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SUMMARY" 

A Io-min incubation of the (Na+ + K+)-activated ATPase preparation with 
20 #g trypsin per mg protein at 25 ° decreased ATPase activity by approx. 5o~o, 
whereas only IO-I5-fold greater concentrations of subtilisin A and of chymotrypsin 
decreased the activity to the same extent. Yet the simultaneously measured proteolysis 
was 5-6-fold more with subtilisin A or with chymotrypsin than with trypsin. 

The loss in ATPase activity with proteases was partly counteracted by Mg 2+, 
Na +, and K+. The protective effect of cations against trypsin could be modified by 
ATP : the action of Mg 2+ was completely abolished; the protection by K +, in the pre- 
sence of Mg ~+, was considelably lessened by ATP, whereas, under similar conditions, 
the effect of Na+ was not influenced at all by ATP. 

The experiments suggest that trypsin, in contrast to chymotrypsin and sub- 
tilisin A, acts at the region of the active centre of ATPase. The effect of cations and 
ATP are manifested by a change in the conformation of the ATPase molecule; the 
conformation is different in the presence of Mg 2+ + ATP + Na + and in the presence 
of Mg 2+ + ATP + K +. These changes in conformation of the enzyme system seem to 
constitute the basis of the active ion transport across the cell membrane. It  is likely 
that arginine or lysine has an important functional role in the active centre of (Na + + 
K÷)-activated ATPase. 

INTRODUCTION 

In spite of the many investigations of the membrane-bound (Na + + K+)- 
activated ATPase, the exact mechanism of Na+ and K + transport, catalyzed by this 
enzyme system, still remains to be clarified. Recently, the role of possible structural 
changes in the enzyme system during the translocation of Na + and K + has been 
considered 1-4. 

In the present study the decrease of (Na ÷ + K+)-activated ATPase activity 
caused by different proteases and the influence of Mg 2+, Na +, K + and adenine nucleo- 
tides on this effect have beeninvestigated. The results suggest that ATP and monovalent 
cations change the conformation of the enzyme system, and that trypsin, in contrast 
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to other proteases, splits peptide linkages at the region of the active centre of (Na~ i- 
K+)-activated ATPase. 

METHODS 

The (Na + + K~ )-activated ATPase, free from the Mg2~-activated ATt'-hydrolyz- 
ing enzyme, was prepared from rat brain, as described previouslyS, 6 apart from a single 
washing of the final pellet (performed with o.25 M sucrose containing o.I mM EDTA 
and 5 mM Tris-chloride buffer (pH 7.4)). 

Incubation of file enzyme preparation was carried out with different proteases 
at 25 ° in a I.o-ml vol. containing 25 mM Tris chloride buffer (pH 7-4 and 8.o, respect- 
ively), ~.o mg ATPase protein and the substances to be tested. After incubation the 
reaction with trypsin was stopped by addition of 2o ~g soy-bean trypsin inhibitor. 
No inhibitor was used in the case of chymotrypsin and subtilisin A. In these cases the 
ATPase activity was assayed immediately after the incubation had been completed. 

The ATPase activity of incubated samples was determined in a 2.o-ml test vo- 
lume containing 5o mM Tris-chloride buffer (pH 7.4), 5 mM Mg 2~ , 5 mM ATP (Tris salt), 
I00 lnM Na + and 2o mM K +. After io rain incubation at 37 °, I.O ml of 2O°'o trichloro- 
acetic acid was added and the amount of P liberated was estimated bv the method of 
LOHMANN AND JENDRASSIK 7. ATPase activity was expressed as ~mole P per IO rain 
per o.2 mg ATPase protein. 

The digestion of the ATPase preparation in the presence of different proteases 
was detected either by the pH-stat procedure or by the estimation of acid-soluble 
split products. The pH-stat measurernents were carried out at pH 7.4 ff)r trypsin or 
subtilisin A and at pH 8.o for chymotrypsin, at 25 ° with a Radiometer TTT I, ~- SBU/ 
SBR 2 assembly. IO mg ATPase protein were digested in IO ml vol. containing 2o/~g/mt 
trypsin, or 20o #g/ml subtilisin A, or 300 #g/ml chymotrypsin. After preliminary 
adjustment of the pH of the protease-ffee assay system, the steadiness of the pH was 
observed for 2o min during continuous flushing of the gas phase with N 2. The solutions 
of proteases were also adjusted to the desired pH prior to use. Titrations were per- 
formed with o.oi M NaOH. 

For absorbance measurements of acid-soluble split products, I.O mg ATPase 
protein was incubated at 25 ° in a I.o-ml vol. containing 25 mM Tris chloride buffer 
and 2o #g trypsin, 2oo/~g subtilisin A, 3oo/~g chymotrypsin, respectively. The pH of 
the buffer was 7.4 for trypsin and subtilisin A, and 8.o for chymotrypsin. After the 
completion of the incubation I.O ml lO% trichloroacetic acid was added to the media 
and the absorbance of the protein-free filtrate was determined in a o.5-cm cell at 
280 ml~. 

Trypsin (2 x crystallized, salt free ; Sigma, U.S.A.) was dissolved in o.ooi M HC1 
and neutralised prior to use. Soy-bean trypsin inhibitor (5 x crystallized) and sub- 
tilisin A (crystalline) were products of Serva (Germany), ~-chymotrypsin (2)< crystall- 
ized) was purchased from Boehringer (Germany) and from Reanal (Hungary). 

RESULTS 

Effect of incubation with proteases on the (Na  + + K+)-activated ATPase  activity 
Incubation of the ATPase preparation with trypsin, ehymotrypsin or subtilisin 

A at 25 ° caused a steady loss in ATPase activity (Fig. i). 

13iochim. Biopkys. ~4cta, i5i (t968) 42r 428 



EFFECT OF PROTEASES ON (Na + + K + ) - A T P A s E  423  

1.0" 

~ 0.8- 

0.6 

0.4 

0.2 

without proteose 

0 
0 10 20 30 40 50 60 Time (min) 

Fig. I. Ac t iv i ty  of  t he  (Na + + I~+)-activated A T P a s e  af ter  i ncuba t ion  wi th  t ryps in ,  subt i l i s in  A 
a n d  c h y m o t r y p s i n ,  i .o m g  A T P a s e  prote in  was i ncuba t ed  a t  25 ° in a i .o-ml  s ample  con ta in ing  
25 m M  Tr is -ch lor ide  buffer  and  20/zg t ryps in ,  200/zg subt i l i s in  A, 300/zg e h y m o t r y p s i n ,  respec-  
t ively.  The  p H  of  buffer  was 7.4 for t ryps in  and  subt i l i s in  A, and  8.0 for c h y m o t r y p s i n .  Af te r  t h e  
comple t ion  of  t he  incuba t ion  the  A T P a s e  ac t iv i ty  of  o.2 ml  incuba ted  suspens ion  was e s t i m a t e d  
as descr ibed in METHODS. A T P a s e  ac t iv i ty :  /zmole Pi/IO min  per  0.2 m g  protein.  

The decrease in ATPase activity was approx. 5o% after IO rain incubation in 
the presence of either 20/~g trypsin or 200/~g subtilisin A. In the case of 300 #g chymo- 
trypsin the same decrease was observed only after 30 rain. Incubation of the ATPase 
preparation in the absence of proteases at 25 ° had no effect on the ATPase activity in 
the course of 60 rain. 

On the other hand, the simultaneously estimated proteolytic digestion rate of  
the ATPase preparation was 5-6-fold higher in the presence of chymotrypsin or sub- 
tilisin A than in the presence of trypsin as measured either by pH-stat (Fig. 2a) or as 
acid-soluble split products (Fig. 2b). 

If the enzyme preparation was incubated in the absence of proteases and the 
required amount of protease was added directly to the ATPase assay system, no loss 
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Fig. 2. a. Diges t ion  of  A T P a s e  p repa ra t ion  by  t ryps in ,  subt i l i s in  A and  c h y m o t r y p s i n ;  p H - s t a t  
records.  For  expe r imen t a l  deta i ls  see METHODS. b. Absorbance  of  acid-soluble spli t  p roduc t s  
a f te r  d igest ion of  A T P a s e  p repa ra t ion  by  t ryps in ,  subt i l i s in  A and  c h y m o t r y p s i n .  For  experi-  
m e n t a l  detai ls  see METHODS. 
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T A B I . E  I 

ACTIVITY OF THE ( N a  4 ~ }~)-ACTIVATED k T P A s E  AFTER INCUBATION WITH PROTFASES 

I.O nlg ATPase  pro te in  was incuba ted  a t  25 ° for IO rain in a i .o-nl l  sample  con ta in ing  -'5 nlM 
Tris -chloride troffer e i ther  w i th  (2o [*g t ryps in  or 2oo ttg subt i l i s in  A or 3oo / tg  c h y m o t r y p s i n )  or 
w i t h o u t  protease.  The p i t  of the  buffer was 8.0 for c h y m o t r y p s i n ,  in the  o ther  cases i t  was 7-4. 
W h e n  incuba t ed  in the  absence of proteases,  the requi red  a m o u n t s  of pro teases  (4 ttg t ryps in ,  
4 ° [tg subt i l i s in  A, 60 itg chymot ryps in ,  respect ively)  were added  d i rec t ly  to  the  ATPase  assay  
svs tem.  After  the  comple t ion  of the  incuba t ion  the  AT1)ase a c t i v i t y  of 0.2 ml incuba ted  suspen- 
s{on was es t in la ted .  Other  e xpe r im e n t a l  condi t ions  as for Fig. i. 

Condilions ( N a  ~ ~- K~ )-activated 
A TPase  activity after in- 
cubation ~,ith proteasc 

In  incubating [2: assav 
mediztm ,~vstem 

I . o 0  I .oO 

0 .52  I .OI  

0.56 o.96 
0.78 o.99 

No pro tease  
Tryps in  
Subt i l i s in  A 
C h y m o t r y p s i n  

in the ATPase activity was found (Table I). This indicated that components of the 
assay system prevented the decrease of ATPase activity. 

The protective effect of cations against proteases 
The protection of ATPase against proteases was different in the presence of 

either Mg z+ or Na + or K + (Table II). Both Na + and K + protected against trypsin, 
subtilisin A and chymotrypsin. The protective effect of Mg 2+ was observed only with 
trypsin. However, the protection of ATPase against this protease by K + was more 
marked than by the other two cations. 

The protective effect of Mg 2+, Na + or K + could not be a consequence of the 
inhibition of trypsin itself, since these ions did not decrease its action on a synthetic 
substrate such as benzoylarginine@-nitroanilide. Similarly, the tryptic digestion of 
proteins of the ATPase preparation was not decreased by Mg 2+, Na ~ or K ~ as measured 

"FABLE I I  

ACTIVITY OF THE ( N a  + @ 14 ~)-ACTIVATED A T P A s E  AFTER INCUBATION "vVITH TRYPSIN, SUI3TILISIN A 

AND CHYMOTRYPSIN; EFFECTS OF M g  2+, Na, + AND K F 

i n c u b a t i o n  of ATPase  p r e pa r a t i on  wi th  different  pro teases  was per formed  a t  25 ° for 20 rain 
e i ther  in the  absence of added  ions or in the  presence of 2.5 mM Mg2% ioo  mM Na ~, 1oo mM K ~ , 
respec t ive ly .  Other  expe r im e n t a l  condi t ions  as in the  legend of Fig. i.  

Conditions ( N a  + + K+)-activated A TPase  activity 
after incubation with protease b 

_ 21/[~2+ N a  + K +  

No pro tease  1.o 4 1,o2 1.o 4 I.O.4 
Tryps in ,  20 itg 0.34 o,56 o.51 0-75 
Subt i l i s in  A, 200 / /g  0.37 o.32 0.68 0.64 
Chymot ryps in ,  300 l~¢g 0.62 o.31 0.83 0.82 
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T A B L E  I I I  

ACTIVITY OF T H E  ( N a  + -~ K+) -ACTIVATED ATPAsE AND ABSORBANCE OF A C I D - S O L U B L E  SPLIT PRO- 

DUCTS AFTER INCUBATION WITH TRYPSIN;  EFFECTS OF Mg 2+, Na+ AND K + 

i .o  mg ATPase  p ro te in  was incuba ted  a t  25 ° for 2o min  in a i .o -ml  sample  con ta in ing  25 mM 
Tr i s -ch lor ide  buffer (pH 7.4), 2o/~g t r y p s i n  and the  ind ica t ed  ions. Af ter  i ncuba t ion  the  ATPase  
a c t i v i t y  was assayed  as in Fig. i,  For  absorbance  m e a s u remen t s  see METHODS, 

Added ions ( N a  + + K +)- A ~s0 mu 
activated 
A TPase  
actwity  

No ions 0.34 o.o21 
Mg ~+, 2. 5 mM o.58 o.o23 
Na  +, ioo  inM o.54 o.o22 
K +, too  mM 0.79 o.o21 

either by the acid-soluble split products (Table I I I )  or by the pH-sta t  procedure. This 
presumably, points to the existence of a large amount of non-ATPase protein in the 
enzyme preparation. Incubation of the preparation with trypsin, either alone or in the 
presence of K +, did not result in any solubilisation of ATPase activity. 

Effect of A T P  on the protective action of Mg 2+, Na + and K+ 
The loss of ATPase activity due to trypsin was not affected by ATP alone. 

Similarly, the protective effect of Na + or K+ was not influenced by ATP alone (Table 
IV). However, the protective action of Mg ~+ was completely abolished by ATP. This 

T A B L E  IV 

ACTIVITY OF T H E  (No, + + I~+)-ACTIVATED ATPAsE AFTER SIMULTANEOUS INCUBATION WITH 

TRYPSIN AND ATP; EFFECTS OF Mg 2+, Na+ AND I~ + 

Incubation of enzyme preparation was carried out at 25 ° for 2o rain in a l.o-ml sample containing 
25 mM Tris-ehloride buffer (pH 7.4), i.o mg ATPase protein, 2o/~g trypsin and Mg z+, Na +, K + 
and ATP, as indicated. Other experimental conditions as in the legend of Fig. i. 

Added ions ( N a  + + K+)-activated A TPase  
activity after incubation 

Without A T P  With  2.5 m M  A T P  

? 

No t ryps in ,  no ions 1.o 4 1.o 4 
No ion o.34 o.34 
Mg*+, 2. 5 mM o.56 o.35 
Na  +, ioo  mM o.51 0.54 
K +, ioo  mM 0.73 o.71 
Mg*+, 2. 5 m M +  Na+, ioo  mM 0.60 0.62 
Mg *+, 2.5 mM + K +, Ioo mM 0.77 o.51 

phenomenon was also observed in the case of a I :I molar ratio of Mg *+ to ATP and in 
the case of a molar excess of Mg *+ (Table V). 

In  the presence of either Na + or K +, addition of Mg ~÷ + ATP yielded different 
results. When incubated with trypsin + Mg ~+ + ATP + Na +, the decrease of ATPase 
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T A B L E  V 

A C T I V I T Y  OF T H E  (N3~ ~ ~- [ £ _ r ) - A C T I V A T E D  : \ T D A s E  A F T E R  I N C U B A T I O N  \VITH T R Y P S I N ;  S I M U L -  
T A N E O U S  ESFECTS OF Mg 24 AND A T P  

~.o i n g  A T P a s e  p r o t e i n  \vas  i n c u b a t e d  a t  25 ° fo r  zo  r a i n  in  a t . o - m l  s a m p l e  c o n t a i n i n g  25 m M  
T r i s - c h l o r i d e  t ro f fe r  ( p t t  7. t), 2o l tg t r y p s i n  and  M g  2+, A T P ,  as  indica~ted.  O t h e r  e x p e r i m e n t a l  
condi t ions  as in the  legend of  Fig. I. 

A d d e d  ( N a ~  I K ~ )  - 
. . . .  acl ivaled .4 Y Pase 
M g  '~' A "l'P act iv i (v  cffter 
( r a M )  ( m ~ f )  i~w~tbation 

o o 0.33 
1.25 o 0.53  
2. 5 o o .5S  
o i .25 o .33  
o 2. 5 o .34  
1.25 ~ .25 o.3.t 
2.5 L 2 5  o.3,t 
2.5 -' .5 o .33  

activity due to ATP was not observed. On the other hand, K +, unlike N a ,  did not 
abolish a further loss in the ATPase act ivity caused by ATP 4- Mg 2 ~ (Table IV). 

In the presence of Mg 2+ + trypsin, A D P  and AMP replaced ATP but their 
effects were smaller than that of ATP (Table VI). 

T A B L E  V [  

ACTIVITY OF THE ( ~ a  @ |4 ~)-ACTIVATILD 2\ ' [ '~ASE AFTER SIMULTANEOUS INCUBATION \VITtt 
TRYPSIN t-  -~,[g2e AND DIFFFRENT ADENINE NUCLEOTIDES 

I n c u b a t i o n  o f  e n z y m e  preparat ion  was  performed a t  "_,5 '~ % r  2o m i n  in  a i . o - m l  s a m p l e  c o n t a i n i n g  
25 m M  " F r i s - c h l o r i d e  b u f f e r  ( p H  7.4),  ~.o m g  A T P a s e  p r o t e i n ,  2 o / t g  t r y p s i n ,  2.5 m M  M g  2+ and 
2. 5 m M  a d e n i n e  n u c l e o t i d e  as  i n d i c a t e d .  O t h e r  e x p e r i m e n t a l  condi t ions  as in  t h e  l e g e n d  o f  F ig .  I .  

.4dded nucleotidc ( N a  ~ d- K ~ ) -  
activated A T P a s e  
act iv it v 

N o  t r y p s i n ,  n o  n u c l c o t i d c  o .gq  
N o  n u c l e o t i d e  o,5-" 
A T P  o .33  
A D P  o ,38  
A M P  o.41 

D I S C U S S I O N  

Incubation of the ATPase preparation with different proteases caused a pro- 
gressive loss in the ATPase activity. The loss was partially counteracted by Mg 2~, 
Na + or K +. This is in agreement with the observation of GREEN AND MASlAK 8, who 
found that Na + or K + protected the ATPase activity against trypsin in human 
erythrocyte stroma. 

The tryptic hydrolysis both of native and denatured serum albumin and lact- 
albumin was inhibited by Na + or K +, if their concentration were higher than o.I M 
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(see ref. 9). Similarly the tryptic digestion of myosin was remarkably dependent on the 
ionic environment 1°. In our experiments the overall tryptic hydrolysis of the ATPase 
preparation was not decreased by cations in the concentration employed. Presumably, 
these cations protected only those peptide bonds which were required for ATPase 
activity. However, protection of peptide bonds may occur only if the cations modified 
the steric accessibility of the ATPase molecule to trypsin. 

SKOU AND HILBERG 4 suggested that ATP caused a structural change in the 
ATPase. In our experiments, ATP was only effective in influencing the loss of ATPase 
activity due to trypsin if Mg 2t was also present, indicating the necessity of Mg 2t for 
binding ATP to the enzyme. The binding of ATP may expose peptide bonds which were 
not accessible to trypsin in the presence of Mg ~t alone. In the presence of Mg 2t, ATP 
lowered the protection by K t while the effect of Na t, on the other hand, was not 
influenced at all by Mg 2t + ATP. It  follows that the conformation of ATPase must 
be different in the presence of Mg ~t + ATP + Na t and Mg ~÷ + ATP + K t. 

Kinetic analysis of the (Na t + Kt)-activated ATPase indicates that the enzyme 
system has two sites with different affinities for Nat  and K t (see refs. i, II ,  12). The 
fact that the enzyme system is activated by Na t and K+ on different sides of the 
membrane 1 suggests rotation of the active centre of the enzyme protein. It  is likely 
that conformational changes exerted by ATP and by the transported monovalent 
cations in the membrane-bound (Na t + Kt)-activated ATPase, constitute the basis 
of the rotation of the active centre of the enzyme system bringing about the vectorial 
translocation of Na + and K t.  

The tryptic digestion of myosin yields subunits without any loss in the original 
ATPase activity 13-~e. The active centre in the myosin is thus resistant to trypsin. In 
our experiments trypsin caused a remarkable decrease in the membrane-bound 
ATPase activity. This points to a cleavage of peptide bonds at the region of the active 
centre of the ATPase. In this relationship it is also of interest that, compared with 
trypsin, subtilisin A and chymotrypsin required concentrations producing a 5-6-fold 
higher digestion rate to give a similar loss in the ATPase activity. 

In view of the facts that trypsin splits peptide linkages involving the carboxylic 
group of a basic amino acid, that the effect of trypsin was partially counteracted by 
Mg 2+, Na + and K +, and that ATP changed the effect of cations on the enzyme system, 
one may conclude that arginine or lysine is likely to be involved in the active centre of 
the (Nat + Kt)-activated ATPase. This hypothesis is supported by experiments of 
JEAN AND BADER 17 according to which arginine is possibly located near the phosphoryl- 
ated site of the (Na+ + K ÷)-activated ATPase. 
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