol Pjhr/mg protein 
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Fig, 2. The time-course of phospholipase A2 
effect on [3H] ouabain binding reaction to the 
brain microsomes. Brain microsomes sus- 
pended in isotonic sucrose (frozen once, 140 
/xg protein per ml) were incubated at 37~ in 
ATP + Mg + Na medium (see Materials and 
Methods and legend to Fig. l) with 10 nM [3H] 
ouabain. After 8 or 20 rain of incubation, 1 U/ 
ml of phospholipase A2 was added and the 
time-course of the binding reaction was fol- 
lowed by taking 0.4 ml aliquots from the 
reaction mixture. A parallel sample without 
PLA2 served as control. Insert: Brain micro- 
somes were incubated in the presence or 
absence of PLA2 as above. After a 60-rain 
incubation, the dissociation of 13H] ouabain 
was initiated by addition of 10 5 M unlabeled 
ouabain. The time-course of the dissociation 
was followed by a decrease of [3H] ouabain 
binding determined in 0.4-ml aliquots of the 
reaction mixture. The results shown are the 
means of two experiments carried out in 
quadruplicates 

(0.97-0.99). This indicated a single type of ouabain 
binding site. As evidenced by the linearity of the 
Scatchard plot, there is no indication of cooperative 
interactions or multiple types of glycoside receptors 
in the case of both ATP + Mg + Na and Pi + Mg- 
oriented sites. Therefore, in the brain microsomes 
studied in this work, only one type of ouabain bind- 
ing site was detected. This linearity also shows that 
after 90 rain the binding reaction reaches equilib- 
rium and, therefore, the PLA2 effect is unrelated to 
the nonequilibrium phenomena. 

It is also shown in Fig. 3 that in the ATP + Mg 
+ Na medium, the PLA2 treatment increased the 
maximum binding capacity (Bmax) two-fold from 
67.6 -+ 3.6 pmol/mg to 138.2 -+ 14 pmol/mg, while 
the dissociation constant (Ke) of the binding reac- 
tion was unchanged, 15.5 -+ 1.3 nM vs. 18.6 --+ 1.5 
nM in control. In the case of P~ + Mg-supported 
sites (Fig. 4), both the Bmax and the affinity of the 
binding reaction were markedly reduced. The Bmax 
values decreased from 121.0 -+ 5.8 to 36.6 -+ 2.4 
pmol/mg and the Ka increased from 29.5 -+ 2.1 nM 
to 145.1 +-- 9.7 nN. In the absence of PLA2, both 
types of binding sites exhibited similar Ke and Bmax 
values. After the PLA2 treatment, however, vastly 
different numbers are obtained. 

Thus, phospholipase A2 is able to dissociate or 
distinguish the ATP-oriented (type I) from Pi-ori- 
ented (type II) ouabain sites. This indicates that the 
properties the cardiac glycoside receptor of Na,K- 
ATPase are modified by interference with the phos- 
pholipid environment of the enzyme. 

The relative increase of 200% in Bmax shown in 
Fig. 3 is less than that demonstrated in the "one- 
point" experiment in Fig. 1A using I0 nM [3H] oua- 
bain. As the increase of binding by PLA2 is not a 
function of the total ouabain concentration, this dif- 
ference is most probably due to the exchange of 
isotonic sucrose for distilled water in suspending 
the microsomal membranes. This difference is dem- 
onstrated in Fig. 5 where both types of membranes 
were compared simultaneously. 

Microsomes suspended in distilled water exhib- 
ited higher control levels of binding than those sus- 
pended in isotonic sucrose. Therefore, the relative 
increase after PLA2 is lower in the former mem- 
brane preparation. It is also shown in Fig. 5 that 
PLA2 stimulation depends on Na cations. Without 
sodium, in the ATP + Mg medium, the PLA2 stimu- 
lation is very low, particularly in hypotonically 
lysed membranes (distilled water). 

On the other hand, the inhibition of P~ + Mg- 
supported ouabain binding by PLA2 is not depen- 
dent on sodium. It can be seen in the presence, as 
well as in the absence, of Na cations. Sodium cat- 
ions substantially inhibited the control levels of Pi- 
supported binding, while the ATP-oriented sites 
were not affected under control conditions (Fig. 5). 

In the hypotonically lysed microsomes there 
was no evidence for any vesicular forms of mem- 
brane fragments (electron microscopy control). 
Therefore, the PLA2 effect in "distilled water" mi- 
crosomes cannot be interpreted as vesicle opening. 

We attempted to determine to what extent the 
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Figs. 3 and 4. Scatchard plot of [3HJ ouabain binding to the brain microsomes. Effect of phospholipase A2. Brain microsomes 
(suspended in distilled water and frozen once, 50-100 p~g protein per sample) were incubated with increasing concentration of [3HI 
ouabain 2 x 10-~~ • 10 4 M in ATP + Mg + Na (Fig. 3) or P~ + Mg (Fig. 4). The incubation was carried out for 90 rain at 37~ When 
indicated, l U/ml of phospholipase As was included in the binding mixture. The separation of the bound and free radioactivity was 
achieved as described in Materials and Methods using Whatman GFC filters. The binding data were analyzed according to Scatchard 
(1949), the unweighted linear regression method of Cressie and Keightley (1981) was used 

PLA~ s t imula t ion  of  [3H] o u a b a i n  b ind ing  in the 
A T P  + Mg + N a  m e d i u m  could  reflect the increase  
in pass ive  pe rmeab i l i ty  into the resealed,  c losed 
vesicles .  PLA2-s t imula ted  o u a b a i n  b ind ing  could 

also be d e m o n s t r a t e d  in pe rmeab i l i zed  forms of mi- 
crosornal  m e m b r a n e  p repa ra t ions  (Table  1). Mem-  
b rane  d i s rup t ive  p rocedures ,  such as repeated  
f reez ing- thawing ,  son ica t ion  or hypoosmo t i c  shock,  
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Fig. 5. Comparison of [3H] ouabain binding levels in brain micro- 
somes suspended under iso- and hypoosmotic conditions. The 
effect of phospholipase A2. Brain microsomes were prepared as 
described in Materials and Methods and suspended with rehomo- 
genization in 0.25 M sucrose, 20 mM Tris-HCl, pH 7.4, or in 
distilled water at 1.5 mg protein/ml. After a storage for 1-3 
weeks at -30~ the membranes were thawed once and diluted 
into the incubation media I, II, III and IV. After the preincuba- 
tion for 7 rain at 37~ the binding reaction was initiated by 
addition of 6 nM [3H] ouabain and continued for 60 min at 37~ 
D control level of binding, ~ phospholipase A2, 1 U/ml. (/) 5 
mM NaH2PO4, 5 mM MgC12, 50 mM Tris-HC1, pH 7.4. (II) 5 mM 
NaH2PO4, 5 mM MgCI> 50 mM Tris-HCl, pH 7.4, 100 mM NaC1. 
(111) 2.5 mM ATP, 5 mM ATP, 5 mM MgCI2, 50 mM Tris-HC1, pH 
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Fig. 6. The effect of detergents on ATP+ Mg + Na and Pi + Mg 
dependent ouabain binding to the brain microsomes. Brain mi- 
crosomes were stored in isotonic sucrose or distilled water (see 
Materials and Methods) at -30~ thawed once and diluted into 
ATP + Mg + Na or Pi + m g  incubation media. After a 7-min 
preincubation with increasing concentrations of detergents, the 
binding reaction was initiated by addition of 6 nM [3H] ouabain 
and continued for 60 min at 37~ �9 .. . . . .  � 9  digitonin-microsomes 
in distilled water; • • Triton X100-microsomes in sucrose; 
x ...... • Triton X100-microsomes in distilled water; e .  O, 
CHAPS-microsomes in sucrose; �9 �9 Nonidet P40-micro- 
somes in sucrose. The data are expressed as relative change in % 
as compared with the control sample, 100% (ATP + Mg + Na) = 
3.6 pmol/mg, 100% (Pi + Mg) = 3.1 pmol/mg 

increased the basal levels of binding. However, the 
level of phospholipase A2 stimulated ouabain bind- 
ing also increased. 

Using these procedures, the Na,K-ATPase ac- 
tivity increased approximately in parallel with the 
enhancement of ouabain binding. This is in contrast 
to the PLA2 effect on the enzyme activity, which 
was always inhibitory, under a wide variety of ex- 
perimental conditions tested (Table 1). The Pi + 
Mg-dependent binding was also increased by freez- 
ing-thawing or by osmotic shock. 

We questioned whether the PLA2 action could 
be mimicked by detergents. The effects of deter- 
gents were rather complicated depending on the 
type used (Fig. 6). Nonidet P40 inhibited at the low- 

est concentrations, whereas Chaps was ineffective 
up to 1 mg/ml. Higher Chaps concentrations were 
also inhibitory. The pattern of inhibition by these 
detergents was similar in ATP + Mg + Na and Pi + 
Mg media. 

The effect of digitonin and Triton XI00 was bi- 
phasic. At low concentrations, the binding levels 
gradually increased to the maximum at about 0.1 
mg/ml. The magnitude of this stimulation was dif- 
ferent with the two detergents. Digitonin stimulated 
ouabain binding up to 170-180% in frozen, hypo- 
tonically lysed membranes. Ouabain binding was in- 
creased by 140% when microsomes were suspended 
in isotonic sucrose and treated with Triton X100. In 
microsomes suspended in distilled water, the bind- 
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Table 1. The effect of membrane disruptive procedures on Na,K-ATPase activity and ouabain binding 
in brain microsomes 
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Na,K-ATPase activity Ouabain binding 
+ PLA2 (ATP + Mg + Na) 

+ PLA2 

Microsomes in A fresh 8.1 (1.00) 2.7 1.45 (1.00) 5.17 
isotonic sucrose B frozen once 14.5 (1.79) 1.8 2.32 (1.60) 7.61 

C frozen 3 times 16.8 (2.07) 1.3 2.71 (1.87) 7.72 
D sonicated 10.0 (1.23) 2.1 1.75 (1.21) 4.38 

Hypothonic medium 
E 15 min 12.5 (1.54) 1.9 N.M. N.M. 
F 60 min 9.1 (l.13) 0.8 N.M. N.M. 

Microsomes in G fresh 17.2 (2.13) 1.6 3.65 (2.52) 7.80 
distilled water H frozen once 23.8 (2.94) 2.7 6.20 (4.28) 13.28 

Fresh brain microsomes (A) were prepared as described in Materials and Methods and suspended in 
0.25 M sucrose, 20 mg  Tris-HC1, pH 7.4, at 0.8-1.2 mg protein per ml. After storage at -30~ for 2-4 
weeks, the membranes were thawed once (B) or freezed-thawed 3 times in dry ice plus acetone (C). 
The frozen and thawed membranes (B) were also sonicated for 30 sec at 0~ (D), or after dilution 10 
times with hypothonic 20 mg  Tris-HC1 pH 7.4 incubated for 15 rain (E) or 60 rain (F) at 37 ~ The 
membranes prepared according to protocol G and H were suspended in redistilled water buffered with 
Tris, pH 7.4, and measured fresh or frozen once. Na,K-ATPase activity and ouabain binding were 
assayed as described in methods using a 7-rain preincubation with or without phospholipase A2 (1 U/ 
ml). The ouabain binding reaction was started by addition of 5 nM [3H]ouabain and continued for 60 
min at 37~ in ATP + Mg + Na incubation medium. Na,K-ATPase activity =/xmol P]hr/mg protein, 
ouabain binding= pmol/mg protein. 

The numbers in brackets represent the relative change of Na,K-ATPase activity or of [3H]ouabain 
binding as compared with fresh microsomes without phosphoilipase A2. The results shown are means 
of two experiments carried out in duplicate. 

Table  2. Modification of the phospholipase A2 effect in ATP + Mg + Na medium by Triton x 100 

Phospholipase A2 Triton • 100 (mg/ml) 
1 U/ml 

0.00 0.0012 0.0024 0.012 0.024 0.24 2.4 

Absent 100.0 95.9 105.1 t34.5 141.2 2.7 1.8 
Present 205.4 233.6 239.5 225.4 138.2 1.6 1.8 

Brain microsomal membranes in isotonic sucrose were incubated with phospholipase A2 (1 U/ml) and 
increasing concentrations of Triton x 100. The binding assay was initiated after a 7-rain preincubation 
by addition of 5 nM [3H]ouabain and continued for 60 rain at 37~ The data are expressed as % of the 
[3H]ouabain binding to the control microsomal membranes in the absence of PLA2 and TX 100. The 
100% values correspond to 7.2 pmol/mg protein. 

ing increased by only 110-120%. The effect of Tri- 
ton X100 is comparable to that of repeated freezing- 
thawing or hypoosmotic shock, whereas digitonin 
seems to interact with the hydrophobic membrane 
interior to an extent similar to PLA2. 

The stimulation of ouabain binding by digitonin 
can be demonstrated in the ATP + Mg + Na as well 
as in Pi + Mg medium, but it is much higher in the 
former case. This finding indicates that sodium cat- 
ions play an important role in the detergent and 
phospholipase A2 effects on the cardiac glycoside 
receptor. 

Increasing Triton X100 or digitonin concentra- 

tions above a critical range of 0.05-0.1 mg/ml com- 
pletely inhibited ouabain binding. This sudden de- 
crease (Fig. 6) occurred in parallel in the ATP + Mg 
+ Na and P~ + Mg media, and it was detected in a 
very narrow concentration range. It should be dis- 
tinguished from the PLA; inhibition of type I sites 
(see Fig. 1B) which proceeds over a wide range of 
PLA2 concentrations. 

In the presence of both the detergent and phos- 
pholipase A2, results differing from those with the 
detergent or phospholipase alone were obtained. 
Using Triton X100 at a critical concentration of 
0.0024 mg/ml (Table 2), the ability of PLA2 to stimu- 
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Fig. 7. The effect of phospholipase A2 on ouabain binding to 
isolated and reconstituted Na,K-ATPase from pig kidney me- 
dulla. The Na,K-ATPase from pig kidney medulla was isolated 
according to Jorgensen (1974) using the SDS-extraction proce- 
dure. In the study of the reconstituted system, Na,K-ATPase 
was incorporated by sonication and dialysis into the artificial 
phosphatidylcholine vesicles as described by Karlish and Pick 
(1981). The ouabain binding assay was as described in Materials 
and Methods using 6 nM [3HI ouabain, a 60-rain incubation period 
at 37~ and the same amount of protein (30-50 p,g) in the purified 
and reconstituted Na,K-ATPase preparation. Incubation media: 
(I) 5 mM NaHzPO4, 5 mM MgCI2, 50 m ~  Tris-HCl, pH 7.4; (//) 
5 mM NaHzPO4, 5 m ~  MgC12, 50 mM Tris-HC1, pH 7.4, 100 mM 
NaCI; (1II) 2.5 mM ATP, 5 mM MgC12, 50 mM Tris-HCI, pH 7.4; 
(V) 2.5 mM ATP, 5 mM MgCI2, 50 mM Tris-HCl, pH 7.4, 100 mM 
NaC1. c~, Control binding; ~ ,  phospholipase A2, 1 U/ml 

late [3H] ouabain binding was lost in spite of the 
fact that the detergent alone increased the binding 
to 140%. 

The ability of detergents to interfere with the 
PLA2 effect on ouabain binding was further ana- 
lyzed in SDS-treated, purified preparations of 
Na,K-ATPase. The Na,K-ATPase was purified 
from rat brain and pig kidney medulla according to 
Jorgensen (1974) and Sweadner (1978). Using SDS, 
the nonspecific membrane constituents were selec- 
tively solubilized and the Na,K-ATPase remained 
in the membrane. Therefore, these purified prepara- 
tions represent the membrane bound enzyme, 
which had been extensively treated with a strong 
anionic detergent. 

The effect of PLA2 on SDS-treated Na,K- 
ATPase from rat brain (Fig. 7) was also tested, but 
the results were different from those obtained with 
microsomes. The stimulation of ouabain binding 
was not detected. In the Pi + Mg medium (columns 
I and H, Fig. 7) phospholipase A2 caused a marked 
inhibition of [3H] ouabain binding. Sodium cations 
decreased levels of ouabain binding for the PLAz- 
treated as well as the control enzyme. In ATP + Mg 
medium (columns III and IV), PLA2 induced a mi- 
nor inhibition which was at the level of statistical 
significance. The same result was obtained with or 
without sodium. 

Comparison of the data presented in Figs. 5 and 
7 clearly shows that the ability of phospholipase A2 
to differentiate between type I and II of ouabain 
binding sites also occurred in the SDS-treated, puri- 
fied Na,K-ATPase. The stimulation of ouabain 
binding by phospholipase A2 was abolished for type 
I binding, but type II binding was still strongly in- 
hibited. 

This ability of PEA2 was completely lost in a 
reconstituted system, when the purified Na,K- 
ATPase from pig kidney medulla was incorporated 
into the artificial phospholipid vesicles by dialysis 
and sonication according to Karlish and Pick (1981). 
Under these conditions (see Fig. 7, lower half), 
phospholipase A2 inhibited the [3H] ouabain binding 
regardless of the binding media used. The absolute 
levels of ouabain binding were much lower than in 
an identical amount of the nonreconstituted en- 
zyme. This can be easily explained if we assume 
that a significant portion of binding sites are latent, 
due to a steric hindrance by abundant phospholipids 
or to an inside-out orientation of phospholipid vesi- 
cles. 

Therefore, the results obtained in the reconsti- 
tuted system provide the final evidence in favor of 
our hypothesis, that the stimulatory effect of PLAz 
on the intact brain and kidney microsomes cannot 
be solely interpreted as vesicle opening. If such ef- 
fects existed, they should have also been demon- 
strated in the reconstituted system, where more 
than 80% of the total ouabain binding sites are latent 
(Figs. 5 and 7). 

Discussion 

Treatment of Na,K-ATPase with massive doses of 
phospholipases induced inhibition of the enzyme 
activity and of ouabain binding (Goldman & Albers, 
1973; Roelofsen & Van Deenen, 1973; Goodman & 
Wheeler, 1978; Lane et al., 1978; Lin-Shiau & 
Chen, 1982). However, diverse and even controver- 
sial results have been described: inhibition (Roelof- 
sen & Van Deenen, 1973; Goldman & Albers, 1973; 
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Goodman & Wheeler, 1978; Lane et al., 1978; Lin- 
Shiau & Chen, 1982), no change (Erdman & 
Schoner, 1973; Taniguchi & Iida, 1973) as well as 
stimulation (Charnock, Simonson & Almeida, 1977; 
Walter, 1975, 1979; Schmalzing & Kutschera, 
1982). 

The reason for such discrepancies may be ex- 
plained by the data presented in this work, namely 
by the specific ability of PLA2 to differentiate be- 
tween ATP + Mg + Na (type I) and Pi + Mg (type 
II) ouabain binding sites. In intact microsomal prep- 
arations of Na,K-ATPase, phospholipase A2 stimu- 
lates the former and inhibits the later type of bind- 
ing. The total number of ATP + Mg + 
Na-dependent sites increased twofold, while the 
dissociation constant remained unchanged. In the 
case of Pi + Mg-oriented sites, both Bma• and Kd 
were drastically reduced. 

The ability of phospholipase A2 to differentiate 
between type I and II sites is also observed in SDS- 
treated, purified preparations of Na,K-ATPase, 
where the P~ + Mg-dependent binding is inhibited. 
Finally, in Na,K-ATPase reconstituted in an artifi- 
cial phospholipid system, the differentiation be- 
tween type I and II sites is completely lost and the 
ATP + Mg + Na as well as Pi + Mg-oriented bind- 
ing is inhibited by phospholipase A2. 

Scatchard plots of [3H] ouabain binding in ATP 
+ Mg + Na and Pi + Mg media indicate a single 
type of binding site under both ligand conditions. 
Thus, in our experiments with the rat brain Na,K- 
ATPase, there is no evidence for the presence of 
multiple types of ouabain binding (Sweadner, 1979, 
1985; Stahl, 1986) or negative cooperativity. This 
finding is surprising in the view of the present data 
showing the presence of high (alpha + ) and low-affin- 
ity (alpha) isoenzymes of Na,K-ATPase towards 
ouabain (Stahl, 1986). It is also possible that the 
highest [3H] ouabain concentrations used in our ex- 
periments (4 x 10 -v M) is not sufficient for a frac- 
tional occupation of the low-affinity sites having Kd 
in the range of 10 -5 M. 

We now consider to what extent our data can be 
interpreted in the terms of opening of the tightly 
sealed membrane vesicles or whether some other 
mechanisms are involved. 

Inhibition of the enzyme activity is usually ac- 
companied by decreased ouabain binding (Goldman 
& Albers, 1973; Roelofsen & Van Deenen, 1973; 
Lane et al., 1978; Lin-Shiau &Chen, 1982). In some 
reports, however, the stimulation of ouabain bind- 
ing by PLA2 was described. In such cases, the in- 
crease of ouabain binding was accompanied by an 
increased Na,K-ATPase activity (Charnock et al., 
1977; Walter, 1975, 1979). 

According to Walter (1975, 1979), the stimula- 
tion of [3H] ouabain binding to kidney plasma mere- 

brane fragments detected after PLA2 addition is due 
to an increased permeability of the resealed, inside- 
out oriented vesicles. This interpretation does not 
apply to our data, because the experimental proto- 
col of Walter (1979) differs substantially from ours. 
Walter isolated the inside-out oriented impermeable 
vesicles in hypertonic sucrose density gradients, 
and 0.7 M sucrose was also included in the ouabain 
binding medium during the assay. The effect of 
PLA2 was eliminated when 0.7 M sucrose was omit- 
ted from the medium or if the incubation was car- 
ried out at 37~ instead of at 0~ 

Charnock et al. (1977) showed increased oua- 
bain binding after the PLA2 treatment in the deter- 
gent-treated, partially purified Na,K-ATPase prepa- 
ration from the rat brain. This increase was 
proportional to the stimulation of Na,K-ATPase ac- 
tivity. 

Similar data were obtained in early studies on 
the purification of the enzyme, where detergent ac- 
tivation of the crude membrane preparations was 
observed (Jorgensen & Skou, 1971; Jorgensen, 
1975). The stimulation of ouabain binding was ac- 
companied by stimulation of the enzyme activity 
and such results were interpreted as opening of the 
sealed vesicles (Jones, Maddock & Besh, 1980; 
Forbush, 1982). Therefore, the critical question, 
i.e., to what extent the PLA2 effect on the brain 
microsomes may or may not be explained by vesicle 
opening, is discussed together with the effect of de- 
tergents, which was also tested in this work. 

The hypothesis of opening of the right-side-out 
oriented vesicles after the detergent treatment, 
which was carefully tested by Forbush (1982) in kid- 
ney microsomes, cannot explain our data. In our 
case, the Na,K-ATPase activity was never stimu- 
lated by PLAz. Beginning with the lowest concen- 
trations and under a wide variety of experimental 
conditions (see Fig. 1 and Table 1), phospholipase 
A2 was always inhibitory for Na,K-ATPase activ- 
ity. Therefore, the intact brain microsomes must be 
either freely permeable or sealed and inside-out ori- 
ented. 

If these vesicles are opened, the ouabain bind- 
ing to ATP-oriented sites will be increased, but why 
does the Pi-supported ouabain binding decrease? 
The ouabain binding site, as such, should be ori- 
ented towards the inner compartment of the vesicle 
regardless of the presence of ATP or Pi in the me- 
dium, and ATP, Mg and Pi should be freely avail- 
able for their respective sites at the external sur- 
face. It is unlikely that phospholipase A2 will open 
the vesicles in the presence of ATP + Mg + Na and 
close them in P~ + Mg medium. Neither can it be 
concluded that the permeability for ouabain will in- 
crease in the presence of ATP + Mg + Na and 
decrease in the presence of P~ + Mg. 
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The first possible explanation of our data com- 
bines the opening of the inside-out vesicles with the 
role of Na § Sodium cations were shown to stimu- 
late the ouabain binding in the presence of ATP + 
Mg and in the absence of K + (Lindenmayer & Sch- 
wartz, 1973). Therefore, in the ATP + Mg + Na 
medium, phospholipase A2 could induce a substan- 
tial increase of ouabain binding by enhancing the 
permeability for both external ouabain and sodium. 
The effect of 100 mM Na + should be oriented to 
low-affinity Na sites located at the cytoplasmic side 
of the membrane (Garrahan, Horestein & Rega, 
1977). 

In the P~+ Mg medium, sodium strongly inhibits 
ouabain binding (Albers, Koval & Siegel, 1968). Ac- 
cording to Bodeman and Hoffman (1976), this effect 
of Na + also takes place on the cytoplasmic side of 
the membrane. Therefore the PLA2 effect mediated 
via sodium could result in the marked inhibition of 
the type II ouabain binding (Pi + Mg). However, the 
data presented in Figs. 1, 5 and 7 clearly show that 
the PLA2 inhibits the Pi -I- Mg-supported binding in 
the absence of sodium. 

The main arguments against opening of inside- 
out oriented vesicles may be formulated as follows: 
(i) the PLA2-induced stimulation of [3H] ouabain 
binding in microsomes may be demonstrated in per- 
meabilized membranes suspended in distilled water, 
sonicated or repeatedly frozen (Table 1, Fig. 5), (ii) 
in the reconstituted system, where at least a frac- 
tion of Na,K-ATPase molecules should be in an in- 
side-out orientation (Fig. 7), and permeability prob- 
lems should be similar to those of the original 
microsomes, the ATP+ Mg + Na-dependent sites 
are inhibited by PLA2 equally well as the P~+ Mg- 
oriented sites. 

Therefore, it is suggested that the opening of 
the vesicles represents only the first, minor or par- 
tial event in the phospholipase A2 effect on the 
membrane. Subsequently or simultaneously with 
opening of the vesicles, phospholipase A2 begins to 
interact with the hydrophobic membrane interior. 

The question as to what extent the ability of 
PLA2 to differentiate between type I and II of oua- 
bain binding can be interpreted in the terms of E l -  
E2 transition is difficult to answer. Both optimum 
conditions of ouabain binding are usually related to 
the E2 conformation. The fact that there was no 
difference in fluorescence parameters of anthro- 
ylouabain bound in the presence of ATP + Mg + 
Na or Pi + Mg favors this single intermediate hy- 
pothesis (Fortes, 1977; Moczydlowski & Fortes, 
1980). However, the ouabain binding complex 
formed in the presence of P~ + Mg is more stable 
than in the presence of ATP + Mg + Na (Forbush, 
1983). This result seems incompatible with the Post- 

Albers scheme since both conditions should stabi- 
lize E2 (Cantley, 1980). 

Lee and Fortes (1985) studied the anthroyloua- 
bain binding to Na,K-ATPase as a function of Na + 
concentrations in the presence of ATP+ Mg and 
showed that it binds to E~-P, although with a lower 
affinity than to E2-P. They also suggest the exis- 
tence of a third phosphoenzyme Ex-P, intermediate 
between Ej-P and E2-P. In the presence of Na + cat- 
ions the El-P, which contains three occluded Na + 
ions can bind cardiac glycosides at a rate compara- 
ble to that of E2-P. In our experiments, the sodium 
cations were essential for the demonstration of the 
stimulatory effect of PLA2 on type I of ouabain 
binding. It is possible that the balance between 
El-P, Ex-P and E2-P intermediates responsible for 
the overall ouabain binding is changed by the physi- 
cal state of the membrane and thus also by treat- 
ment with phospholipase A2 and detergents. 
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