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SUMMARY 

I. The particle which contained the (Na + + K+)-activated enzyme system was 
labeled with a2p from [a2pIATP, [32p~ITP and 32Pi. The labeling from these three 
different sources was influenced by Mg 2+, Na +, K +, and g-strophanthin. 

2. With Ia2p~ATP there were two kinds of labeling which differed in that one, 
the unstable, decreased when all E32P~ATP was hydrolyzed, whereas the other, the 
stable, did not. With Mg 2+, the unstable labeling was low and the stable high. Na + 
increased the initial rate as well as the amount of unstable labeling and decreased the 
stable labeling; this effect was most pronounced with a low concentration of ATP. 
With Mg 2+ + Na + + K +, the unstable labeling was very low, and the stable labeling 
was lower than with Mg 2+ + Na +. When K+ or unlabeled ATP was added to a pre- 
labeled particle, the unstable labeling rapidly decreased, whereas the stable labeling 
remained unaffected. 

3. The enzyme system was also labeled from [32p]ATP at o °, and the effects of 
the cations at o ° and at 37 ° were similar. However, at o °, the decrease in labeling due 
to K + was not accompanied by an increase in hydrolysis. 

4- With IaepIITP, the effect of the cations on the labeling was similar to that 
found with E32P!ATP, but the rate of labeling and the amount of 3~p incorporated per 
mg protein was lower. 

5. The highest labeling from a2Pi was found with Mg 2+, then followed by Mg e+ + 
Na +, and the lowest labeling was found with Mg 2+ + Na + + K +. This is the same 
pattern as for the stable labeling from Ea2PIATP. From the experiments with 32Pi it 
could be estimated that 5-3o % of the stable labeling in the experiments with [aepIATP 
came from 3eP i released in the test solution when [a~pIATP was hydrolyzed. 

6. g-Strophanthin with Mg 2+ and Ea2P]ATP or [32p]ITP in the medium affected 
neither the labeling nor the hydrolysis. With [32P]ATP and Mg 2+ + Na +, g-stro- 
phanthin decreased the unstable and increased the stable labeling. In concentrations 
of g-strophanthin giving a maximum effect, the labeling with Mg 2+ + Na + + g- 
strophanthin was identical with that of Mg 2+ -7 Na+ -7 K+ -7 g-strophanthin. 

7. With [a2p!ATP and Mg ~+ -7 Na+ at 0 °, g-strophanthin decreased the labeling 
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to the level found with Mg 2÷ + Na + + K + and decreased the hydrolysis. The concen- 
tration of g-strophanthin necessary to decrease the labeling was lower than that which 
was necessary to give the same relative decrease in hydrolysis. With Mg 2+ + Na + + 
K +, g-strophanthin had no effect on the labeling and caused only a very slight decrease 
in hydrolysis. 

8. With [a2p!ITP, the effect ofg-strophanthin was similar to that with [3epJATP 
at 37 °. With 32Pi and with Mg 2+ + Na + + K +, g-strophanthin increased the labeling 
to a level which was higher than with Mg 2+ without g-strophanthin. This contrasted 
with the stable labeling from [3~piATP , which, with Mg 2+ + Na + + K + + g-stro- 
phanthin, was between the labeling with Mg 2+ and Mg 2+ + Na +. 

9. At 37 °, oligomycin, like g-strophanthin, had no effect on the labeling or on the 
hydrolysis with Mg 2+, but decreased the hydrolysis with Mg 2+ + Na + and with Mg 2+ + 
Na + + K+. In contrast to the effect of g-strophanthin, it increased both the unstable 
and the stable labeling with Mg 2+ + Na+; it also increased both the unstable and the 
stable labeling with Mg 2+ + Na + + K + to a level approximating that obtained with 
Mg e+ + Na + without oligomycin. 

IO. The unstable labeling showed that there was a phosphorylation followed by 
a dephosphorylation of the enzyme particle. The similarity between the effects of the 
cations and of g-strophanthin on the phosphorylation and on the hydrolysis of ATP 
suggested that the (Na + + K+)-activated enzyme system was responsible for the 
phosphorylation. From the experiments it was not possible to tell if the stable labeling 
was also catalyzed by this enzyme system or was due to another enzyme which used 
the same substrate but had a different rate constant. 

i i .  I t  is discussed whether the phosphorylation and dephosphorylation found 
with Mg 2+ + Na + in the medium are part of the same hydrolysis pathway as when the 
system is activated by Na + + K +, or whether they are due to a pathway of hydrolysis 
found under conditions where the system gives a Na + - -  Na + exchange. 

INTRODUCTION 

In order to understand how the (Na + + K+)-activated enzyme system functions 
in transporting cations across the cell membrane, it is necessary to know the inter- 
mediate steps in the hydrolysis of ATP by the enzyme system. 

Results of experiments on the ADP-ATP exchange reaction catalyzed by the 
enzyme system suggest that the hydrolysis of ATP leads to a phosphorylation of a 
compound in the microsomal particle which contains the enzyme system 1 4. More 
direct evidence for this comes from experiments with [32p~ATP as the substrate 2,5-18. 
From these experiments it was concluded that there is a Na+-dependent phosphory- 
lation followed by a K+-dependent dephosphorylationS,7,n, TM. 

However a number of problems must be solved before a scheme can be set up 
for the intermediate steps in the hydrolysis of ATP by the enzyme system. One problem 
is the relationship between stable and unstable labeling found with [3~P!ATP as the 
substrate 13,15. Another is the apparent discrepancy between experimental results 
concerning exchange and labeling. The highest exchange is found with Mg 2+, whereas 
Na + decreases the exchange 1. Only when the Mg 2+ concentration is very low or Mg 2+ 
is omitted from the medium does Na + increase the exchangea, 4. However, in the labeling 
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exper iments ,  Mg 2+ is required for the  N a  + effect. A th i rd  problem is the  in t e rp re t a t ion  
of the  Na  + and K + effects on labeling. I t  is somet imes  over looked t ha t  the  conclusion 
tha t  there  is a Na+-dependent  phosphory la t ion  followed b y  a K+-dependent  dephos- 
phory la t ion  is based  on an assumpt ion ;  namely  t ha t  the  phosphory la t ion  found wi th  
Na  + bu t  not  wi th  K + in the  medium is due to Na  + at  the  "Na  + s i te"  and  not  to N a  + 
at  the  " K  + s i te"  (for details ,  see DISCUSSION). 

In this  paper  are given the  exper imenta l  resul ts  of the  labeling from E32P]ATP 
in the  concentra t ions  of 25/~M and 3raM, from [32p] I T P  in the  concent ra t ion  of 25 #M 
and from 32pi. Some of the  results  have been given in a p re l iminary  form12,13. The 
purpose  of the  s t u d y  was to e lucidate  some of  the  above-ment ioned  problems,  bu t  
from tha t  point  of view we have not  been successful, for the  results  raised more 
quest ions t han  gave answers. 

MATERIALS AND METHODS 

Enzyme preparation 
The enzyme was p repared  from ox bra in  b y  a s l ight ly  modified me thod  pre- 

v iously  repor ted  2°. 400 g of the  g ray  m a t t e r  of the  b ra in  were homogenized in 2 1 of 
ice-cold 0.25 M sucrose, 30 mM his t id ine  (pH 7.2, 2 °) and  o .1% sodium deoxychola te .  
Af te r  centr i fuging at  IO ooo x g for 20 rain, the  sediment  was d iscarded;  the  super-  
n a t a n t  was centr i fuged at  2o ooo × g for 60 inin, and  the  sediment  was resuspended b y  
homogeniza t ion  in 780 ml ofo.25 M sucrose wi th  3 ° mM his t idine (pH 7.2, 2 °) and  5 mM 
E D T A  (set to p H  7.2 (2 °) wi th  2-amino-2-methyl - I ,3-propanedio l ) ,  and  o.o5 % sodium 
deoxychola te .  The suspension was centr i fuged at  IO ooo × g for 20 min.,  and  the  
sediment  was discarded.  The modif icat ion was t ha t  the  incubat ion  t ime wi th  deoxy-  
eholate  was increased from 20 min to several  h b y  leaving the supe rna t an t  from this  
cent r i fugat ion  overnight  at  2 °. This increased the  Na  + + K + ac t iva t ion .  The following 
d a y  the  supe rna t an t  was centr i fuged at  20 ooo x g for 6o min;  the  sediment  was 
discarded,  and  the  supe rna t an t  was centr i fuged at  IOO ooo N g for 30 rain. This sedi- 
ment  was resuspended in 12o ml of 0.25 M sucrose, 3 ° mM his t id ine  (pH 7.2, 2 °) and  was 
used as an enzyme source af ter  a final wash. I t  conta ined  1-2 mg pro te in  per  ml. The 
specific ac t i v i t y  was 16o 200/ ,moles  Pi per  mg pro te in  per  h (measured with  3 mM 
Mg 2+, 3 mM ATP,  12o mM Na  +, 30 mM K + (pH 7-4, 370) ` The (Mg 2+ + N a  + + K+)/  
Mg e+ ac t i v i t y  ra t io  was between 8 and 12. The enzyme was s tored at  - - 2o  °. 

In  the  exper iments  compar ing  the label ing of the  enzyme p repa ra t ion  with  a 
low (Mg 2+ + Na+ + K+)/Mg~+ ac t iv i ty  ra t io  and wi th  one having  a higher  ra t io ,  the  
enzyme was p repared  from ox kidney.  The cor tex  of the  k idney  was homogenized in 
ice-cold 30 mM his t idine buffer (pH 7.2, 2°). Af ter  centr i fuging twice at  IO ooo X g for 
3 ° min, the  supe rna t an t  was centr i fuged at  35 ooo X g for 3 ° rain;  the  sediment  was 
washed once, resuspended in ice-cold 3 ° mM his t idine buffer (pH 7.2, 2 °) and  used 
as an enzyme source. This p repa ra t ion  had  an ac t iv i ty  ra t io  of  1. 5. A par t  of it  was 
incuba ted  for 3o-6o min at  o ° with o .1% deoxychola te  and 5 mM E D T A  (pH 7.2, 2°). 
Af ter  incubat ion,  the  enzyme par t ic les  were p rec ip i t a t ed  b y  centr i fugat ion,  resus- 
pended  in ice-cold 30 mM his t id ine  buffer (pH 7.2, 2 °) and  used as an enzyme source. 
The ac t i v i t y  ra t io  b y  this t r e a t m e n t  wi th  deoxychola te  increased to about  8, p a r t l y  
due to an increase in ac t iv i ty  wi th  Mg ~+ + Na  + + K + and pa r t l y  to a decrease in 
ac t iv i ty  with Mg 2+. 
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Labeling of A T P  and I T P  
ATP was labeled with 32p in the y-position according to the method of PrLEI- 

DERER 21. E32P] ITP was prepared from I32pIATP according to the method of KALCHAR 22, 

and the procedure was controlled by chromatography 23. Both [32p3ATP and E32p~ITP 
were separated from 32p i and organic phosphate compounds by elution with Tris-HC1 
from a Dowex i column. The activity of [32pIATP was 3-4 mC//zmole ATP. 32P i w a s  

obtained from the Radiochemical Centre, Amersham, England. 

Assay 
In the labeling experiments, 3 ml of a test solution contained 0.6 ml of enzyme 

solution (1-2 mg protein per ml), 30 mM Tris-HC1 buffer (pH 7-4) and cations as the 
chloride salt in the concentrations given in the figures. In the experiments with 
E32p!ATP and [32pIITP, the solution also contained 0. 5 nlM Pi  to dilute 32p i released 
by the hydrolysis of the triphosphates. The temperature was either 37 ° or o°; the 
reaction was started by tile addition of the labeled substrate while the solution was 
continuously stirred. The reaction time is given in the figures. 

The reaction was stopped by adding 3 ml of 8 °/o ice-cold HC1Oa, and the protein 
was precipitated by centrifugation. In the experiments with [32pIATP and Es2p]ITP, 
the amount of z2Pi and E32piATP or [32pj ITP in the supernatant after the first centri- 
fugation was determined according to the method of LINDBERG AND ERNSTER 2¢, and 
the hydrolysis of ATP or ITP was calculated. 

The precipitate was washed 5 times with ice-cold o.I ~o trichloroacetic acid and 
with IO mM Pi ,  and, in the experiments with [s2pIATP and [32pIITP, 0.I mM of the 
respective triphosphates was added. After the final wash the precipitate was dissolved 
in i ml I M NaOH. A part of this solution was used for protein determination by the 
method of LOWRY et al.25, and a suitable part was plated for 32p i counting in a Frieseke- 
Hoepfner gas flow counter. 

The results of the labeling are given as nmoles or pmoles Pi bound per nag protein 
and are calculated on the basis of the counts/rain per mg protein and on the specific 
activity of the added [32pIATP , [3~PIITP or  32P i. 

The figures show single experimental results, but all experiments were repeated 
from 3 to 5 or more times with the same result. 

RESULTS 

Stable and unstable labeling 
In agreement with what has been found by others2, 5-1s, the microsomal particle 

which contains the (Na + + K+)-activated enzyme system is labeled with a2p when 
E3~p~ATP is used as the substrate. This is shown in Fig. I for an experiment with a low 
(25/~M) concentration of ATP and in Fig. 2 with a higher (3 mM) concentration of ATP. 

It  is seen from Figs. I and 2 that there are two different kinds of labeling: one 
decreases when all [32p~ATP is hydrolyzed to ADP and Pi  and another either does not 
decrease or decreases very slowly. They are named unstable and stable labeling, 
respectively, in the following (cf. ref. 15). 

Furthermore, Figs. I and 2 show that the labeling is highly influenced by the 
cations in the medium and that the differences in the cation effect are influenced by 
the ATP concentration. 
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Fig. I. The  effects of  ca t ions  and  of g - s t r o p h a n t h i n  on t he  incorpora t ion  of 3~p f rom E32P]ATP 
into the  microsomal  part icle (lower figure) and  on the  hydro lys i s  of  A T P  (upper  figure). A T P  
concn. 25/~M; t emp. ,  37 °. The  concen t ra t ions  (mM) of  the  ca t ions  and  of g -s t ropf ian th in  are 
shown  in the  figure. The  asp incorpora t ion  is g iven in th i s  and  t he  following figures apa r t  f rom 
Figs. 9, 16, 17, 21, and  22 as nmoles  or pmoles  Pi  b o u n d  per  m g  microsomal  protein.  The  hydro -  
lysis of  A T P  is g iven  as /zmoles  or nmoles  of  Pi  released f rom A T P  per  m g  of microsomal  pro te in .  

Fig. 2. The  effects of  ca t ions  and  of g - s t r o p h a n t h i n  on the  incorpora t ion  of  asp f rom E~2P]ATP 
into the  microsomal  part icle  (lower figure) and  on t he  hydro lys i s  of  A T P  (upper  figure). A T P  
concn. ,  3 mM;  temp, ,  37 °. The  concen t ra t ions  (mM) of the  ca t ions  and  of g - s t r o p h a n t h i n  are 
shown  in t he  figure• 

Effect of Mg 2+ 
With Mg 2+ the labeling increases to a high level of stable labeling. In some of 

the experiments, it increases to a maximum from which there is a low decrease to the 
stable level, Fig. 2. In others there is a steady increase to the level of stable labeling, 
Fig. i.  This difference is independent of the ATP concentration (cf. Figs. I and 8). 

The concentration of Mg 2+ needed to give maximum labeling with the low ATP 
concentration is about 3 raM, Fig. 3. 

Effect of Na + 
Na + in add i t i on  to Mg 2+ has  th ree  effects on the labeling: (a) it increases the 

initial rate of labeling, (b) changes the maximum labeling obtained and (c) decreases 
the stable labeling. 

For this Na+ effect, Mg 2+ is required in the medium. At the low ATP eoncen- 
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Fig. 3- The effect of varying concentrat ions of Mg ~+ on the incorporat ion of 3~p from [3~P]ATP 
into the microsomal particle• ATP concn., 25/zM; temp.,  37 °. The concentrat ion (mM) of Mg z+ is 
s h o w n  in the  figure. 

tration, the effect is found without the addition of Mg z+, Fig. 4; however, because the 
effect of Na + disappears when EDTA is added and reappears on the addition of Mg 2+, 
it seems to be due to Mg ~+ in the test solution. This Mg ~+ comes partly from the added 
enzyme and partly from the added ATP, which contains a small amount of Mg 2+. 

Both the maximum labeling and the level of stable labeling increase with the 
Mg 2+ concentration up to 3 raM, the highest measured. The differences between the 
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Fig. 4. The effects of 12o mM Na+ and of vary ing  Mg ~+ concentrat ions on the incorporat ion of 
32p f rom ?2P]ATP into the microsomal particle. ATP concn., 25~M~ ; temp.,  37 °. The concen- 
t ra t ion  (mM) of Mg 2+ is shown in the figure. 

Fig. 5- The effect of 3 mM Mg and of varying Na+ concentrat ions on the incorporat ion of 32p 
f rom [32P]ATP into the microsomal particle. ATP concn., 25/~M; temp.,  37 °. The concentrat ions 
(mM) of  Na+ are shown in the figure. 
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m a x i m u m  and the level of s table  label ing which m a y  represent  the  uns tab le  label ing 
are near ly  independen t  of the  Mg 2+ concent ra t ion  from o.I  to  3 mM (Fig. 4). 

At  the  low A T P  concentra t ion,  Na  + increases bo th  the  ini t ia l  ra te  of  label ing 
and the m a x i m u m  obta ined ,  and  there  is a decrease in the  s table  label ing (Fig. 5)- Thus,  
the  uns table  label ing increases. The effect increases wi th  increasing Na + concent ra t ion  
up to 12o raM, the  highest  concent ra t ion  used. 

At  the  high concent ra t ion  of ATP,  Na  + increases the  ini t ial  r a te  of label ing 
(Fig. 6), bu t  the  m a x i m u m  labeling is decreased s imul taneous ly  wi th  a decrease in 
s table  label ing (Figs. 2 and 7)- In  some exper iments  Na  + decreases the  s table  label ing 
more than  the  m a x i m u m  labeling, i .e.  there  seems to be an increase in uns tab le  labeling,  
while in others  there  is none. The increase in the  ra te  above  t ha t  wi th  Mg 2+ is higher  
wi th  io  mM Na  + and  las ts  longer than  with  12o mM (Fig. 7)- Na+ increases the  hydro-  
lysis, bu t  there  seem to be no differences in the  effects of IO mM Na  + and 12o mM N a  + 

(Fig. 7). 
The effect of N a  + on the label ing is also found if  Na  + is added  to the  med ium 

a cer ta in  t ime af ter  the  reac t ion  has been s t a r t ed  only wi th  Mg 2+ (Fig. 8). The addi t ion  
of Na  + af ter  io  sec affects the  uns tab le  labeling s imi lar ly  to Na  + added  at  the  s t a r t  of  
the  react ion.  However ,  the  effect on the  s table  label ing is much lower. I t  appears  t ha t  
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minutes 

f 6~ 

!! Mg3. Ni l20 

2O 6O 1~0 ~iO 

s e t , h a s  
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mlNDTe~ 

Fig. 6. The  effects of  3 m M  Mg"+; 3 m M  Mg 2+, 1 2 o m M  Na+;  3 r a M  Mg ~+, i 2 o m M  K+; and  
of  3 m M  Mg 2+, ioo m M  Na +, 20 mM  K+ ,respect ively,  on the  incorpora t ion  of 32p f rom [32PIATP 
in to  the  microsomal  part icle  (lower figure). The  upper  figure shows  the  effects on hydrolys is .  
A T P  conch.,  3 raM; temp. ,  37 °. 

Fig. 7- The  effect of  3 m M  Mg~+; 3 mM  Mg *+, io  nlM Na+;  3 m M M g  2+, 12o mM Na+;  3 mM Mg 2+, 
io  mM K+; and  3 m M  Mg "+, 12o m M  K+, respect ively,  on the  incorpora t ion  of  3~P f rom [32P]ATP 
into the  mic rosomal  part icle  (lower figure). The  uppe r  figure shows t he  effects on hydrolys is .  
A T P  concn. ,  3 raM; temp. ,  37 °. 
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Fig. 8. The effect of Na  + on the  incorpora t ion  of a2p from [a2p~ATP when  Na + is added  io  sec 
af ter  the  reac t ion  has  been s t a r t e d  wi th  3 mM Mg 2+. A T P  conen., 25/zM; temp. ,  37 °. IOo/zl 
of a 3.6 M solu t ion  of NaC1 was  added  to  2.9 ml of t e s t  so lu t ion  to  br ing  the  concen t r a t ion  of 
Na  + to  12o mM. For  compar i son  is shown the  inco rpora t ion  wi th  3 mM Mg*+ and  wi th  3 mM 
Mg 2+ ,12o mM Na  +, respec t ive ly .  

Fig. 9. The effects on the  labe l ing  wi th  a2p from La=P~ATP of the  add i t i on  of un labe led  A T P  a t  
3 different  t imes  af ter  the  s t a r t  of the  reac t ion  wi th  3 mM Mg 2+, 12o mM Na +. A T P  concn., 25/zM; 
temp. ,  37 °. Unlabe led  A T P  was  added  to  a c o n c e n t r a t i o n  of 5oo FM af te r  io, 2o and  3oo sec, 
respect ive ly ,  in 3 para l le l  exper iments .  For  compar i son  is shown the  l abe l ing  w i t h  3 mM Mg ~+, 
12o mM Na + w i t h o u t  a d d i t i o n  of un labe led  ATP.  Abscissa  : t ime  (sec). Ord ina t e  : l abe l ing  (counts /  
min  per  mg  protein) .  

the stable labeling has reached a certain level during the Io-sec run with only Mg 2+, 
and tha t  the addit ion of Na + cannot  decrease the stable labeling but  prevents  a further 
increase. In  accordance with this, it is found tha t  the addit ion of  Na  + after complete 
hydrolysis of  A T P  has no effect on the stable labeling. 

Effect of unlabeled ATP on prelabeled particles 
Unlabeled AT P  added to the reaction mixture  at different times after the reaction 

has been s tar ted with Mg =+ + Na + immediate ly  decreases the counts/min per mg 
protein as long as the initial [32p]ATP has not  been completely hydrolyzed (Fig. 9). 
The labeling decreases to a lower level the earlier the unlabeled ATP  is added in the 
reaction. Thereafter,  the labeling increases again to a level identical to the stable 
labeling obtained when unlabeled AT P  has not  been added. 

Unlabeled AT P  added after complete hydrolysis of  the [a2PIATP has no effect 
on the stable labeling (cf. ref. 17). 

Effect of K+ 
When there is Mg 2+ in the medium, the effect of Li+ is similar to, a l though lower 

than,  tha t  of Na  + (not shown). K + has no effect at a low ATP  concentration. 
At a high ATP  concentration,  IO mM K + has no effect, whereas I2O mM K + decreases 
the labeling. K+ does not increase the initial rate of  labeling as Na + but  rather  decreases 
it (Figs. 6 and 7). K+ has no effect on the hydrolysis. 

With  Mg 2+ + Na+ in the medium, K + decreases the labeling both  at low and high 
ATP  concentrat ions (Figs. I and 2). I t  is not  clear from the present experiments 
whether  the initial rate of labeling with Mg z+ + Na  + + K + is identical to tha t  with 
Mg ~+ + Na  +, but  after a few seconds the rate is lower (Figs. I and 6). The max imum 
labeling obtained with Mg 2+ + Na  + + K + is also lower than  with Mg 2+ + Na  +. 

When  the hydrolysis of ATP is nearly complete, the labeling with Mg 2+ + Na  + + 
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K + s l ight ly  decreases to a level of  s table  labeling, sugges t ing  t ha t  pa r t  of  the  label ing 
wi th  Mg 2+ + Na  + + K+ is of the  uns tab le  na tu re  a l though it  is much lower than  wi th  
Mg 2+ + N a  +. The s table  label ing with  Mg 2+ + Na  + + K + is lower t han  with  Mg 2+ + 
N a  + (Figs. I and  2). 

The addi t ion  of K + to the  med ium with  Mg 2+ + N a  + increases the  A T P  hydro-  
lysis and  decreases the  label ing s imul taneously .  As seen from the compar ison  be tween 
Figs. I and  2, the  increase in hydro lys i s  due to K + is re la t ive ly  higher  at  a high A T P  
concent ra t ion  t han  at  a low one. 

The K + concentra t ion  which gives an effect on the  label ing depends  on the Na  + 
concentra t ion  in the  med ium in the  same manner  as the  K + concent ra t ion  which gives 
an effect on the  hydrolys is  depends  on the Na + concent ra t ion  (Fig. I0). The higher the  
Na  + concentra t ion,  the  higher  mus t  the  K + concent ra t ion  be to give a cer ta in  effect. 
The K + concentra t ion  giving a cer tain decrease in the  label ing and an increase in the  
hydrolys is  is low compared  to the  Na  + concentra t ion.  This suggests  t ha t  bo th  for the  

o 20O 

~ ~,oo 

45  

330. 

F M.g3Na50 

0 I 2 3 4 5 1 2 3 4 5 
K+(mM) K+(mM) 

Fig. IO. The effects of varying concentrat ions of K + on the asp incorporation from [3~P]ATP 
and on the ATP hydrolysis with 3 mM Mg 2+, 5 ° mM Na + and with 3 mM Mg ~+, 250 mM Na +, 
respectively. ATP concn., 25/ ,M; temp., 37 °. The t ime of reaction was IO sec (c/. Fig. I). Abscissa: 
K + conch. (mM). Ordinate: on the left figure, 3~p incorporat ion in pmoles Pi incorporated per 
mg protein;  on the right figure, ATP hydrolysis in nmoles Pi hydrolyzed from ATP per mg 
protein. 

effect on the  label ing and on the hydrolysis ,  K + competes  wi th  Na + at  a site having  
greater  affinity for K+ than  for Na+; this  is the  "K-s i te" .  

Effect of K + on prelabeled particles 
When  the enzyme par t ic le  has been pre labeled  with  Mg 2+ + Na  + in the  medium,  

the  add i t ion  of  K + decreases the  labeling, and  the ra te  b y  which the label ing decreases 
is high as long as [~2P]ATP is not  comple te ly  hydrolyzed .  However ,  there  is no effect 
of  K + when it  is added  af ter  complete  hydrolys is  of [32P]ATP. The addi t ion  of K + 
leads to a s imul taneous  increase in hydrolys is  (Figs. I I  and  12). 

At  the  low concent ra t ion  of ATP,  Fig. I I ,  K+ decreases the  label ing to the  level 
of s table  label ing found when K + has been added  from the s t a r t  of the  react ion.  This 
is the  case when K + is added  dur ing the r ising phase  of  the  curve for the  label ing with  
Mg 2+ + N a  +. When  added  later ,  K + decreases the  label ing to a s l ight ly  higher level 
which is inbetween the s table  labeling with  Mg 2+ + Na  + + K+ and with Mg 2+ + N a  +. 
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Fig .  i i .  T h e  e f f ec t  o n  the  incorporat ion  of  asp f r o m  [ 3 ~ p ] A T P  a n d  o n  the  h y d r o l y s i s  o f  A T P  o f  
the  addi t ion  o f  K + at  dif ferent  t imes  after  the  reac t ion  has  been  s tar ted  w i t h  3 m M  M g  2+ , IOO m M  
N a  +. A T P  c o n c n . ,  2 5 / * M ;  t e m p . ,  37 °. 5 o / . 1  o f  a K +  so lut ion  was  added after  3, 12 a n d  60  sec,  
respec t ive ly ,  to  the  3 m l  tes t  so lut ion  to g ive  a final c o n c e n t r a t i o n  o f  20  m M .  F o r  compar i son  is 
s h o w n  the  ~2p incorporat ion  w i t h  3 m M  M g  2+, i o o  m M  N a  + w i t h  and  w i t h o u t  K+ in the  m e d i u m .  

F i g .  12. T h e  e f f ec t  o n  the  incorporat ion  o f  a , p  f r o m  [ 3 2 P ] A T P  a n d  o n  the  hydro lys i s  o f  A T P  o f  
the  add i t ion  o f  K +  at  dif ferent  t imes  after  the  reac t ion  had  been  s tar ted  w i t h  3 m M  M g  2+, IOO m M  
N a  +. A T P  c o n c h . ,  3 m M ;  t e m p . ,  37 °. 3, 18 a n d  60  min after  the  reac t ion  was  started,  5 o / . 1  o f  a 
KCl  so lut ion  was  added  t o  3 m l  tes t  so lu t ion  to g ive  a f ina l  K +  c o n c e n t r a t i o n  o f  20  m M .  

At the high ATP concentration (Fig. 12) K+ gives a relatively lower decrease in 
labeling when added during the rising phase of  the curve for the labeling with Mg 2+ + 
Na + (cf. Figs. i i  and 12). The level to which the labeling decreases is higher the later 
K + is added. The decrease in labeling is followed by  a small increase, and after complete 
hydrolysis of ATP, the labeling decreases to a stable labeling level similar to that to 
which the labeling primarily decreased after the addition of K +. The shape of the curve 
with a small rise and fall in the labeling when it has been decreased after the addition 
of K + is similar to the shape of the curve with Mg 2+ + Na + + K + where K + was initially 
present. 

The increase in the level to which the labeling decreases upon the addition of  K + 
shows that there is a s teady increase in stable labeling during the run with Mg 2+ + Na + ; 
this is most  pronounced at the high ATP concentration. This also shows what fraction 
of  the labeling is unstable with Mg 2+ + Na +. This fraction is lower at the high ATP 
concentration than at the low one. Furthermore, from the experiment in Fig. 12 it is 
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seen tha t  it is not  possible to determine from the slight decrease in labeling found with 
Mg 2+ + Na +, when all AT P  has been hydrolyzed,  what  fraction of the labeling is 
unstable during the run. 

Effect of g-strophanthin and oligomycin 
g-Strophanthin  affects the labeling both  with Mg 2+ + Na + and with Mg 2+ + 

Na + + K +, whereas there is no effect with Mg 2+ alone (Figs. I and 2). 
In  concentrat ions giving a max imum effect, g-s trophanthin gives the same la- 

beling whether  there is Mg 2+ + Na + or Mg 2+ + Na + + K + in the medium (Fig. 13). 

400 

.£  

c o o~. 

°~2oo 
o ~  

o.  

o_  

Mg3 Nal20 

Mg3 Na l00  K20 

0 10 -7 10 6 10 -5 i0  4 10 3 
g-Strophanthin (M) 

Fig. 13. The effects of vary ing  concentrat ions of g-s t rophanthin  with 3 mM Mg 2+, 12o mM Na ÷ 
and with 3 mM Mg 2+, IOO mM Na +, 20 mM K +, respectively, on the incorporation of 3~p from 
E3~P_~ATP into the microsomal particle and on the ATP hydrolysis. ATP concn., 25/~M; temp.,  
37 °. The time of reaction was IO sec (cJ. Fig. i). 

The labeling with g-strophanthin present is higher than that  with Mg ~+ + Na + + K + 
(Figs. I and 2). I t  is lower than with Mg 2+ + Na + in tha t  par t  of the reaction where 
the labeling with Mg 2+ + Na  + increases, whereas later in the reaction the labeling 
with g-s t rophanthin is higher. This is found both at high and low ATP concentrations.  
I t  is not  possible from the experiments to tell how nmch of the labeling with g-strophan- 
thin is unstable, but  it seems as if the labeling is mainly stable. The final level with 
g-s t rophanthin is between the stable labeling with Mg 2+ + Na+ and with Mg 2~. 

The concentrat ion of g-s trophanthin giving a certain effect is higher with the 
low ATP  concentrat ion than with the high one. This may  not be due to the differences 
in ATP  concentrations. Because the reaction with g-strophanthin is t ime-depen- 
dent26, 27, it m a y  be due to the different times the reaction is followed. At a given ATP 
concentration, the concentrat ion of g-s t rophanthin needed to obtain a certain effect 
is higher with Mg 2+ + Na + + K+ than  with Mg 2+ + Na + (Fig. 13). 

The effect of oligomycin on ATP hydrolysis is similar to tha t  of g-s t rophanthin 
in tha t  it is not effective with Mg 2+, while it decreases the hydrolysis with Mg 2+ + Na+ 
and with Mg 2+ + Na+ + K + (@ ref. 26). IO #g/ml oligomycin inhibits the hydrolysis 
relatively more at high than at low AT P  concentrat ions (Figs. 14 and I5) , which may  
indicate tha t  oligomycin, like g-strophanthin,  is more effective at high ATP concen- 
trations (see above). Oligomycin has, just like g-strophanthin,  no effect on the labeling 
with Mg 2+. In  contrast  to g-strophanthin,  oligomycin increases the labeling both 
with Mg 2+ + Na + and with Mg 2+ + Na + + K+. 

With  Mg 2+ + Na +, IO/~g/ml of oligomycin (20-30/~g/mg of  protein) increases 
the labeling with 3 mM AT P  to a level approximat ing tha t  with only Mg 2+, and it 
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Fig. 14. The effect of io/~g/ml oligomycin on the incorporation of 32p from[3ZPlAT P into the 
microsomal particle, and on the hydrolysis of ATP. ATP conch., 3 mM; temp., 37 °. A - - A ,  
3 mM Mg*+; A- -A,  3 mM Mg ~+ + oligomycin; © - - © ,  3 mM Mg 2+ + 12o mM Na+; O---II, 
3 mM Mg ~+ + 12omm Na + + oligomycin; [ ~ - - ~ ,  3mM Mg*+ + l oomM Na + + 20mM K+; 
I - - I ,  3 mM Mg ~+ + ioo mM Na + + 2o mM K + + oligomycin. 

Fig. 15. The effect of io/zg/ml oligomycin on the incorporation of 8~F' from [32P]ATP into the 
microsomal particle, and on the hydrolysis of ATP. ATP concn., 25/,M; temp., 37 °. A - - A ,  
3 mM Mg~+; A- -A,  3 mM Mg *+ + oligomycin: © - - © ,  3 mM Mg *+ + 12o mM Na+; 0 - - 0 ,  
3 mM Mg *+ + 12o mM Na + + oligomycin; [~--[~, 3 mM Mg 2+ + ioo mM Na + + 20 mM K+; 
I - - I ,  3 mM Mg *+ + ioo mM Na + + 2o mM K + + oligomycin. 

decreases  t h e  hyd ro ly s i s  to  t he  Mg 2+ leve l  (Fig. 14). W i t h  25 # M  A T P ,  o l i gomyc in  

increases  t h e  l abe l ing  to  a leve l  f u r t h e r  f r o m  t h e  Mg 2÷ leve l  t h a n  is t h e  l abe l ing  w i t h  

Mg 2+ + N a  ÷ w i t h o u t  o l i g o m y c i n ;  i t  decreases  t he  hyd ro lys i s  b u t  n o t  as low as t h e  

Mg 2÷ leve l  (Fig. 15). 
W i t h  Mg ~+ + N a  + + K +, o l i gomyc in  b o t h  a t  t h e  h igh  a n d  the  low A T P  concen-  

t r a t i o n  increases  t h e  l abe l ing  to  a leve l  a p p r o x i m a t i n g  b u t  n o t  h ighe r  t h a n  t h a t  w i t h  
Mg 2+ + N a +  w i t h o u t  o l igomycin .  T h e  hyd ro ly s i s  o f  A T P  decreases  b u t  does no t  r each  

t h e  Mg 2+ + N a  + leve l  (Figs. 14 a n d  15). 

Labeling at different (Mg  2+ + N a  + + K+) /Mg  2+ activity ratios 
T h e  effect  o f  t h e  ca t ions  on t h e  l abe l ing  is in f luenced  b y  the  (Mg z+ + N a  + + 

K+) /Mg 2+ a c t i v i t y  r a t io  o f  t h e  e n z y m e  p repa ra t i on .  Th is  is shown  in Fig.  16 w i t h  

25 /zM A T P  a n d  in Fig .  17 w i t h  3 m M  A T P .  In  t h e  l e f t - h a n d  p a r t  of  Figs.  16 a n d  17 is 
shown  t h e  32p i n c o r p o r a t i o n  in to  t he  m i c r o s o m a l  pa r t i c les  of  an  e n z y m e  p r e p a r a t i o n  

w i t h  an  a c t i v i t y  r a t i o  o f  1. 5 . I n  t h e  r i g h t - h a n d  p a r t  o f  Figs.  16 a n d  17 is shown t h e  

Biochim. Biophys. Acta, 185 (1969) 198-216 



210 

IO0 

,1~ oO ~0 

< ex 

Mg).Na)~'0 & M g l N a l 0 0 K Z 0  

u 

I0 40 qO l&O 

seconds 

J. c. SKOU, C. HILBERG 

• Mcl) NalO0 K20 

Mg3 Nal?0 

I$0 0 I0 4O ~0 

s e c o n d s  

5000 

.o 

o~ 
.~ o = -°° 

IO000 

Mg) 

el sooo 

IO 40 c;O 180 O 

seconds 

MU3NaI20 o 

Mq) 

- : g a u 

lO 40 qO IBO 

seconds 

Fig. 16. The effects of  cat ions on the  incorporat ion of mp from LmP~ATP into a microsomal  par- 
ticle preparat ion  wi th  a low (Mg 2+ + Na + + K+)/Mg *+ act iv i ty  ratio (1.5) (left figure) and into  
the  same microsomal  particle  fract ion after the  ac t iv i ty  rat io  has  been increased to about  8 by  
t rea tment  w i th  deoxychola te  (right figure). The upper  figures show the  hydrolys i s  of ATP. ATP 
concn.,  25/~M; temp.,  37 °. The concentrat ions  (mM) of the  cat ions  are shown in the  figure. The  
microsomal  particles were prepared from ox kidney.  

3~p incorporation into the microsomal  particles of the same enzyme  preparation after 
the act iv i ty  ratio has been increased to about 8. It  is seen how the differences in the 
cation effect on the labeling increase with an increase in the act iv i ty  ratio. 

L a b e l i n g  at  o ° 

There is a labeling of  the microsomal  particle from [32p!ATP when the experi-  
ments  are run at o ° (Fig. 18). As at 37 °, the labeling rate with  Mg 2+ is low. Na  + increases 
both the initial rate and the m a x i m u m  obtained, whereas K + decreases the labeling 
found with Mg 2+ + Na  +. Na  + increases the hydrolysis ,  whereas K + in some experiments  
gives a slight increase in the hydrolysis  with Mg 2+ + Na+; in others it has no effect. 
But  in all the experiments ,  K + decreases the labeling. 

g-Strophanthin decreases the labeling with Mg 2+ - -  Na + to the level  with Mg 2+ + 
Na + + K + (Figs. 18 and 19) ; and corroborating the observation that at higher temper-  
atures g-strophanthin gives the same labeling with  Mg 2+ + Na+ and with Mg 2+ + 
Na + + K + in the medium,  g-strophanthin practically has no effect on the labeling 
with Mg 2+ + Na + + K + at o °. 

g-Strophanthin decreases the hydrolysis  with  Mg 2+ + Na~ + K+ to the Mg 2+ 
level,  whereas in concentrations up to IO -~ M, only  a very  slight decrease in hydrolysis  
with Mg 2+ + Na + + K + is effected (Fig. 19). K +, which has no effect on the hydrolysis  
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Fig. 17. The effects of  cat ions on the incorporation of *~P from [32P]ATP into a microsomal  particle 
preparat ion wi th  a low (Mg 2+ + Na + + K+)/Mg 2+ act iv i ty  ratio (1.5) (left figure) and into the 
same microsomal  particle preparation after the  ac t iv i ty  ratio has been increased to about  8 by  
treatment  with deoxycho la te  (right figure). The upper figures show the hydrolys i s  of ATP. A T P  
concn.,  3 mM; temp.,  37 °. The concentrat ions  (raM) of the cat ions are shown in the figure. The  
microsomal particles were prepared from ox kidney.  

with Mg 2+ + Na +, thus protects almost completely against the effect of g-strophanthin 
on the hydrolysis at 0 °. 

It is seen from Fig. 19 that the concentration of g-strophanthin necessary to give 
a certain decrease in labeling is lower than the concentration necessary to give the 
same relative decrease in hydrolysis. 

I T P  as substrate 
When [32p~ITP is used in place of I32pIATP as a substrate, the microsomal 

particle is labeled with 32p (Fig. 20). The concentration of ITP was 25/~M. 
The pattern for the effect of  the cations and of g-strophanthin on the E32p]ITP 

labeling are the same as with [~2p~ATP as the substrate (cf. Fig. I). The rate of labeling 
and the amount of Pi incorporated per mg protein is lower than with ATP as the 
substrate. 

The labeling with Mg 2+ + Na + compared to that with Mg 2+ seems to be relatively 
higher with [s2p~ITP than with Es~p~ATP (cf. Figs. 20 and Fig. I), but this may  be 
due to the fact that a steady state of  labeling is not obtained with Mg 2+ + Na + and 
with ATP in contrast to the situation with ITP. 

K+ decreases the labeling both with [32p~ ITP.iand with EaZP~ATP. However, with 
[32P~ITP, this K+ effect is accompanied by a decrease in hydrolysis. 

Biochim. Biophys. Acta, 185 (1969) 198-219 



212  J . c .  SKOU, C. HILBERG 

Mg3 NalOOKSOg Stroph 1 

i 45 Mg3 NoIOOK20 

8OO 
Mg3 Nol20 

8~o ..... d, ,~o ~do 

. c ~  - 1o 

Mg3, Nal00, K20 
- -  u o / 

Mg3 N 120 

o ~Mg3 

c 

._o~ 
~L 

o ~ 4OO 

c~ ~ 2oo 

0 1o 4 5xlO-4 

g -  Stroph. (M)  

O u ~ M g 3  ~ Mg3, NaI00. K20 

10-3 

0 io 4 5 x L 0  4 10 -3  

g- Stroph. (M}  

Fig. 18. The effects of cations and of g-s t rophanthin  on the incorporat ion of asp from [asPIATP 
into the microsomal particle at o °. The upper  figure shows the effect on ATP hydrolysis. ATP 
concn., 25/~M. The concentrat ions (mM) of the cations and g-s t rophanthin  are shown in the figure. 

Fig. 19. The effects of g-s t rophanthin  at o ° on the incorporation of 32p from [38PIATP into the 
microsomal particle with 3 mM Mg ~+, 3 mM Mg ~+ + 12o mM Na + and with 3 mM Mg~+ + ioo mM 
Na + + 2o mM K +, respectively. The upper  figure shows the effect on the hydrolysis of ATP. 
ATP concn., 25 HM. Abscissa: concentrat ion of g-s t rophanthin  (M). 
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Fig. 20. The effects of  cat ions  and of  g - s trophanthin  on the  incorporat ion of  asp from [asP]ITP 
in to  the  microsomal  particles and on the  hydrolys i s  of  ITP. ITP concn.,  25 uM; temp. ,  37 °. The 
concentrat ions  (mM) of  the  cat ions  and g-s trophanthin  are shown in the  figure. 
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Labeling from 82p~ 
W h e n  I~2P]ATP is h y d r o l y z e d  b y  t h e  e n z y m e  sys t em,  the re  is a c o n t i n u o u s  

re lease  o f  3~P i in t h e  t e s t  so lu t ion .  To  see w h e t h e r  th is  32P i could  g ive  a l abe l ing  and  

cou ld  e x p l a i n  t h e  s tab le  labe l ing ,  a series of  e x p e r i m e n t s  were  run  where  32P i w a s  

a d d e d  i n s t e a d  of  [32pIATP. 

I t  was  f o u n d  t h a t  a d d e d  32P i l abe led  the  m i c r o s o m a l  par t ic le .  T h e  l abe l ing  was  

a t  a m a x i m u m  in less t h a n  2 sec, t h e  sho r t e s t  t i m e  measu red .  W h e n  t h e  32P i coun t s / r a in  
pe r  m l  t e s t  so lu t ion  was  k e p t  c o n s t a n t  a n d  w h e n  t h e  Vi c o n c e n t r a t i o n  increased ,  l abe l ing  

dec reased  w i t h  t h e  P i  c o n c e n t r a t i o n  to  a ce r t a in  level  where  i t  s t a y e d  c o n s t a n t  (Fig. 21). 
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Fig. 21. The effect of the Pi concentration on the 32p labeling of the microsomal particle from 
three different batches of 32Pi. Temp., 37°; time of incubation, 3 ° min. The ~Pi  counts/rain per 
ml test solution was kept constant, while the Pl concentration varied from 5 ° to 3ooo/,M, i.e. the 
specific activity decreased with the increase in Pi concentration. The counts/min per ml test solu- 
tion was the same in all three experiments. The solution contained 3 mM Mg ~+, 12o mM Na +, 
3o mM K+. Abscissa: concentration of Pi (/~M). Ordinate: 32p labeling (counts/rain per mg protein). 

Fig. 22. The effects of cations and of g-strophanthin on the 32P-labeling of the mierosomal parti- 
cles from 3~P i at different of Pi concentrations. The 32P1 solution was washed twice with micro- 
somal particles (see text) before it was used in the experiment. Temp., 37°; time of incubation, 
3 ° min. The ~2Pi counts/min per ml test solution was the same in all experiments, but the Pi con- 
centration varied from 5 ° to 3ooo/~M. Abscissa: Pi concentration (,uM). Ordinate: 3~p labeling 
(counts/min per mg protein). The concentrations (raM) of cations and of g-strophanthin are 
shown in the figure. 

T h e  l eve l  to  wh ich  t h e  l abe l ing  dec reased  w h e n  u n l a b e l e d  Pi  was  added  v a r i e d  for  
d i f fe ren t  b a t c h e s  of  z2Pi. One w a y  to  exp l a in  th is  was  t h a t  t h e  32P i w a s  c o n t a m i n a t e d  

w i t h  a n o t h e r  i so tope  wh ich  was  b o u n d  to  t he  m i c r o s o m a l  pa r t i c l e  and  the  u p t a k e  of 
wh ich  was  i n d e p e n d e n t  o f  t h e  a d d e d  u n l a b e l e d  Pi .  

To t e s t  th is  h y p o t h e s i s  t h e  fo l lowing  e x p e r i m e n t  was  made .  A po r t i on  o f  t h e  
m i c r o s o m a l  pa r t i c l e  was  a d d e d  to  a so lu t ion  of  32P i w i t h  3.5 m M  Pi, a n d  a f te r  a 2o-min  

i n c u b a t i o n  a t  37 °, t h e  m i c r o s o m a l  pa r t i c les  were  s e d i m e n t e d  b y  u l t r a c e n t r i f u g a t i o n .  
T h e  s e d i m e n t  was  w a s h e d  5 t imes  w i t h  t r i ch lo roace t i c  ac id  as usual ,  and  a f t e r  t h e  f inal  
w a s h  t h e  n u m b e r  o f  coun t s / r a in  per  m g  p ro t e in  was  d e t e r m i n e d .  A f t e r  t h e  first  cen t r i -  

fuga t ion ,  a n e w  p o r t i o n  o f  m i c r o s o m a l  pa r t i c les  was  a d d e d  to  t h e  s u p e r n a t a n t ,  and  t h e  
p r o c e d u r e  was  r epea t ed .  T h e  resul t s  are  shown  in Tab l e  I. T h e  coun t s / r a in  per  m l  
so lu t ion  a n d  t h e  c o n c e n t r a t i o n  o f  P i  w e r e  2 0 %  lower  d u r i n g  t h e  second  i n c u b a t i o n  

due  to  t i le  d i l u t i on  b y  a d d i n g  t h e  second  p o r t i o n  o f  t he  m i c r o s o m a l  pa r t i c l e ;  t h e  specific 
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T A B L E  l 

LABELING OF TWO EQUAL PORTIONS OF ENZYME PARTICLE INCUBATED SUCCESSIVELY IN THE SAME 
SOLUTION OF 32P i 

0 .6  m l  o f  e n z y m e  s o l u t i o n  (i m g  p r o t e i n  p e r  ml)  w a s  i n c u b a t e d  in  a t o t a l  v o l u m e  o f  3 m l  c o n -  
t a i n i n g  3.5 m M  32Pi, 3 m M  M g  2+, 3 ° m M  T r i s  b u f f e r  ( p H  7.3)- A f t e r  a 3 u - r a i n  i n c u b a t i o n  a t  
37 °, t h e  e n z y m e  p a r t i c l e s  w e r e  s e d i m e n t e d  b y  u l t r a c e n t r i f u g a t i o n  (260 o o o  × g fo r  3 ° m i n ) .  T h e  
s e d i m e n t  w a s  r e s u s p e n d e d  in  3 ° m M  Tr i s  b u f f e r  ( p H  7.3),  w a s  p r e c i p i t a t e d  w i t h  H C 1 0 4  a n d  w a s  
w a s h e d  5 t i m e s  as  d e s c r i b e d  in  MATERIALS AND METHODS. A f t e r  t h e  f ina l  w a s h ,  t h e  c o u n t s / m i n  p e r  
m g  p r o t e i n  w a s  d e t e r m i n e d .  T o  2. 4 m l  o f  t h e  s u p e r n a t a n t  a f t e r  t h e  u l t r a c e n t r i f u g a t i o n  w a s  a d d e d  
a n e w  o . 6 - m l  p o r t i o n  o f  e n z y m e  s o l u t i o n ,  a n d  t h e  p r o c e d u r e  w a s  r e p e a t e d .  T h e  a d d i t i o n  o f  t h e  
e n z y m e  s o l u t i o n  d i l u t e d  t h e  22pi c o n c e n t r a t i o n  f r o m  t h e  3.5 n l M  in  t h e  f i r s t  e x p e r i m e n t s  t o  2.8 m M  
in t h e  s e c o n d ;  t h e  spec i f i c  a c t i v i t y  w a s  t h e  s a m e  in  b o t h  e x p e r i m e n t s .  

Expt. 32Pi 3~p 32p Counts bound 
No. conch. (counts/ (counts/ to total 

(raM) rain per rain per mg protein 
I~mole Pi) protein) (% of total 

counts in 
soln.) 

I 3.5 141 o o o  1491 o .112  
2 2.8 141 o o o  66  o . o o 6  

activity of Pi was the same during both incubations. It is seen in Table I that the 
labeling of the microsomal particle after the second incubation is only about i/2oth of 
the labeling after the first incubation. Furthermore, the number of counts removed 
by the microsomal particle during the first incubation is o.II2}~ of the total number 
of counts in the solution, whereas after the second incubation it is only o.oo60/0 . 

The results shown in Table I suggest that a2Pi is contaminated with a small 
amount, about O.l-O.2% in counts/min, of another isotope which is bound to the 
microsomal particle. The nature of the contamination has not be discovered. It is 
eluted with a2Pi from the Dowex column in the procedure for the separation of [32PIATP 
and 32Pi and does not, or only to a very slight extent, contaminate [32P~ATP. If  there 
is a slight contamination of the [82PIATP solution, it is measured as the [a2P~ATP 
blank and is subtracted from the labeling found with [a~PIATP as the substrate. 

In Fig. 22 is shown the labeling of the microsomal particle as a function of tile 
~2Pi concentration where the 32Pi solution has been washed twice with microsomal 
particles to remove the contamination. Fig. 22 shows that the labeling decreases 
asymptotically toward the x-axis as the Pi concentration increases, and that the 
cations and g-strophanthin affect the labeling from 32Pi. With Mg 2+, Mg ~+ + Na +, and 
Mg2+ + Na + + K+, the labeling follows the pattern for the cation effect on the stable 
labeling from [a2P!ATP. With Mg 2+ + Na + + K+ + g-strophanthin, the labeling 
from a2Pi is higher than with Mg 2+ in contrast to the stable labeling from [32P!ATP, 
which with Mg ~+ + Na+ + K + + g-strophanthin is lower than with Mg ~+. 

Assuming that the 32Pi released from [82PIATP gives a labeling in the same 
manner as does the added 3ePi, it is possible from the results shown in Fig. 22 to estimate 
the labeling which should come from the a2Pi released. Such a calculation shows that 
with 25 #M ATP, the estimated labeling from released 3zPi after complete hydrolysis 
of [3ePTATP is about 5 Yo of the measured stable labeling. With 3 mM ATP the estimated 
labeling is about 3o% of the measured stable labeling with Mg 2+ + Na + + K + in the 
medium and about 12 ~o with Mg 2+, whereas with Mg 2+ + Na + and with Mg 2+ + Na + + 
K + + g-strophanthin, it is between these two values. 
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DISCUSSION 

Relationship between unstable and stable labeling 
There appears to be at least two different kinds of labeling, an unstable and a 

stable one (cf. ref. 15). From some of the experiments it is obvious that a large part of 
the labeling is unstable, as in the experiment with Mg ~+ + Na + and with the low ATP 
concentration. However, in others it is not possible from the decrease in labeling when 
all ATP is hydrolyzed to determine what the ratio is between the two different kinds of 
labeling. This is most clearly seen in Fig. 12 where K + is added to Mg 2+ + Na+ at 
different times. With Mg ~+ + Na +, the amount of labeling which decreases when all 
ATP is hydrolyzed is low. The addition of K + shows that during the run there is a 
relatively larger part of the labeling which can be decreased by K +, i.e. unstable. 

The unstable labeling decreases when all [32p!ATP is hydrolyzed. That there is 
no labeling from IAaC!ATP (ref. 7) suggests that  the unstable labeling is due to a 
transfer of phosphate from E32p~ATP to the microsomal particle, and that this phos- 
phorylation is followed by a dephosphorylation. 

It  is not possible from the present experiments to tell from where the stable 
labeling comes. There is a labeling from added 3~Pi implying that there must be a 
labeling from 82P i released from Ia2P~ATP. This labeling is influenced by cations but 
not by g-strophanthin in a manner similar to the stable labeling and can only count 
for a fraction of the measured stable labeling. 

Unlabeled ATP does not decrease the stable labeling when added after the 
hydrolysis of [s2pJATP is complete; nor does unlabeled ATP added before the hydro- 
lysis of [32pIATP is complete decrease the final level of the stable labeling. This 
implies that the stable labeling cannot be due to an isotope exchange between the 
phosphorylated site and another phosphate group on the particle but rather suggests 
that the stable labeling is proportional to the ATP concentration. 

Apparently the stable labeling is related in some way to the unstable one; both 
are influenced by the cations and by g-strophanthin, and, as seen in Fig. 5 from the 
experiments with a low ATP concentration where Na + is increased, the decrease in 
stable labeling parallels an increase in the unstable one. This may suggest that it is the 
same enzyme which catalyzes two different kinds of labeling. However, as suggested 
by RODNIGHT et al. 15, it may be two different enzymes which use the same substrate 
and catalyze two different labelings; thus, the relationship between the two labelings 
must be apparent and due to different rate constants for the two enzymes. 

Exchange reaction and labeling 
In the ADP-ATP exchange experiments where 3 mM Mg 2+ was equal to the 

ATP concentration, the highest exchange was found with Mg2+; Na+ decreased the 
exchange, and with Mg 2+ + Na +, K+ gave a further decrease1, 3. This is the same pattern 
as the cation effect on the stable labeling. But as the single rate constants in the 
process are not known, it is impossible to tell whether this means that the exchange 
reaction is related to the stable labeling. On the other hand, when the Mg 2+ concen- 
tration compared to the ATP concentration is low, Na+ increases the exchange 
reaction 3,4, suggesting that at least part of the exchange reaction is related to the un- 
stable labeling. 

Biochim. Biophys. Acta, 185 (1969) 198-219 



216 J . c .  SKOU, C. HILBERG 

High aud low A T P  concentration 
W i t h  3 mM A T P  the  Pi incorpora t ion  from E32P]ATP is higher  than  wi th  25 #M, 

bu t  the  re la t ive  effect of Mg 2+,Mg 2+ + Na  + + K + , a n d M g  2+ + Na  + + K + + g- 
s t rophan th in  is about  the  same at  bo th  concentra t ions .  The re la t ive  effect of Na  + 
differs, however,  at  the  two concentrat ions ,  and  the effect o f N a  + re la t ive  to the  effect of 
the  other  cat ions  also differs. W i t h  25/~M ATP,  Na  + increases the  ini t ia l  ra te  in concen- 
t ra t ions  up to 12o mM; with  3 mM ATP,  the  m a x i m u m  effect of Na  + is ob ta ined  wi th  
a lower N a  + concentra t ion,  whereas at  12o mM Na  +, the  ra te  again decreases (cf. 
Figs. 5 and 7). A t  the  low A T P  concentra t ion,  i t  is obvious t ha t  Na t increases the  
uns tab le  label ing and tha t  a large propor t ion  of  the  label ing is unstable .  At  the  high 
A T P  concentra t ion,  the  p ropor t ion  of uns tab le  label ing with  Mg 2+ + Na  t is much 
lower (c/. Figs. I ,  2 and 7), and  it is difficult to tell  i f N a  + increases the  uns tab le  label ing;  
this  is ma in ly  because no exper iments  exist  which show how much of the  labeling with  
Mg 2+ is unstable .  A problem in this  connect ion is whether  par t  of the  label ing found 
with  Mg e+ is due to Na  ÷ bound  to the  enzyme. 12o mM K ÷ decreases the  label ing with 
Mg 2÷, which could be due to a d isp lacement  of Na  +. However ,  IO mM K + should also 
be able to displace Na  t in the  amoun t  which can come from the enzyme p r e p a r a t i o n  
(cf. Fig. IO). As IO mM K ÷ has no effect on the  labeling wi th  Mg 2+, it  seems un l ike ly  
tha t  a larger  par t  of the  label ing found with  Mg e+ is due to  Na  t contamina t ion .  

W h a t  is the  significance of the  influence of the A T P  concent ra t ion  on the Na  + 
effect on uns tab le  labeling? Is there  a difference in the  way  A T P  is hydro lyzed  with 
Mg 2÷ + Na  + at  low and high A T P  concentra t ions?  Or is the  A T P  effect only  apparen t?  
A diff iculty is t ha t  it  is not  known if  there  are one or two enzymes,  a Mg2+-activated 
and (Mg 2÷ + Na  + + K+)-ac t iva ted ,  which ca ta lyze  the  label ing and which m a y  
differ in their  affinities for ATP.  The label ing due to the  one may,  a t  a high A T P  
concentra t ion,  more or less cover the label ing due to the  other. 

Relationship between labeling and enzyme activity 
The s imi la r i ty  be tween the effects of monova len t  cat ions and of g - s t rophan th ln  

on the A T P  hydrolys is  and  on the uns tab le  label ing suggests, as previous ly  po in ted  
out2, 5-17, t ha t  the  same enzyme sys tem is responsible for both .  This is cor robora ted  b y  
the  observat ion  t ha t  an increase in the  (Na + q- K+)-ac t iva t ion  of the  enzyme simul-  
taneous ly  increases the  effects of Na  + and of Na  + + K + on the labeling. There  is thus  
reasonab ly  good evidence t ha t  the  phosphory la t ion  followed b y  a dephosphory la t ion  
found with  Mg 2+ + Na  + in the  med ium is ca ta lyzed  b y  the (Na + + K+)-ac t iva ted  
enzyme system. 

W i t h  Mg ~+ + Na  + + K + in the  medium,  the  label ing is low and consists ma in ly  
of  the  s table  form. When  K + is added  to a par t ic le  which has been pre labeled  wi th  
Mg 2+ + Na  + in the  medium,  the  ra te  of dephosphory la t ion  increases 7,11 (cf. Figs. I I  
and  12); Mg 2+ is required for this  effect 11. This suggests  t ha t  the  effect of K + is to  
increase the  ra te  of dephosphory la t ion ,  and  this has led to the  conclusion t ha t  the  
hydrolys is  of  A T P  is a two-s tep  react ion in ti le sense tha t  there  is a Na+-dependent  
phosphory la t ion  of a compound  in the  microsomal  par t ic le  followed by  a K+-dependen t  
dephosphorylationS,7,11. 

The enzyme sys tem has two sites wi th  affinities for monova len t  cations.  A " N a  + 
s i te"  which, in the  cell membrane ,  faces the  inside of the  cell and  has a higher  affini ty 
for Na  + than  for K+, and a "K+ si te" ,  which faces the  outs ide  of  the  cell and  has a 
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higher  affini ty for K + than  for N a  + (for l i tera ture ,  see ref. 12). I t  m a y  be two different  
sites or the  same site in two different  forms. 

The scheme of  the  Na+-dependent  phosphory la t ion  followed b y  the  K+-depen-  
dent  dephosphory la t ion  is based  on the  assumpt ion  t ha t  it  is an effect of  Na  + at  the  
" N a  + s i te"  which leads to the  phosphory la t ion  and an effect of K+ at  the  " K  + s i te"  
which leads to the  dephosphory la t ion .  W i t h  Na  + bu t  no K + in the  medium,  there  is 
Na  + at  bo th  the  "Na  + s i te"  and  the "K+ si te" .  The poss ib i l i ty  exists  t ha t  under  these 
condi t ions the  A T P  hydro lys i s  leads to phosphory la t ion  not  because there  is Na  + at  
the  "Na  + s i te"  bu t  because there  i sNa + and not  K + at  the  " K  + s i te" .  Na  + at  the  "Na  + 
s i te"  m a y  be requi red  for the  effect, or if i t  is the  same site in two different forms, the  
hydro lys i s  m a y  lead to a phosphory la t ion  because Na  ÷ is exchanged  for Na  + and not  
for K + when the  Na  + form is conver ted  into the  K + form; the  conversion mus t  then 
be due to an effect of  A T P  as such and  not  to  a phosphory la t ion  (see later).  

I f  this  view is correct ,  it  means  t ha t  the  d isp lacement  of Na+ b y  K + from the  
"K+ s i te"  decreases the  phosphory la t ion  and t ha t  the  low labeling found with  Na  + + K+ 
in the  med ium is due to a decreased phosphory la t ion  and not  to  an increase in the  ra te  
of  dephosphory la t ion .  The increased ra te  of  dephosphory la t ion  b y  K + of  a prephos-  
p h o r y l a t e d  par t ic le  m a y  be an ind ica t ion  t ha t  a bond  be tween a phospha te  and the  
sys t em cannot  exist  when the  sys tem is in the  N a ÷ - K  + form, i.e. cannot  be formed 
when the bond  be tween the  7- and  E-phosphates  of A T P  is hydro lyzed  (cf. t ha t  the  
label ing from ~2P i is lower wi th  K + in the  medium).  

Accord ing  to this  view, phosphory la t ion  is due to an A T P  hydrolys is  found 
when the  sys tem is in the  N a + - N a  + form, i.e. a form in which i t  give a N a ~ N a  + 
exchange 27. In  the  N a + - K  + form in which the sys tem gives a Na  + efflux coupled to a 
K + influx, A T P  is hydro lyzed  in a s l ight ly  different way  which does not  lead to phos- 
phory la t ion .  In  the  cell membrane  and  also in the  tes t  tube,  the  t r anspor t  sys tem exists  
bo th  in the  N a ÷ - N a  + and N a ÷ - K  + forms, and  the ra t io  of  these forms depends  on the  
ra t io  be tween the Na  + and K + concent ra t ions  in the  solut ions in contac t  wi th  the  
two sides of  the  sys tem.  This m a y  expla in  t ha t  a small  amoun t  of uns tab le  label ing is 
found in the  exper imen t s  wi th  IOO mM Na  + + 20 mM K +. 

There are no exper iments  to de te rmine  whether  the  effect of K + is to increase 
the  ra te  of  dephosphory la t ion  or to decrease phosphory la t ion .  The correla t ion found 
be tween  the  ra te  of  phosphory la t ion  wi th  Mg 2÷ + Na+ and the ra te  of hydro lys i s  wi th  
Mg z+ + Na  + + K + suppor t s  the  view tha t  phosphory la t ion  is pa r t  of the  hydrolys is  
wi th  Mg 2+ + Na  + + K÷ (refs. 7, I I ) .  I t  is, however,  easy  to set up a scheme for the  
hydro lys i s  of  A T P  b y  the enzyme sys tem which leads to phosphory la t ion  with  Mg ~+ + 
Na  + and to no phosphory la t i on  with  Mg ~+ + Na+ + K +, and  in which the  hydrolys is  
of  the  bond  be tween the  y- and /%phospha t e s  of  A T P  is ra te - l imi t ing  for the  phos- 
phory la t ion  found wi th  Mg ~+ + Na  ÷ and for the  hydro lys i s  wi th  Mg 2÷ + Na  + + K ÷. 
The  same ra te  of  hydro lys i s  of  this  bond  in bo th  cases will give such a correla t ion 
a l though  there  is no phosphory la t ion  wi th  Mg 2÷ + Na ÷ + K +, and  a l though the  ra te  
of  hydro lys i s  wi th  Mg 2+ + Na  + is lower than  with  Mg 2+ + Na  + + K +. 

K+ at  o ° decreases the  label ing wi thou t  affecting the hydrolys is .  This has been 
t aken  to indicate  t ha t  the  effect of  K + cannot  be to increase the  ra te  of dephosphory-  
la t ion ;  K + mus t  decrease the  phosphory la t ion  TM. Ano the r  exp lana t ion  m a y  be tha t  
there  is a phosphory la t ion  with  Mg e+ + Na  + + K÷ in the  medium,  tha t  K+ increases 
the  ra te  of  dephosphory la t ion ,  bu t  t ha t  there  is a s tep which proceeds the  phosphory-  
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lation (e.g. a change in configuration) which is rate-limiting at o ° and the rate of which 
is the same with Mg 2+ + Na + and with Mg e+ + Na + + K + in the medium. 

g-Strophanthin increases the labeling with Mg 2+ + Na + + K +, but it is not 
possible from the present experiments to tell whether there is an increase in the un- 
stable labeling or only in the stable labeling. But even if the increased labeling in part 
is due to an increased unstable labeling, it does not reach the level achieved with 
Mg 2+ + Na +, implying that the effect of g-strophanthin cannot be due solely to a 
decrease in the dephosphorylation rate. With Mg 2+ + Na +, g-strophanthin decreases 
both the unstable labeling and the hydrolysis, showing that g-strophanthin, either 
decreases the phosphorylation or decreases it more than the dephosphorylation 

(cf. ref. 7). 
The effect of g-strophanthin requires Mg 2+ and is increased by ATP and Na + 

(ref. 28 and J. C. SKOU, unpublished observations); g-strophanthin is effective only 
when applied to the outside of the membrane eg. If  there is only one site in two forms, 
it is reasonable to assume that g-strophanthin reacts with the enzyme system only 
when the Na + form has been converted to the K+ form. The decrease in phosphorylation 
by g-strophanthin then suggests that it cannot be the phosphorylation which leads 
to the transformation of the Na + form to the K + form; the phosphorylation must 
follow the transformation. This may support the hypothesis that it is because there is 
Na + at the "K + site" that the hydrolysis leads to a phosphorylation. 

At present it thus does not seem possible to decide whether the phosphorylation 
found with Mg 2+ + Na + and with no K+ in the medium is part of the hydrolysis with 
Mg 2+ + Na + + K +, or whether the phosphorylation is due to a slightly different ATP 
hydrolysis found under conditions where the transport of Na + is not coupled with a 
transport of K +. This problem, as well as the problems about the relationships between 
unstable and stable labeling and between the results from the labeling and the exchange 
experiments, must be solved before a scheme for the intermediary steps in the ATP 
hydrolysis by the enzyme system can be constructed. 
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