
313 

Biochimica et Biophysica Acta, 508 (1978) 313--327 
© Elsevier/North-Holland Biomedical Press 

BBA 77973 

MEMBRANE (Na* + K÷)-ATPase OF CANINE BRAIN, HEART AND KIDNEY 

TISSUE-DEPENDENT DIFFERENCES IN KINETIC PROPERTIES AND THE 
INFLUENCE OF PURIFICATION PROCEDURES 

YOUNG R. CHOI and TAI AKERA * 

Department of Pharmacology, Michigan State University, East Lansing, Mich. 48824 
(U.S.A.) 

(Received September 5th, 1977) 

Summary 

Effects of commonly used purification procedures on the yield and specific 
activity of (Na ÷ + K*)-ATPase (Mg2÷-dependent, Na* + K÷-activated ATP phos- 
phohydrolase, EC 3.6.1.3), the turnover number of the enzyme, and the kinetic 
parameters for the ATP<tependent ouabain-enzyme interaction were compared 
in canine brain, heart and kidney. Kinetic parameters were estimated using a 
graphical analysis of non-steady state kinetics. The protein recovery and the 
degree of increase in specific activity of (Na*+ K*)-ATPase and the ratio 
between (Na*+ K*)-ATPase and Mg2÷-ATPase activities during the successive 
treatments with deoxycholate, sodium iodide and glycerol were dependent on 
the source of the enzyme. A method which yields highly active (Na '+ K*) - 
ATPase preparations from the cardiac tissue was not suitable for obtaining 
highly active enzyme preparations from other tissues. Apparent turnover num- 
bers of the brain (Na*+ K*)-ATPase preparations were not significantly 
affected by the sodium iodide treatment, but markedly decreased by deoxy- 
cholate or glycerol treatments. Similar glycerol treatment, however, failed to 
affect the apparent turnover number of cardiac enzyme preparations. Cerebral 
and cardiac enzyme preparations obtained by deoxycholate, sodium iodide and 
glycerol treatments had lower affinity for ouabain than renal enzyme prepara- 
tions, primarily due to higher dissociation rate constants for the ouabain • 
enzyme complex. This tissue-dependent difference in ouabain sensitivity seems 
to be an artifact of the purification procedure, since less purified cerebral or 
cardiac preparations had lower dissociation rate constants. Changes in apparent 
association rate constants were minimal during the purification procedure. 
These results indicate that the presently used purification procedures may alter 
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the properties of  membrane (Na*+ K÷)-ATPase and affect the interaction 
between cardiac glycosides and the enzyme. The effect of a given treatment 
depends on the source of the enzyme. For the in vitro studies involving purified 
(Na ÷ + K÷)-ATPase preparations, the influence of  the methods used to obtain 
the enzyme preparation should be carefully evaluated. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Introduct ion 

(Na ÷ + K÷)-ATPase preparations (Mg:÷-dependent, Na ÷ + K÷-activated ATP 
phosphohydrolase,  EC 3.6.1.3) obtained from various animal sources have 
remarkably similar characteristics with regard to the substrate specificity and 
the activation by Na ÷, K ÷ and Mg 2÷ (see ref. 1). In addition, specific antibodies 
for (Na ÷ + K÷)-ATPase obtained with porcine or canine kidney cross-react and 
inhibit (Na ÷ +K÷)-ATPase obtained from other sources [2,3]. Thus, the 
enzyme molecules obtained from various sources appear to have common fea- 
tures. Repor ted  turnover numbers, however, of various (Na÷+ K*)-ATPase 
preparations range from 1900 to 12850 [4--7]. The difference in the turnover 
number  of  various enzyme preparations might be due to the difference in the 
source of the enzyme. A progressive decrease, however, in the turnover number 
during a purification process [6] indicates that  the purification treatments also 
alter the characteristics of (Na ÷ + K÷)-ATPase. Such an alteration might then 
have a great influence on the data obtained with cardiac (Na ÷ + K÷)-ATPase, a 
putative receptor  for the positive inotropic action of  cardiac glycosides [ 1,8,9]. 
Because of  low (Na÷+ K÷)-ATPase and high Mg2÷-ATPase activities, studies 
with cardiac enzymes have been generally performed with extensively purified 
preparations. 

In contrast  to the substrate specificity and ligand activation, the kinetics of 
the interaction between cardiac glycosides, such as ouabain, and (Na*+ K*)- 
ATPase are dependent  on the source of enzyme preparations [8,10--13].  The 
observed difference in kinetic parameters, however, might be partially due to 
the methods employed for the preparation of (Na ÷ + K÷)-ATPase. A difference 
in kinetic parameters for the ouabain-enzyme interaction in the presence of 
Mg :÷ and inorganic phosphate has been reported with different enzyme 
preparations obtained from the same tissue [14].  Although the ouabain bind- 
ing to (Na÷+ K÷)-ATPase observed under such a ligand condition may not  
represent the drug~enzyme interaction occuring in vivo [15],  the results indi- 
cate an alteration of  ouabain binding sites due to the purification procedure. 
Purification procedures would affect  the kinetics of  the glycoside-enzyme inter- 
action if the release of  bound glycoside from {Na ÷ + K÷)-ATPase is controlled 
by a lipid barrier [15],  since several steps of the purification procedures are 
aimed at the alteration and disruption of the membrane lipids. 

Thus, the present s tudy was initiated to compare the kinetic properties of 
(Na÷+ K÷)-ATPase obtained from canine brain, heart and kidney and to 
examine the influence of  purification procedures on these properties. Since the 
interaction between cardiac glycosides and (Na÷+ K÷)-ATPase is a relatively 
slow process [ 16], a non-steady state kinetic analysis modified from our previ- 
ous s tudy [17] was employed.  
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Materials and Methods 

Chemicals. [3H]Ouabain (specific radioactivity, 13.2 Ci/mmol) was pur- 
chased from New England Nuclear Corp., Boston, Mass. Ouabain octahydrate  
and Tris-ATP were obtained from Sigma Chemical Co., St. Louis, Mo. Other 
chemicals used were of reagent grade. 

Purification o f  (Na ÷ + IC)-ATPase. Frozen dog tissues were obtained from 
Pel-Freez Biologicals, Rogers, Arkansas. (Na÷+ K*)-ATPase preparations were 
obtained from brain, heart or kidney according to a method developed by Pitts 
et al. [18] for the purification of  cardiac enzymes. In short, a 9000 × g sedi- 
ment  of a tissue homogenate was treated with 0.1% deoxycholate.  The particu- 
late fraction released from large particles by the deoxychola te  t reatment  (i.e., 
the small particles which do not  sediment at 9000 × g after the treatment,  but  
sediment at 100 000 ×g)  was successively treated with NaI, deoxychola te  
(second deoxycholate  treatment)  and glycerol. In the present study, tissues 
were homogenized in a solution containing 0.25 M sucrose/1 mM Tris • EDTA/ 
5 mM histidine-HC1/10 taM dithiothreitol,  instead of  a 0.25 M sucrose solution 
containing 1 mM Tris • EDTA in the original method.  

The final suspension of a glycerol-enzyme containing 20% (v/v) glycerol, 25 
mM imidazole • HCI and 1 mM Tris • EDTA was dialyzed against the same solu- 
tion at 2°C for 24 h. After the dialysis, the enzyme suspension was centrifuged 
at 50 000 rev./min in a Beckman Ti-50 rotor  for 120 rain. The sediment was 
resuspended in a solution containing 0.25 M sucrose/50 mM histidine-HC1/1.0 
mM Tris • EDTA and stored at --20°C. The glycerol-suspended enzyme prepara- 
tions lost their (Na ÷ + K÷)-ATPase activity during the storage at --20°C even 
after the dialysis (see Results). In contrast,  the sucrose-suspended enzyme pre- 
parations could be stored for more than 2 months  at the same temperature 
wi thout  a noticeable change in both (Na ÷ + K÷)-ATPase and Mg2*-ATPase activ- 
ities. 

ATPaseassay. Enzyme preparations at various stages of  the purification were 
assayed for ATPase activities and [3H]ouabain binding. Interfering substances 
such as deoxycholic  acid or NaI were removed by the centrifugation and the 
resuspension of  the resulting sediment prior to the assay. 

The ATPase activity was assayed from the amount  of  inorganic phosphate 
released from ATP during a 10 min incubation of  20 tag of enzyme protein in a 
total volume of 1.0 ml at 37°C in the presence of 100 mM NaC1, 15 mM KC1, 
5 mM MgC12, 5 mM Tris-ATP and 50 mM Tris • HC1 buffer  (pH 7.5) [10].  Mg 2÷- 
ATPase activity assayed in the absence of NaCI and KC1 and in the presence of 
0.1 mM ouabain was subtracted from the total ATPase activity assayed in the 
presence of  NaCl and KCI and in the absence of  ouabain to calculate the (Na* + 
K÷)-ATPase activity. The amount  of  inorganic phosphate was assayed as 
described earlier [ 19]. All assays were performed in triplicate. 

The assay o f  [3H]ouabain binding. The specific binding of  [3H]ouabain to 
(Na ° + K÷)-ATPase was assayed in the presence of  5 mM MgC12, 100 mM NaC1, 
5 mM Tris-ATP and 50 mM Tris • HCI buffer  (pH 7.5). Enzyme preparation 
containing 450 tag of  protein was incubated in 15 ml of the above mixture in 
the presence of various concentrat ions (0.025--0.25 taM) of  [3H]ouabain at 
37°C. At 1 min intervals, 1.0-ml aliquots were taken and filtered through nitro- 
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cellulose filters (Millipore Corporation, Bedford, Mass.; type  AA, pore size, 0.8 
gm), and the bound [aH]ouabain retained on the filter was assayed with liquid 
scintillation counting [12]. Non-specific ouabain binding was estimated by a 
concurrent  assay performed in the absence of  ATP. Since 100 mM NaCl was 
present in the incubation mixture, the binding of  [3H]ouabain observed in the 
absence of  ATP was less than 5% of that  observed in the presence of ATP. The 
specific (ATP-dependent) ouabain binding was calculated as the difference in 
the binding observed in the absence and presence of  ATP. Such an ATP-depen- 
dent  binding has been shown to be a specific binding of ouabain to the cardio- 
tonic steroid binding sites on the enzyme [20,21],  which results in an enzyme 
inhibition [ 16,21].  

The ouabain binding velocity was calculated at every minute for 10 min from 
the slope of  a curved fitted to data points by least squares method using a poly- 
nomial approximation-curve fitting technique [22] as described in a previous 
paper [17].  From the ouabain binding velocity, kinetic parameters for the 
interaction between ouabain and (Na*+ K*)-ATPase were calculated (for de- 
tails, see Results). 

Estimation o f  turnover numbers. Apparent  turnover numbers were calcu- 
lated as the ratio between (Na÷+ K*)-ATPase activity (in pmol ATP hydrol- 
yzed/mg protein per min) and the enzyme concentrat ion (in ~mol enzyme/mg 
protein). These values are expressed as (min) -1. In the present study, the 
enzyme concentration was estimated from the maximal concentration of  oua- 
bain binding sites. A true turnover number  should be calculated from the con- 
centration of  phosphorylat ion sites (active centers) which is generally esti- 
mated from the formation of  the ADP- and K÷-sensitive phosphoenzyme ob- 
served in the presence of  Na ÷, Mg 2÷ and 0.05 mM ~-32p-labeled ATP. Phospho- 
enzyme concentration,  however, was not  used in the present s tudy because the 
value obtained with such a low concentration of  ATP may not  represent the 
concentrat ion of  the total phosphorylat ion sites on the enzyme [23]. Although 
the numbers of  phosphorylat ion sites and ouabain binding sites might not  be 
equal, the concentration of the ouabain binding site should be proportional 
to the concentration of the enzyme molecules and, hence, to the concentra- 
tion of  phosphorylat ion sites. Thus, the change in turnover numbers due to 
purification procedures should be accurately estimated using the concentra- 
tion of  the ouabain binding sites. 

Miscellaneous. Protein concentrat ion was determined by the method of 
Lowry  et al. [24] with bovine serum albumin as the standard. Statistical anal- 
yses of  data were performed with Student 's  t-test. Criterion for the statistical 
significance is a P value of less than 0.05. 

Results 

Purification of  (Na ÷ + K* )-A TPase. The method of  Pitts et al. [18] was devel- 
oped to obtain highly active (Na ÷ + K÷)-ATPase preparations from the cardiac 
tissue. In the present study, however, this method was used for the prepara- 
tion of  (Na ÷ + K÷)-ATPase from the brain, heart .and kidney without  any modi- 
fication for each tissue, in order to obtain comparable data. The yield of  the 
final glycerol-treated enzyme was quite low in the heart, and significantly 
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higher in the brain and kidney (Table I). The specific (Na ÷ + K÷)-ATPase activ- 
ity (enzyme activity per mg protein) of  brain enzyme preparations was unex- 
pectedly low, indicating that the method is optimized for the cardiac tissue, 
but  is not  suitable for the brain. Brain (Na÷+ K÷)-ATPase preparations with 
higher activity may be obtained with less complex and less time consuming 
methods (for example, ref. 15). An improved method for cardiac (Na t + K÷) - 
ATPase preparations is also available [25].  Nevertheless, the original method of 
Pitts et al. [18] was used in the following study, because the purpose of  the 
present work was to investigate the effects of  purification procedures on the 
properties of (Na÷+ K÷)-ATPase. This method employed three commonly  
used procedures for the purification of  (Na ÷ + K÷)-ATPase, namely deoxycho- 
late t reatment,  NaI t reatment  and glycerol treatment.  

The deoxychola te  t reatment  caused a marked increase in the specific enzyme 
activity. NaI t reatment  caused a marked decrease in Mg2*-ATPase activity and a 
slight increase in (Na ÷ + K÷)-ATPase activity, except  for the brain enzyme. In 
the brain tissue, the specific activity of  (Na ÷ + K')-ATPase was not  increased by 
the NaI treatment.  The ratio between ( N a ' +  K÷)-ATPase and Mg~÷-ATPase 
activities, however, was significantly increased due to a marked reduction in 
Mg2÷-ATPase activity. Glycerol t reatment  further increased the specific activ- 
ity of (Na÷+ K÷)-ATPase wi thout  a marked effect  on Mg2÷-ATPase. These 
results generally confirm those by Pitts et al. [18]. 

The stability of  glycerol-treated enzyme preparations obtained from kidney 
was tested. During the storage of frozen suspension at --20°C, the enzyme pre- 
paration dialyzed and suspended in a 20% (v/v) glycerol solutions (freezing 
point,  --7°C) containing 25 mM imidazole and 1 mM Tris • EDTA lost approxi- 
mately half of its activity in 70 days (Table II). Thus, the final enzyme prepara- 
tions were suspended in a sucrose solution in the following studies. 

Determination o f  kinetic constants for the ouabain-enzyme interaction. The 
binding of  ouabain to (Na ÷ + K÷)-ATPase proceeds as a second order reaction 
with respect to ouabain and the binding site on the enzyme [26], or the 
pseudo first order reaction when the changes in the ouabain concentration may 
be ignored [27].  Although the actual reaction may be a complex one involving 
several parallel and sequential pathways [17],  the kinetic behavior may be 

T A B L E  II 

T H E  S T A B I L I T Y  O F  G L Y C E R O L - S U S P E N D E D  R E N A L  E N Z Y M E  P R E P A R A T I O N S  AT - -20°C 

T h e  values  are the  m e a n  o f  t w o  e n z y m e  preparat ions .  T h e  e n z y m e  p r e p a r a t i o n s  w e r e  prepared  as 
d e s c r i b e d  b y  Pi t t s  et  al. [ 18 ]  and  s u s p e n d e d  in a 20% (v /v)  g l y c e r o l  s o l u t i o n  c o n t a i n i n g  1 raM Tris • 
E D T A .  

D a y s  (Na ÷ + K+)-ATPase Mg2+-ATPase (Na ÷ + K*)/(Mg 2+) ratio 

( p m o l  P i / m g  p r o t e i n  Per h) 

1 187 6.7 27.9 
5 161 5.3 30 .4  

30  115  2.5 45 .8  
50  113 2.9 40 .0  
70  85.7 1.0 85.7 
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described as follow using an overall apparent association (k,) and an overall 
dissociation (k_,) rate constants. 

/¢1 
E + Ou .--" E • Ou (1) 

k - I  

where E, Ou and E • Ou are free enzyme, unbound ouabain and the ouabain • 
enzyme complex, respectively. The time course of the specific binding of [3H]- 
ouabain to (Na ÷ + K÷)-ATPase can be seen in Fig. 1, which shows data for brain 
enzyme as an example. Similar curves were obtained with other concentrations 
of [3H]ouabain or with enzyme preparations obtained from heart or kidney 
{data not  shown}. 

Since" the binding of ouabain to (Na÷+ K÷)-ATPase follows a pseudo first 
order kinetics [17,27], the binding velocity (V) at a given time (t) can be 
expressed as follows [17]: 

In V=In Vlmt--(k," [Ou] +h_,). t (2) 

where Y i n i t  is the initial binding velocity and [Ou] is the concentration of free 
ouabaln. Plots of the binding velocity in a logarithmic scale against the time of 
incubation yielded a straight line for each ouabain concentration (Fig. 2), 
confirming the pseudo first order kinetics for the ouabain-enzyme interaction. 

"-2. 

~ 360 

v 

240 

120  

!o 
o 

! J i l , i l l i i 

I I I I I I I I I I 

5 10 
Reaction time (minutes) 

Fig. 1. T i m e  course  o f  [3 H ] o u a b a i n  b ind ing  to  g lyce ro l - t r ea t ed  (Na++ K+)-ATPase o b t a i n e d  f r o m  canine  
brain .  (Na++  K+)-ATPase p r e p a r a t i o n s  (30  ~g o f  p r o t e i n  pe r  ml )  were  i n c u b a t e d  wi th  [3 H ] o u a b a l n  (f inal  
c o n c e n t r a t i o n :  0.1 ~M) in the  p r e s e n c e  o f  100  m M  NaCI, 5 m M  MgCI 2, 5 raM T r I ~ A T P  and  50 r a m  Trls • 
HCI b u f f e r  ( p H  7.5)  a t  37°C. A t  i nd i ca t ed  t imes ,  a l iquo ts  o f  the  i n c u b a t i o n  m i x t u r e  were  t ak en  and the  
a m o u n t  o f  b o u n d  o u a b a i n  w u  ammyed.  Th e  sol id  curve  represent s  the  f o l l o w i n g  e q u a t i o n  f i t t e d  to  exper i -  
m e n t a l  d a t a  by  the  least  squares  m e t h o d  [ 1 7 , 2 2 ] .  

[ E - - O u ]  - [E]  • [ O u ]  (1 - - e  - ' ( k l ' [ O u ] + k - l ) ' t )  
[Ou]  + k _ l / k  l 

Paramete r#  to  y ie ld  the  bes t  f i t  are:  k I ffi 21.6 m M  -1 • s-*; k - I  = 0 . 1 9 / 1 0 0  Sl and  [E]  ffi 6 5 3  p m o l / m g  pro- 
teL,* or  19.6 nM. [ O u ]  ffi 0.1 ~M. 
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Reaction time (minutes) 

Fig.  2. T ime  c o u r s e  o f  [ 3 H } o u a b a i n  b i n d i n g  ve loc i t y :  s e m i l o g a r i t h m i c  p l o t .  The  b i n d i n g  o f  [ 3 H ] o u a b a i n  
t o  ( N a + +  K+)oATPase w a s  a s s a y e d  u n d e r  t he  c o n d i t i o n  o f  e x p e r i m e n t s  s h o w n  in  Fig.  1. The  b i n d i n g  
ve loc i t i es  we re  c a l c u l a t e d  f r o m  the  t a n g e n t  o f  cu rves  f i t t ed  b y  the  l eas t  s q u a r e s  m e t h o d  s h o w n  in  Fig.  1. 

From the ordinate intercept of  the regression line, the initial velocity may be 
determined. 

Eqn. 2 also indicates that the plot of  the slope of  regression lines on Fig. 2, 
namely (kl • [Ou] + k_l), against the concentration of  ouabain should yield a 
straight line with a slope of k, and the ordinate intercept of  k_~. Such a plot 

0.5 I I i i I i , , i i 

0.4 

I 

~0.3 

~0.2 
o 

>0.i 
J 

Y = (1.28 _+ 0.14)-[Ou] + (0.105 _+ 0.002) 

0 I I A I I I I I I I 

0.05 0.i 0 15 0.2 0.25 

Ouabain concentration (~M) 

Fig.  3.  D e t e r m i n a t i o n  o f  a p p a r e n t  a ~ o c i a t i o n  a n d  overa l l  d i s s o c i a t i o n  r a t e  c o n s t a n t s .  A l inea r  r e g x e s ~ o n  
l lne w a s  f i t t e d  t o  p l o t s  s h o w n  in  Fig .  2 f o r  e a c h  c o n c e n t r a t i o n  o f  o u a b a i n ,  a n d  the  s lope  o f  t he  r eg re s s ion  
l ine is p l o t t e d  a g a i n s t  t he  c o n c e n t r a t i o n  o f  o u a b a l n .  E a c h  p o i n t  r e p r e s e n t s  t he  s lope  o f  a r eg re s s ion  l lne o n  
a p l o t  s lmi l a r  to  Fig .  2.  O r d i n a t e  (Y)  is t he  nega t ive  s lope  o f  r eg re s s ion  l ines  t i m e s  2 . 3 0 3  ( f o r  t he  c o n v e r -  
- i on  to  n a t u r a l  l o g a r i t h m ) .  
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(Fig. 3), in fact, yielded a straight line. From the slope of  the regression line 
and the ordinate intercept, the apparent association and the overall dissociation 
rate constants were obtained. 

The concentration of  the ouabain binding sites on (Na ÷ + K*)-ATPase can be 
determined from the initial binding velocity {Vinit) as follows: 

V~t = k, "[E l • [Ou] (3) 

where [E] is the concentration of  the free enzyme. The plot of  Yinit against the 
ouabain concentration yielded a straight line passing through the point of  
origin (Fig. 4). Since the slope of  the regression line is equal to k, • [E],  where 
k, may be determined as above, the enzyme concentration can be calculated 
(Table III). Enzyme concentrations estimated with this method were used for 
the following calculation of  the apparent turnover numbers. 

Apparent turnover numbers of (Na* + K*)-ATPase. Apparent turnover num- 
bers (molecular activity) of  glycerol-treated (Na÷+ K*)-ATPase preparations 
obtained from canine brain, heart and kidney were calculated from the (Na ÷ + 
K*)-ATPase activity and the ouabain binding site concentrations (Table III). 
The apparent turnover number was approximately 3900 /min  for the cardiac 
enzyme preparations, and significantly lower in enzyme preparations obtained 
from the brain or kidney. 

In order to determine whether apparent turnover numbers were altered 
during the purification process, turnover numbers of  brain (Na * + K*)-ATPase 
were estimated at various stages of  the purification procedure (Table IV). The 
results indicate that the apparent turnover numbers decreased from approxi- 
mately 7200/min  to 2700 /min  during the purification. It should be noted that 
the decreases in apparent turnover numbers occurred with deoxycholate  and 
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o u a b a l n .  Glycerol - treated ( N a  + + K+)-ATPase preparat ions  obta ined  from dog brain ( 3 0  ~ g  of  prote in  pe,  
m l )  were incubated  wi th  various concentra t ions  of  [ 3 H ] o u a b a i n  under  the cond i t i on  described in the 
legend to  F i g .  1.  The  initial ve loc i ty  o f  [ 3 H ] o u a b a i n  binding react ion  was  es t imated  from the ordinate 
intercept  o f  p lo ts  s h o w n  in F i g .  2 .  
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T A B L E  I l l  

K I N E T I C  P A R A M E T E R S  O F  G L Y C E R O I ~ T R E A T E D  (Na  t + K * ) - A T P a s e  P R E P A R A T I O N S  O B T A I N E D  
F R O M  V A R I O U S  C A N I N E  T I S S U E S  

V a l u e s  are m e a n  ± S .E .M.  o f  3 ( b r a i n ) ,  6 (hear t )  and  4 ( k i d n e y )  e n z y m e  preparat ions .  A p p a r e n t  t u r n o v e r  
n u m b e r s  w e r e  c a l c u l a t e d  as (Na  ÷ + K÷) -ATPase  a c t i v i t y  ( p m o l  P i / m g  p r o t e i n  per  rain) per  o u a b a i n  b i n d i n g  
site  ( p m o l / m g  p r o t e i n )  for  each  e n z y m e  prepara t i on ,  and t h e n  averaged.  

S o u r c e  (Na  ÷ + K÷) -ATPase  M g 2 * - A T P a s e  O u a b a i n  b i n d i n g  site  T u r n o v e r  n u m b e r  
o f  e n z y m e  ( p m o l / m g  p r o t e i n )  ( r a i n )  -1 

( p m o l  P i / m g  p r o t e i n  per  h)  

Brain 1 0 0 . 3  _+ 3 .2  6.1 ± 2.4 6 0 2  ± 3 5  2 7 3 0  = 9 5  * 

Heart  8 5 . 8  _+ 6 .2  8 .2  _~ 2 .2  3 7 2  = 3 0  3 9 1 0  _~ 2 5 4  
K i d n e y  1 0 5  + 3 0  4 .9  ± 1 .5  7 2 9  ± 221  2 4 4 0  ± 58  * 

* S i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o r r e s p o n d i n g  values  for cardiac  e n z y m e s .  

glycerol treatments, but not with the NaI treatment. Similar experiments were 
not performed with cardiac or renal enzymes since high Mg2÷-ATPase activities 
in homogenates of  these tissues precluded an accurate estimation of (Na ÷ + K*) - 
ATPase activity and turnover numbers. The decrease in the apparent turnover 
number of  brain (Na t + K')-ATPase during the purification process was due to 
a greater increase in ouabain binding site concentration than that in specific 
(Na ÷ + K*)-ATPase activity (Table IV). 

The cardiac (Na ÷ + K÷)-ATPase after the NaI treatment had an apparent turn- 
over number of  approximately 4000/min (data not shown). Thus, it appears 
that the glycerol treatment alters the apparent turnover number of  (Na ÷ + K*) - 
ATPase obtained from the brain tissue, but fails to alter it in the cadiac tissue. 

Kinetic parameters for the ouabain-enzyme interaction. Apparent association 
and overall dissociation rate constants for the interaction of ouabain with 
(Na ÷ + K÷)-ATPase were estimated as described above from the time course of 
the [3H]ouabain binding reaction using glycerol-treated enzyme preparations 
obtained from brain, heart and kidney (Table V). Brain and heart enzymes had 
similar apparent association rate constants and similar overall dissociation rate 
constants, and hence similar dissociation constants {reciprocal indices of affin- 

T A B L E  IV 

E F F E C T S  O F  P U R I F I C A T I O N  P R O C E D U R E S  O N  (Na  ÷ + K÷) -ATPase  A C T I V I T Y .  O U A B A I N  B I N D I N G  

S I T E  C O N C E N T R A T I O N .  A N D  A P P A R E N T  T U R N O V E R  N U M B E R  O F  C A N I N E  B R A I N  E N Z Y M E  

V a l u e s  are the  m e a n  ± S .E .M.  o f  4 p r e p a r a t i o n s  e x c e p t  for the  f i na l  g l y c e r o l - e n z y m e  prepara t ions  in w h i c h  
v a l u e s  a r e  the  m e a n  ± S .E .M.  o f  3 preparat ions .  A f t e r  the  d e o x y c h o l a t e  t r e a t m e n L  the  e n z y m e  prepara-  
t i o n s  w e r e  s u s p e n d e d  in E D T A  s o l u t i o n .  A f t e r  the  NaI  t r e a t m e n t ,  the  e n z y m e  prepara t ions  w e r e  sus- 
p e n d e d  in i m i d a z o l e  b u f f e r  s o l u t i o n .  

F r a c t i o n  (Na* + K * ) - A T P a s e  O u a b a i n  b i n d i n g  s i te  A p p a r e n t  t u r n o v e r  
ac t iv i ty  ( p m o l / m g )  n u m b e r  
( / ~ m o l  P i / m g  per  h )  ( m i n )  - t  

H o m o g e n a t e  in sucrose  11 .4  ± 0 .2  2 6 . 4  = 0 .8  7 1 9 0  ± 2 2 0  

A f t e r  1st d e o x y c h o l a t e  t r e a t m e n t  4 3 . 4  _+ 0 .9  189  ± 16 * 3 9 7 0  : 3 9 0  * 
A f t e r  Na l  t r e a t m e n t  5 1 . 4  ± 2.1 * 211  ± 4 4 0 7 5  + 75  

G l y c e r o l - e n z y m e  1 0 0 . 3  _~ 3 .2  * 6 0 2  ± 3 5  * 2 7 3 0  ± 9 5  * 

* S i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o r r e s p o n d i n g  values  for the  p r e c e d i n g  s tep  (P ~ 0 . 0 5 ) .  
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T A B L E  V 

K I N E T I C  P A R A M E T E R S  FOR T H E  I N T E R A C T I O N  B E T W E E N  O U A B A I N  A N D  G L Y C E R O L -  
T R E A T E D  E N Z Y M E  P R E P A R A T I O N S  O B T A I N E D  F R O M  V A R I O U S  C A N I N E  T I S S U E S  

Values  are the  m e a n  ± S.E.M. o f  4 e x p e r i m e n t s .  A p p a r e n t  associa t ion  and  overal l  d i ssoca t ion  ra te  cons-  
s tants  were  o b t a i n e d  f r o m  the  t ime  course  of  [ 3 H ] o u a b a i n  b ind ing  veloci ty .  Dissocia t ion c o n s t a n t  was 
ca lcu la ted  as the  ra t io  b e t w e e n  the  overal l  d issocia t ion  ra te  c o n s t a n t  and the  a p p a r e n t  associa t ion  ra te  
cons t an t .  

Source  of  e n z y m e  A p p a r e n t  associa t ion  Overal l  d issocia t ion Dissoca t ion  
ra te  c o n s t a n t  ra te  c o n s t a n t  cons t an t  
(mM -1 - s - l )  ( ( 1 0 0  s) - I)  (nM) 

Brain 21.3 ± 2.3 0 .1 7 4  t 0 .036  81.7 
Hear t  19.9 ± 2.7 0 .1 8 0  +- 0 . 0 3 0  90 .0  
K i d n e y  10.4  ± 2.0 * 0 .026  ± 0 .0 0 2  * 25.0 * 

• Signif icant ly  d i f f e r en t  f r o m  c o r r e s p o n d i n g  values for bra in  and hea r t  e n z y m e s  (P < 0 .05) .  

ity). (Na ÷ + K÷)-ATPase preparations obtained from the kidney, however, had 
a lower apparent association rate constant  and a markedly lower overall disso- 
ciation rate constant. As the result, the kidney enzyme had higher affinity for 
ouabain {i.e., the lower dissociation constant} than (Na ÷ + K÷)-ATPase obtained 
from the brain or heart. 

A marked tissue-dependent difference in kinetically-determined overall disso- 
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Fig. 5. T i m e  course  of  the  release of  [3 H ] o u a b a l n  b o u n d  to  (Na  + + K+)-ATPase.  E n z y m e  p r e p a r a t i o n s  (30  
#g  of  p ro t e in  pe r  ml )  we re  i n c u b a t e d  wi th  [ 3 H ] o u a b a i n  (0.1 pM) in the  p resence  of  100 m M  NaCI, 5 m M  
MgCI2, 5 m M  T r ~ - A T P  and  50 m M  Tris  • HCI b u f f e r  ( p H  7.5)  a t  37°C. A f t e r  a 10 m i n  i n cu b a t i o n ,  excess  
n o n 4 a b e l e d  ouaba l n  (f inal  c o n c e n t r a t i o n ,  0 .1 raM) was  a d d e d  to  t e r m i n a t e  the  b ind ing  of  [ 3 H ] o u a b a i n ,  
and  s u b s e q u e n t  release o f  b o u n d  [3 H]  oua ba in  was m o n i t o r e d .  (Non- labe led  o u a b a i n  a d d e d  a t  t ime  zero) .  
The  a m o u n t  of  b o u n d  [ 3 H ] o u a b a l n  was  expressed  as a pe rcen t age  of  the  va lue  i m m e d i a t e l y  be fo re  the  
add i t i on  of  non- l abe led  ouaba ln .  N o n 4 p e c i f l c  b ind ing  obse rved  in the absence  of  ATP  was  su b t r ac t ed .  
D e o x y c h o l a t e ,  d e o x y c h o l a t e - t r e a t e d  e n z y m e  p r e p a r a t i o n s  su sp en d ed  in an  E D T A  so lu t ion ;  Nal ,  Nal-  
t r e a t ed  e n z y m e  p repa ra t i ons  s u s p e n d e d  in an  imidazo le  b u f f e r  so lu t ion :  g lycerol ,  g lyce ro l - t r ea ted  e n z y m e  
p repa ra t i ons  su spended  in a sucrose  so lu t ion .  
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T A B L E  VI 

K I N E T I C  P A R A M E T E R S  F O R  T H E  I N T E R A C T I O N  B E T W E E N  O U A B A I N  A N D  B R A I N  (Na  ÷ + K*) - 
A T P a s e :  E F F E C T S  O F  P U R I F I C A T I O N  P R O C E D U R E S  

V a l u e s  are t h e  m e a n  +_ S .E .M.  o f  4 e x p e r i m e n t s .  A f t e r  the  1st d e o x y c h o l a t e  t r e a t m e n t ,  t h e  e n z y m e  pre-  

p a x a t i o n s  w e r e  s u s p e n d e d  in  E D T A  s o l u t i o n .  A f t e r  t h e  N a l  t r e a t m e n t ,  the  e n z y m e  p r e p a r a t i o n s  w e r e  sus- 

p e n d e d  in  a n  i m i d a z o l e  b u f f e r  s o l u t i o n .  

F r a c t i o n  A p p a r e n t  a s s o c i a t i o n  O v e r a l l  d i s s o c a t i o n  D i s s o c i a t i o n  

rate c o n s t a n t  rate c o n s t a n t  c o n s t a n t  
( raM - I  • s - l )  ( ( 1 0 0  s) -1) ( n M )  

H o m o g e n a t e  in  s u c r o s e  27 .7  ~* 4 .0  0 . 1 1 0  -* 0 . 0 3 0  3 9 . 7  

A f t e r  1s t  d e o x y c h o l a t e  t r e a t m e n t  3 1 . 3  ± 2 .8  0 . 1 0 3  ± 0 . 0 2 3  32 .9  

A f t e r  t h e  N a l  t r e a t m e n t  2 7 . 0  ± 5 .0  0 . 1 2 0  ± 0 . 0 1 5  4 4 . 0  

G l y c e r o l - e n z y m e  21 .3  ± 2 .3  0 . 1 7 4  ± 0 . 0 3 6  * 8 1 . 7  * 

* S i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o r r e s p o n d i n g  values  for the  p r e c e d i n g  s t ep  (P < 0 . 0 5 ) .  

ciation rate constants predicts that  the release of ouabain from the renal 
enzyme should be slower than that  of ouabain from the cerebral or cardiac 
enzyme after the termination of  the ouabain binding reaction. In order to test 
this prediction, the rates of the release of  [3H]ouabain bound to (Na" + K÷) - 
ATPase was monitored at 37°C. The enzyme preparation was incubated with 
[3H]ouabain in the presence of Na ÷, Mg 2÷ and ATP at 37°C for 10 min as 
described in Methods. After the 10 min incubation, the binding of [aH] ouabain 
was terminated by the addition of excess non-labeled ouabaln (final concentra- 
tion, 0.1 mM) and the subsequent release of bound [3H]ouabain was observed 
by taking aliquots at indicated times and estimating the amount  of bound, un- 
dissociated [3H]ouabain by the filtration and liquid scintillation techniques. 
The rates of the release of ouabain from NaI-treated enzyme preparations were 
similar for brain and heart, whereas that  of ouabain from renal enzyme prepara- 
tions was markedly slower (Fig. 5). These observations are in good agreement 
with kinetically-determined overall dissociation rate constants. 

The rate of the release of  [ 3H] ouabain from (Na ÷ + K*)-ATPase in brain homog- 
enates and in deoxycholate-treated cardiac enzyme preparations was markedly 
slower than corresponding values in NaI-treated enzyme preparations (Fig. 5). 
In these crude preparations (brain homogenate or deoxycholate-treated cardiac 
enzyme), the rate of ouabain release was similar to that  of glycerol-treated 
renal enzyme preparations. These findings indicate that  the purification proce- 
dures alter the kinetics of the interaction between oubain and (Na*+ K*) - 
ATPase. 

Alterations of kinetic parameters for the ouabain-enzyme interaction was 
further confirmed by the estimation of the apparent association and the overall 
dissociation rate constants during the purification of brain (Na ÷ + K÷)-ATPase 
(Table VI). Changes in the apparent association rate constants were minimal 
during the purification process. Overall dissociation rate constants, however, 
were significantly increased by the glycerol t reatment  of the enzyme. As the 
result, dissociation constant,  or the affinity of (Na ÷ + K÷)-ATPase for ouabain, 
was markedly altered by the glycerol treatment.  



325 

Discussion 

Kinetic parameters reported in this paper compare favorably with those 
reported earlier [4--7,11--16,26,27] considering the difference in experimental 
conditions. In the present study, these values were obtained with a non-steady 
state kinetic analysis of the ATP-dependent [3H]ouabain binding reaction. The 
results indicate that  the renal (Na* + K÷)-ATPase is more sensitive to ouabain 
than cerebral or cardiac enzymes, primarily due to the difference in the disso- 
ciation rate constants. Concomitantly,  the rate of the release of [3H]ouabain 
bound to (Na* + K*)-ATPase was slower with renal enzymes than with cerebral 
or cardiac enzymes. These tissue-dependent differences in ouabain sensitivity, 
however, may be artifactual. Less purified cerebral or cardiac enzyme prepara- 
tions had lower dissociation rate constants for ouabain; closer to that  of the 
renal enzyme. 

Glycerol t reatment  increased the dissociation rate constant for the complex 
of brain enzyme with ouabain. Association rate constant,  however, was only 
minimally affected by the purification procedure. These findings are consistent 
with the concept that  the release of ouabain from (Na ÷ + K÷)-ATPase is regu- 
lated by a lipid barrier, whereas the rate of ouabain binding is primarily deter- 
mined by the concentration of the phosphoenzyme [17,28,29], and that  the 
glycerol t reatment affects the membrane lipids associated with (Na÷+ K÷) - 
ATPase. Influence of detergent treatments or lipolysis with phospholipase A 
on the level of [3H]ouabain binding has been also reported [30]. In this con- 
text,  however, the lack of marked effect of the deoxycholate t reatment  on the 
overall dissociation rate constant  was unexpected. Perhaps, the effects of a par- 
ticular t reatment  on membrane lipids are dependent  on the concentration of the 
agent and the duration of the treatment.  Moreover, the influence of the treat- 
ment  by a given concentration of deoxycholate or glycerol seems to depend on 
the source of the enzyme. Glycerol t reatment  which affected the turnover 
number of  (Na ÷ + K÷)-ATPase in the brain or kidney failed to affect that  of the 
enzyme in the heart. Recently, Zubler-Faivre and Dunant  [31] reported that  an 
extensive purification process failed to affect the turnover number of (Na ÷ + 
K*)-ATPase in the electric organ of  Torpedo marmorate. The differential 
effects of a given purification procedure on (Na ÷ + K÷)-ATPase in different tis- 
sues are consistent with the present finding that  the method of Pitts et al. [18] 
which is optimized for the cardiac tissue was not  suitable for the brain or kid- 
ney tissue. Thus, the purification procedure should be carefully selected for 
each enzyme source. An over-treatment influences the properties of (Na ÷ + K÷) - 
ATPase. 

The interaction of digitalis derivatives with cardiac (Na ÷ + K*)-ATPase is of 
particular interest because these cardiotonic substances specifically inhibit car- 
diac (Na ÷ + K÷)-ATPase in low concentrations [32]. In order to determine 
whether the cardiac (Na ÷ + K÷)-ATPase could be the positive inotropic receptor 
for digitalis, extensive studies have been performed exploring the relationship 
between the binding of digitalis derivatives to cardiac (Na ÷ + K÷)-ATPase and 
the inotropic action of these compounds (see refs. 1, 9, 33). Usuaully, a corre- 
lation was observed between these two events. Most studies, however, were per- 
formed with extensively purified enzyme preparations, and therefore uncertain- 



3 2 6  

ties exist with regard to the quantitative relationship between the drug-enzyme 
interaction observed in vitro and the drug-enzyme interaction which occurs in 
the beating heart. 

Cardiac (Na * + K*)-ATPase requires extensive purification for ATPase assay 
because of relatively low (Na ~ + K+)-ATPase and high Mg2+-ATPase activities. 
Thus, cardiac homogenates have been used only in studies involving the esti- 
mation of  the rates of glycoside binding and release, or the estimation of the 
concentration of easily accessible glycoside binding sites on the enzyme [ 15,21, 
34--36]. (Na++ K*)-ATPase activity or the total concentration of the glyco- 
side binding sites on the enzyme cannot  be estimated without  a disruption 
of membrane lipids in this tissue [37]. 

Deoxycholate and glycerol treatments, both aimed at the alteration and dis- 
ruption of the membrane lipids, decreased the apparent turnover number of 
(Na ÷ + K+)-ATPase. Such a decrease in the apparent turnover number is due to 
the effects of these treatments to increase the concentration of ouabain binding 
sites to a greater degree than to increase the (Na ÷ + K+)-ATPase activity. These 
findings are consistent with an earlier report by Kyte [6] that  the turnover 
number of (Na ÷ + K+)-ATPase decreases as the enzyme purification progresses. 
One possible explanation for this phenomenon is that  these treatments expose 
ouabain binding sites and catalytic sites on the enzyme differentially. This 
explanation, however, does not  appear to be the case since both (Na* + K+) - 
ATPase and [3H]ouabain binding reactions have similar lipid requirements and 
similar obligatory steps, such as the binding of ATP, Na ÷ and Mg 2÷ to the 
enzyme under the present experimental conditions. After the phosphorylation 
of the enzyme, (Na * + K÷)-ATPase reaction requires the binding of K*, whereas 
[3H]ouabain binding reaction requires the binding of ouabain to the enzyme. 
Both K ÷ and ouabain bind to the enzyme at sites on the enzyme exposed to the 
extracellular space, and hence differential exposure of  the binding sites by 
deoxycholate or glycerol t reatment  seems unlikely. An alternative explanation 
is that  these treatments change the characteristics of membrane lipids asso- 
ciated with (Na ÷ + K*)-ATPase such that  the [3H]ouabain binding is favored, 
whereas the turnover of the enzyme is hindered. The reduction of the dephos- 
phorylation rate [38] or the fluidization of the membrane lipids [39] would 
bring about  such a condition. Studies on the tissue-dependent differences in 
effects of deoxycholate or glycerol treatments on the properties of membrane 
lipids associated with (Na* + K+)-ATPase might shed light on these problems. 

Acknowledgments 

This work was supported by a USPHS grant, HL-16052 from the National 
Heart, Lung and Blood Institute. The authors thank Dr. Theodore M. Brody for 
encouragements and suggestions. 

References 

1 S c h w a r t z ,  A. ,  L i n d e n m a y e r ,  G .E .  a n d  Al len ,  J .C .  ( 1 9 7 5 )  P h a r m a c o l .  Rev.  27 ,  3 - - 1 3 4  
2 J Orgensen ,  P .L . ,  H a n s e n ,  O. a n d  G l y n n ,  I.M. ( 1 9 7 3 )  B i o c h i m .  Biophys .  Acta  2 9 1 ,  7 7 5 - - 8 0 0  
3 S m i t h ,  T .W. ,  W a g n e r ,  J r . ,  H. ,  Y o u n g ,  M. and Kyte ,  J.  ( 1 9 7 3 )  J .  Clln.  Inves t .  52,  7 8 a - - 7 9 a  



327 

4 Post, R.L., Sen, A.K. and Rosenthal,  A.S. (1965) J. Biol. Chem. 240, 1437--1445 
5 Albers, R.W. (1967) Annu. Rev. Biochem. 36 ,727 - - 756  
6 Kyte,  J. (1971) Biochem. Biophys. Res. Commun.  43, 1259--1265 
7 J~rgensen, P.L., Skou,  J.C. and Solomonson,  L.P. (1971) Biochim. Biophys. Acta 233 , 381 - -394  
8 Repke, K., Est, M. and Port/us, H.J. (1965)  Biochem. Pharmacol. 14, 1758--1802 
9 Akera, T. and Brody, T.M. (1976) Life Sci. 18, 135--142 

10 Akera, T., Larsen, F.S. and Brody, T.M. (1969) J. Pharmacol. Exp. Ther. 170, 17--26 
11 Tobin,  T., Brody, T.M. (1972) Blochem. Pharmacol.  21, 1553--1560 
12 Akera,  T., Baskin, S.I., Tobin,  T. and Brody, T.M. (1973) Naunyn-Schmiedeberg 's  Arch. Pharmacol 

277, 151--162 
13 Erdman, E. and Schoner,  W. (1973) Biochim. Blophys. Acta 307 ,386- -398  
14 Whit tam, R., HaUam, C. and Wattam, D.G. (1976) Proc. Roy. Soc. Lond. series B 193 ,217- -234  
15 Akera, T., Ku, D., Tobin,  T. and Brody, T.M. (1976) Mol. Pharmacol. 12, 101--114 
16 Akera, T. (1971) Biochim. Biophys. Acta 249, 53--62 
17 Choi, Y.R. and Akera, T. (1977) Biochim. Biophys. Acta 481 , 648 - -659  
18 Pitts, B.J.R., Lane, L.K. and Schwartz,  A. (1973) Biochem. Biophys. Res. Commun.  53, 1060--1066 
19 Tobin, T., Akera, T., Baskin, S.I. and Brody, T.M. (1973) Mol. Pharmacol. 9 , 336 - -349  
20 Hansen, O., Jensen, J. and N1brby, J.G. (1971) Nat. New Biol. 234, 122--124 
21 Allen, J.C., Martinez-Maldonado, M., Eknoyan,  G., Sukl, W.N. and Schwartz, A. (1971) Biochem 

Pharmacol. 20, 73--80 
22 Dye, J.L. and Nicely, V.A. (1971) J. Chem. Educ. 4 8 , 4 4 3 - - 4 4 8  
23 Han, C.S., Tobin, T. Akera,  T. and Brody, T.M. (1976) Biochim. Biophys. Acta  4 2 9 , 9 9 3 - - 1 0 0 5  
24 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall,  R.J. (1951) J. Biol. Chem. 193, 265--275 
25 Pitts, B.J.R. and Schwartz, A. (1975) Biochim. Biophys. Acta  401 , 184 - -195  
26 Inagaki,  C., Lindenmayer ,  G.E. and Schwartz,  A. (1974) J. Biol. Chem. 249, 5135--5140 
27 Wallick, E.T. and Schwartz,  A. (1974) J. Biol. Chem. 249, 5141--5147 
28 Barnett ,  R.E. (1970) Biochemistry 9, 4644--4648 
29 Akera, T., Tobin,  T., Gatti ,  A., Shieh, I.-S, and Brody, T.M. (1974) Mol. Pharmacol. 10, 509--518 
30 Charnock, J.S., Simon.son, L.P. and Almeida,  A.F. (1977) Biochim. Biophys. Acta 465, 77--92 
31 Zubler-Faivre, L. and Dunant ,  Y. (1976) Mol. Pharmacol. 12, 1007--1018 
32 Lee, K.S. and Klaus, W. (1971) Pharmacol.  Rev. 23, 193--261 
33 Akera, T. (1977) Science 198, 569--579 
34 Ku, D., Akera, T., Pew, C.L. and Brody, T.M. (1974) Naunyn-Schmledeberg 's  Arch .  Pharmacol 

(1974) 285 ,185 - -200  
35 Akera, T., Ku, D.D. and Brody, T.M. (1977) Europ. J. Pharmacol. 45, 243--249 
36 Ku, D.D., Akera, T., Weaver, L.C. and Brody, T.M. (1977) Naunyn-Schmiedeberg 's  Arch. Pharmaeol. 

in press 
37 Besch, Jr., H.R., Jones,  L.R. and Watanabe, A.M. (1976) Circ. Res. 39, 586--595 
38 Tobin, T., Akera, T., Lee, C.Y. and Brody, T.M. (1974) Biochim. Biophys. Acta 345, 102--117 
39 Grisham, C.M. and Barnett ,  R.E. (1973) Biochemistry 12, 2635---2637 


