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SUMMARY 

The influence of magnesium, sodium, ATP, and Pi on the reaction of the 
(Na + + K+)-activated enzyme system with g-strophanthin has been investigated. 

Magnesium is required for the reaction, but with magnesium alone the rate of 
reaction with g-strophanthin is very low. 

With magnesium, ATP has an effect both on the rate and on the steady-state 
level of inhibition. With ATP in concentrations which are low relative to the concen- 
tration of magnesium, it increases the rate of inhibition. With a non-limiting concen- 
trat ion of magnesium, the concentration of ATP for half-maximum inhibition by I/~M 
g-strophanthin is about i #M. When the ATP concentration is increased above the 
magnesium concentration, i .e.  with decreasing concentrations of uncomplexed 
magnesium (Mg2+), both the rate and the steady-state level of inhibition is decreased. 

With magnesium, Pl increases the rate of inhibition just as ATP, but the con- 
centration of Pi to obtain a certain inhibition by I/~M g-strophanthin is higher than 
the concentration of ATP. The maximum rate of inhibition obtained with magnesium 
and Pi is higher than with magnesium and ATP. Pi in concentrations higher than the 
concentration of magnesium (3 mM with 2.5 mM magnesium and 2 mM EDTA) did 
not decrease the rate and the steady-state level of inhibition as did ATP. 

With ATP, sodium decreases the requirement for magnesium for the inhibition. 
With I /~M g-strophanthin the concentration of Mg ~+ for 50 % inhibition and the 
MgATP/ATP~ × K ratio is decreased by a factor of lO3-1o 4 by  an increase in the 
sodium concentration from o to io mM (Mg ~+ decreased from 4 #M to 0. 7 nM). Sodium 
increases the rate of inhibition and with sub-optimal concentrations of magnesium it 
also increases the steady-state level of inhibition. The maximal rate of inhibition with 
magnesium, ATP, and sodium is faster than with magnesium and Pi ,  and also than 
with magnesium and ATP; but even under optimal conditions for the reaction the rate 
of inhibition with I #M g-strophanthin is a relatively slow process. 

Without ATP and with or without Pi ,  sodium has the opposite effect. I t  de- 
creases the requirement for Mg ~+ for a given inhibition. With 1.5 mM Pi ,  the concen- 
tration of Mg 2+ necessary for 5o % inhibition by I /~M g-strophanthin is increased 
from 5/~M to 3 mM when the sodium concentration is increased from o to 50 mM. 

* P re sen t  add res s :  Na t iona l  R esea r ch  Council  of Canada ,  ioo  Sussex  Drive  O t t a w a  7, Canada ,  
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The concentration of g-strophanthin to give 5o % inhibition under steady-state 
conditions with 3 mM ATP and ioo mM sodium decreases when the Mg *+ concentra- 
tion is increased and goes towards a minimum value of IO nM. With non-limiting 
concentrations of magnesium and Pi for inhibition, the value was I I  nM and with mag- 
nesium, sodium and Pi 440 nM. The results suggest that  with ATP, sodium increases 
the affinity for Mg 2+ while with Pi, sodium decreases the affinity for g-strophanthin. 

INTRODUCTION 

g-Strophanthin inhibits the ( N a + +  K+)-activated enzyme system; this has 
been one of the arguments that  the system is involved in the active transport  of sodium 
and potassium (for literature see ref. I). The inhibitory effect can part ly be prevented 
by an increase in the concentration of potassium (ref. 2). This is not due to a direct 
competition between g-strophanthin and potassium and seems to depend not only on 
the concentration of potassium, but also on the ratio between the concentrations of 
sodium and potassium in the external solution 3. The rate of reaction of the enzyme 
system with g-strophanthin is markedly influenced by magnesium, ATP, sodium and 
potassium in the medium 4-8 and also by Pi (refs. 5 and 8). The effect of magnesium 
ATP, Pi, sodium and potassium on the rate of inhibition seems to be parallel with their 
effect on the binding of the cardiac glycosides to the enzyme system 4, 5,8. 

Thus, the inhibitory effect of g-strophanthin depends on an effect of the sub- 
strate on the system and of the parameters which activate the reaction of the system 
with the substrate. This suggests that  it may  be possible to obtain information on the 
effect of these parameters on some of the steps in the reaction from an investigation of 
the conditions under which g-strophanthin inhibits. For this it is necessary to have 
detailed information on the effect of the cations, ATP, Pi and ADP on the inhibition 
by g-strophanthin. In the present paper are given the results of experiments with 
magnesium, sodium, ATP and Pi. The results of experiments with potassium will be 
given in a following paper. Some of the results have been given in a preliminary form 6. 

MATERIAL AND METHODS 

The enzyme was prepared from beef brain 9. The specific activity was 16o-22o 
/~[ Pi per mg protein per h (Mg 2+ 3 raM; ATP, 3 mM; Na +, 12o mM; K +, 30 mM, 
pH 7.4, 37°) • In the text  and in the figures Mg is used for total magnesium content, 
ATP for total ATP content, while Mg ** and ATPt are used for non-complexed magne- 
sium and ATP, respectively. The g-strophanthin-sensitive/g-strophanthin-insensitive 
activity ratio was between 8 and 12. 

In the pre-incubation experiments lOO-15o #g of enzyme protein was pre-in- 
cubated with g-strophanthin and with varying concentrations of cations, with and 
without ATP and/or EDTA in 30 mM Tris-HC1 buffer (pH 7.4) 37 ° in a volume of 8.0 
or 9-7 ml. After the end of pre-incubation, ATP was added to a final concentration of 
3 mM, sodium to 12o mM, potassium to 30 mM, and magnesium to the sum of the ATP 
and EDTA concentrations, in a final volume of IO ml. The 8.0 ml volume was used in 
the experiments where the cations and ATP added after the end of pre-incubation 
could not be contained in 0.3 ml; g-strophanthin was also added to obtain the same 
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concentration in the final IO ml as during pre-incubation. The added solution was pre- 
heated to 37 ° . From the time of addition the activity of the enzyme was measured by 
sampling I ml of the IO ml at different times for the next 16 rain; the first sample was 
taken after 30 sec of reaction. The reaction was stopped by the addition of the I-ml 
sample to o.I ml 50 % trichloroacetic acid and the Pi was measured by the method of 
FISKE AND S U B B A R o w  1°, with the modification that amidole was used as reducing 
agent. 

The test was carried out on the same concentration of g-strophanthin as during 
pre-incubation in order to be able to run the pre-incubation with a low concentration 
of enzyme so as to maintain the hydrolysis of ATP during pre-incubation at a low level 
and furthermore, in order to minimize the effect of reversibility of the g-strophanthin 
effect on the slopes of the curves. The control reaction for the effect of g-strophanthin 
on the enzyme during pre-incubation was to use enzyme pre-incubated under the same 
conditions without g-strophanthin in the pre-incubation medium, but with g-stro- 
phanthin added with ATP, magnesium, EDTA, sodium and potassium at zero time 
for the measurement of activity. 

In order to decrease the Pi background in the test in the experiments with Pi 
instead of ATP, the enzyme was pre-incubated in a smaller volume, 2-5 ml dependent 
on the Pi concentration; after the end of preincubation the volume was increased to 
IO ml as given above. The control reaction consisted of enzyme pre-incubated under 
the same conditions without g-strophanthin, but tested with g-strophanthin at the 
same concentration as used in the pre-incubation experiments. 

The pyruvate kinase was obtained from Boehringer. The (NH4)~SO4 added with 
the kinase did not influence the activity of the enzyme under the conditions used for 
the test. For the calculation of Mg ~+ a stability constant of MgEDTA 2- = lO -9 M -1 was 
used as well as a dissociation constant of EDTA 4- = lO -1° M (ref. II),  and a stability 
constant of MgATP ~- ----- lO -4 M -1 (ref. 12). 

The data presented are representative of the results obtained and are based on 
three to five experiments of each type. 

RESULTS 

Fig. I shows the hydrolysis of ATP as a function of time with and without added 
I /zM g-strophanthin. The test solution contained 5 mM magnesium, 2 mM EDTA, 
12o mM sodium, 30 mM potassium and 3 mM ATP. For comparison is shown the 
hydrolysis without sodium, potassium and g-strophanthin. The reaction was started 
by the addition of enzyme at zero time for the measurement of activity, which means 
that the enzyme in these experiments was not pre-incubated with g-strophanthin. The 
figure also shows the result of parallel experiments where I mM phosphoenol pyruvate 
and pyruvate kinase have been added in order to maintain the concentration of ATP 
constant and that of ADP constant at a low level during the test. 

I t  is seen that the slope of the curve for the reaction with sodium plus potassium 
with g-strophanthin is lower and decreases more with time than the slope of the curve 
for the reaction with sodium plus potassium without g-strophanthin. With added 
phosphoenol pyruvate and pyruvate kinase, the rate by which the slope of the curves 
decreases is slightly lower both with and without g-strophanthin in the medium, but 
the relative effect of g-strophanthin is the same as without phosphoenol pyruvate and 
kinase. 
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Fig. I. The effect of I /zM g-s t rophanth in  on the hydrolysis  of ATP by the (Na + + K +)-activated 
enzyme system. For  compar ison is shown the  hydro lys i s  wi thout  g-strophanthin wi th  and wi thout  
sodium plus potass ium.  In  the  exper iments  with sodium plus potass ium and with  g-s trophanthin 
the  so lut ion  conta ined  5 mM magnesium,  3 mM ATP, 2 mM EDTA,  12o mM sodium, 3 ° mM 
potass ium and 3 ° mM Tris-HC1 buffer (pH 7.4). Wi thou t  sodium plus potass ium the composit ion 
was  the  same  except  that  sod ium and potass ium was  omitted.  In  the  figures represented b y  the  
open symbols  the solution also contained i mM phosphoenol  py ruva te  and [pyruva te  kinase.  
Temp. 37 ° . 

Fig. 2. The hydrolysis  of ATP as a funct ion of t ime after pre- incubation of the enzyme sys tem for 
2o min at 37 ° in 3 ° mM Tris-HCl buffer (pH 7.4) wi th  5 mM EDTA without  and with  i /zM g- 
s t rophanth in .  The  ac t iv i ty  in this and the  exper iments  shown  in the  fol lowing figures was  tes ted  in 
a solution containing 3 ° mM Tris-HC1 (pH 7.4), 3 mM ATP, 12o mM sodium, 3 ° mM potass ium,  
I ~M g-strophanthin and magnes ium in a concentrat ion  which equals  ti le concentrat ion  of ATP 
plus EDTA,  temp.  37 ° (see MATERIALS AND METHOD). 

From the experiment shown in Fig. I it is seen that the rate by which g-stro- 
phanthin inhibits is low; it takes 16 min or more to reach a steady-state. It is seen 
furthermore that the increase in the inhibition by g-strophanthin with time is not due 
to an increase in the ADP concentration or to a decrease in the ATP concentration 
during the hydrolysis of ATP. An effect of the increase in the P i  concentration, how- 
ever, cannot be excluded fl'om this experiment (see below). 

The e~ect of magnesium and A TP 
In Fig. 2 is shown the hydrolysis of ATP as a function of time by enzyme which 

has been pre-incubated for 20 min at 37 ° in a 30 mM Tris buffer (pH 7-4), with 5 mM 
EDTA, with and without i /zM g-strophanthin. EDTA was added to complex the small 
amount of Mg 2+ which contaminates the enzyme preparation. The concentrations 
given on Fig. 2 and the following figures refer to the composition of the pre-incubation 
medium. The activity was in this and the following experiments tested in a solution 
which contained 12o mM sodium, 30 mM potassium, 3 mM ATP, magnesium equal to 
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EDTA + ATP, and apart  from Fig. 19, i /~M g-strophanthin (see MATERIALS AND 
METHODS). 

I t  is seen from Fig. 2 that  the activity is the same whether or not there has been 
g-strophanthin in the pre-incubation medium. The same result is obtained when 3 mM 
ATP or Pi was added to the pre-incubation medium (not shown). In view of the results 
shown in Fig. I ,  the observation that  the activity of the enzyme is the same whether it 
has been pre-incubated with or without g-strophanthin indicates that  the enzyme has 
not reacted with g-strophanthin during the pre-incubation. 

With magnesium in the pre-incubation medium the enzyme system reacts with 
g-strophanthin. This is seen from Fig. 3, which shows that  the slopes of the curves for 
the hydrolysis of ATP as a function of time after the pre-incubation is lower for the 
enzyme system which has been pre-incubated with magnesium and g-strophanthin 
than without g-strophanthin. The figure also shows that  pre-incubation with magne- 
sium and without g-strophanthin leads to a decrease in the activity, but not to the 
same extent as with g-strophanthin. The reaction with g-strophanthin increases slowly 
with the time of pre-incubation. 

With magnesium in the pre-incubation medium the addition of ATP has two 
effects. One is to prevent the decrease in activity during pre-incubation with magne- 
sium but without g-strophanthin. The other is to increase the rate by which g-stro- 
phanthin reacts with the enzyme system; this is seen from a comparison between 
Figs. 3 and 4, which shows that  the time taken of pre-incubation to give a certain 
decrease in the initial slope is lower with ATP than without. 
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Fig. 3. The  effect of m a g n e s i u m  on inh ib i t ion  b y  g - s t r o p h a n t h i n .  The  e n z y m e  was  p re - incuba ted  
w i th  3 m M  of m a g n e s i u m  wi t h  a n d  w i t h o u t  i /~M g - s t r o p h a n t h i n  for 20 a n d  60 min .  The  pre- 
i n c u b a t i o n  m e d i u m  con ta ined  as in Fig. 2 a n d  as in t h e  e x p e r i m e n t s  shown  on t he  fol lowing figures : 
3 ° m M  T r i s - H C l  buffer  (pH 7.4) a n d  t he  t e m p e r a t u r e  was  37 °. In  t h e  figure is shown  the  hydro lys i s  
of A T P  as a f unc t i on  of t i me  b y  t he  e n z y m e  s y s t e m  af te r  t he  p re - incuba t ion .  

Fig. 4. The  ac t iv i ty  of t he  e n z y m e  a f te r  v a r y i n g  t i mes  of p re - incuba t ion  w i th  3 m M  ATP,  5 m M  
m a g n e s i u m ,  2 m M  E D T A  and  I /~M g - s t r o p h a n t h i n .  T he  p re - incuba t ion  t ime  is s h o w n  in t he  figure. 
The  e n z y m e  ac t iv i ty  was  t e s t ed  as in Fig. 2. 
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There is a certain hydrolysis of ATP during the pre-incubation. The activity of 
the enzyme preparation with magnesium and without sodium plus potassium is, 
however, relatively low and as the pre-incubation is performed with an enzyme con- 
centration which is only slightly higher than the concentration during the test, the 
hydrolysis of ATP is relatively low even after 20 min of pre-incubation. This is seen 
from Fig. 4 where the P i  concentration after 20 min of pre-incubation has increased to 
0.05 mM (5/~M per mg protein on the figure; the concentration of protein was IO #g/  
ml). This means that the ATP concentration during the pre-incubation has decreased 
from 3 to 2.95 mM and the Pi and ADP concentrations have increased to 0.05 mM. 
These low concentrations of ADP and P i  did not give a measurable effect on the rate 
of hydrolysis under the conditions used for the test. 

The pyruvate kinase requires monovalent cations for activation and as the 
cations have an effect on the inhibition by g-strophanthin (see below), phosphoenol 
pyruvate and pyruvate kinase cannot be used to regenerate ATP during the pre-in- 
cubation. 

With magnesium, the concentration of ATP necessary to give an effect on the 
inhibition by g-strophanthin is very low (Fig. 5). (For convenience the values in Fig. 5 
and in the following figures are corrected for the hydrolysis during pre-incubation.) 
After 20 min of pre-incubation with 3 mM magnesium, 2 mM EDTA and I/~M g-stro- 
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Fig. 5. The effect of vary ing  concentrat ions  of ATP on  the inhib i t ion  by  g-s trophanthin .  Tile e n z y m e  
was  pre- incubated for 2o rain w i t h  3 mM magnesium,  2 mM EDTA,  i /~M g-s trophanth in  and a 
vary ing  concentrat ion  of ATP (pH 7.4), 37 °. The contro l  is the  e n z y m e  which  has been pre-incu- 
bated  for 20 rain w i t h  3 mM magnesium,  2 mM EDTA,  and i mM ATP w i t h o u t  g - s t rophanth in  and 
w i t h  i #M g- s trophanth in  b u t  w i t h o u t  ATP, The e n z y m e  ac t iv i ty  was tes ted  as in Fig. 2. 

Fig. 6. The effect of vary ing  concentrat ions  of ATP on tile inhib i t ion  b y  g-s trophanthin .  The e n z y m e  
was  pre- incubated  for 20 min  w i t h  2. 5 mM magnesium,  2 mM EDTA,  i /~M g-s trophanthin  and 
concentrat ions  of ATP vary ing  from 3 to o.25 mM (pH 7.4), 37 °. The ac t iv i ty  was  tested as in 
Fig. 2. 
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phanthin, the maximum effect on the activity is obtained with IO/zM ATP added to 
the pre-incubation medium; the concentration of ATP necessary to give a half-maxi- 
mum decrease of the initial slope of the curves is about I juM. Considering that  there is 
a certain hydrolysis of ATP during the preincubation, the concentration of ATP to 
give a half-maximum effect must be lower than the I #M added (for the effect of the 
r e l e a s e d  Pi, seen below). 

The effect of magnesium plus ATP on the inhibition by g-strophanthin depends 
on their ratio; this is seen from a comparison between Figs. 6 and 7. When pre-in- 
cubated for 20 rain with 2.5 mM magnesium, 2 mM EDTA, and I/~M g-strophanthin 
(Fig. 6) the inhibition increases when the ATP concentration in the pre-incubation 
medium is decreased from 3 to 0.5 mM ; with a 0.25 mM concentration, the same inhi- 
bition is obtained as with a 0.5 mM concentration. On the other hand, if the ATP con- 
centration in the pre-incubation medium is kept constant at 3 mM and the concen- 
tration of magnesium is increased above the 2.5 mM used in Fig. 6, the inhibition in- 
creases with the magnesium concentration up to 5 mM (EDTA, 2 mM) (Fig. 7). 

In Fig. 8 is shown the percent inhibition after varying times of pre-incubation 
with I /~M g-strophanthin, 3 mM ATP, 2 mM EDTA, and varying concentrations of 
magnesium. After pre-incubation the hydrolysis of ATP as a function of time has been 
tested as in the previous experiments. The initial slopes of the curves have been used 
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Fig. 7. The  effect of v a r y i n g  concen t r a t i ons  of m a g n e s i u m  on  t he  inh ib i t ion  b y  g - s t r o p h a n t h i n .  
The  e n z y m e  s y s t e m  was  p re - incuba t ed  for 2o m i n  wi th  3 m M  ATP,  2 m M  E D T A ,  I /~M g - s t rophan -  
t h i n  and  m a g n e s i u m  in c oncen t r a t i ons  v a r y i n g  f rom o to  5 m M  (pH 7.4), 37 °. The  ac t i v i t y  was 
t e s t ed  as in Fig. 2. 

Fig. 8. The  effect of v a r y i n g  concen t r a t i ons  of m a g n e s i u m  on t h e  inh ib i t ion  b y  g - s t r o p h a n t h i n .  
The  e n z y m e  s y s t e m  was  p re - incuba t ed  as s h o w n  on t h e  absc issa  wi th  3 m M  ATP,  2 m M  E D T A ,  
I /zM g - s t r o p h a n t h i n  a n d  v a r y i n g  concen t r a t i ons  of m a g n e s i u m  (pH 7.4), 37 °. The  ac t i v i t y  was 
t e s t ed  as in Fig. 2 and  t he  ini t ia l  s lopes  of t he  cu rves  for t he  hyd ro lys i s  as a f unc t i on  of t i m e  have  
been used  to  express  t h e  ac t i v i t y  a f t e r  p re - incuba t ion .  The  inh ib i t ion  is g iven  in pe rcen t  of the  
a c t i v i t y  of con t ro l  minus t h e  a c t i v i t y  wi th  m a g n e s i u m  w i t h o u t  s o d i u m  plus p o t a s s i u m .  
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to express the activity of the enzyme system after pre-incubation and after correction 
for the magnesium-activated activity the percentage inhibition of the (Na + + K+) - 
activated activity during the pre-incubation has been calculated. The control reaction 
was the enzyme pre-incubated without g-strophanthin, but tested with g-strophanthin. 

The inhibition has not reached a steady-state level after 9 ° min of pre-incubation 
with lower magnesium concentrations, but it seems as if it approaches a steady-state 
level, which is lower the lower the magnesium concentration. This means that  the 
values obtained after 20 rain of pre-incubation (Figs. 6 and 7) are not steady-state 
values. 

After 9 ° min of pre-incubation the concentration of Mg 2+ for half-maximum 
inhibition with I #M g-strophanthin is of the order of 4/zM (that of ATPf of 2885/zM 
and of MgATP 115/zM). 

The experiments shown in Figs. 6, 7, and 8 either suggest that  Mg 2+ is necessary 
for the effect of g-strophanthin, or that  ATPt inhibits an effect of MgATP. 

ADP has an effect on the inhibition similar to the effect of ATP, but under 
identical conditions the effect was found to be lower. The enzyme preparation has an 
adenylate kinase activity which is about 5 % of the activity of the (Na + + K÷)-acti- 
vated ATPase. I t  was possible by washing to remove about half of this activity, but  
not to remove it all. As we have not been able to exclude the possibility that  the re- 
sults found with ADP were due to the ATP formed during the pre-incubation, no ex- 
periments are reported with ADP as substrate. 

The effect of Pi  
Without magnesium, pre-incubation with Pi has no effect on the inhibition by 

g-strophanthin (see above). With magnesium, it increases the rate of reaction in the 
same manner as ATP. As seen from Fig. 9, the rate of reaction with non-limiting 
concentrations of magnesium is faster with 1.5 mM Pi than with 3 mM ATP, but  not 
as fast as with 3 mM ATP and IOO mM sodium (see below). 

The concentration of Pi which is necessary to obtain a given effect is higher than 
the concentration of ATP. With 2. 5 mM magnesium and 2 mM EDTA, a half-maxi- 
mum effect is obtained with a Pi concentration of the order of 50 #M. while a maxi- 
mum effect is obtained with 250/zM (Fig. IO, cf. Fig. 5). Pi in high concentrations up 
to 3 mM does not lead to a decrease in the inhibition, as in the case with ATP (cf. 
Fig. 5). 

About 3 mM magnesium concentration is required to give a maximum effect 
with 3 mM Pi, 2 mM EDTA, and I #M g-strophanthin (Fig. i i ) .  The concentration of 
Mg 2÷ at half-maximum inhibition is about 5 #M. 

As shown in Fig. 9, the rate of inhibition with 1. 5 mM Pi was higher than with 
3 mM ATP without sodium. The addition of I.O mM Pi to a pre-incubation medium 
with 3 mM ATP, 5 mM magnesium, and I #M g-strophanthin did not increase the rate 
of inhibition (Fig. 12). This seems to exclude that  the effect of ATP is due to the Pi 
released by  the magnesium-dependent hydrolysis and it shows, in agreement with the 
above given results for the half-maximum values of ATP aud Pi, that  the affinity for 
ATP is higher than for Pi. 

The effect of sodium 
With magnesium in the pre-incubation medium, the addition of sodium pre- 

vents both the decrease in the activity found with and without g-strophanthin. The 
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concentration of sodium necessary to prevent the decrease in activity increases with 
the magnesium concentration. After 60 min of pre-incubation with I/~M g-strophan- 
thin and 3 mM magnesium, 18 mM sodium is needed to lower the inhibition to half of 
the inhibition found without sodium in the pre-incubation medium; with I mM magne- 
sium, 8 mM sodium is needed (not shown). 

Without magnesium, the addition of ATP to the pre-incubation medium did not 
lead to an inhibition by g-strophanthin (see above). If, however, sodium is added with 
ATP, there is an inhibition by g-strophanthin without added magnesium (Fig. 13). 
The pre-incubation medium contained 3 mM ATP, 12o mM sodium I/~M g-strophan- 
thin and varying concentrations of EDTA. It is seen that without EDTA added, there 
is an inhibition by g-strophanthin when the medium contains sodium plus ATP, and 
that  the effect decreases when the EDTA concentration is increased. But even with 
5 mM EDTA, the highest concentration used, the effect of g-strophanthin is not 
completely prevented. 

There was no magnesium added to the predncubation medium in the experi- 
ment shown in Fig. 13, but a small amount of magnesium is bound to the enzyme prep- 
aration. The effect of EDTA may indicate that these small amounts of magnesium 
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Fig. 9- The effect o£ ATP, ATP plus sodium and  of Pl on the rate  of inhibit ion by  I/~M g-s t rophan-  
thin.  The enzyme sys tem was  p redncuba ted  for the  t ime shown on the  abscissa. In  all the  experi- 
men t s  there was 7.5 mM magnes ium,  2 mM EDTA,  i /~M g-s t rophanthin .  Besides this there was in 
the one exper iment  3 mlVi ATP, in the o ther  3 mM ATP and ioo mM sodium and in the  thi rd  
i. 5 mM Pi (pH 7.4), 37 °. The act ivi ty  was tes ted as in Fig. 2, and the percent  inhibit ion was cal- 
culated as in Fig. 8. 

Fig. io. The effect of vary ing  concentra t ions  of Pt on the  inhibit ion by  g-s t rophanthin .  The enzyme 
sys tem was  pre- incubated  for 20 min  wi th  2. 5 mM magnes ium,  2 mM EDTA,  z/~M g-s t rophanth in  
and PI f rom o to 3 raM. The act ivi ty  was tested as in Fig. 2. 
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Fig. i I. The effect of vary ing  concentra t ions  of m a g n e s i u m  w i t h  3 mM Pl on the inhib i t ion  b y  
g-s trophanthin .  The e n z y m e  s y s t e m  was  pre- incubated  for 2o min  (pH 7.4), 37% with 2 mM EDTA,  
3 mM El, I //M g- s trophanth in  and m a g n e s i u m  in concentrat ions  from o to  7.5 raM. The ac t iv i ty  
was  tested as in Fig. 2. 

Fig. 12. The effect of I mM Pi on the  rate  of inhib i t ion  b y  i /AM g-s trophanth in  wi th  3 mM ATP, 
2 mM EDTA,  and 5 mM of m a g n e s i u m .  The ac t iv i ty  was  tested as in Fig. 2. & - - A ,  preincubated 
w i t h  3 mM ATP, 2 mM EDTA,  5 mM m a g n e s i u m  and io  3 mM g-s t rophanth in ;  © - - © ,  pre- 
incubated w i t h  the  same m e d i u m  plus i mM PI. 

influence the inhibitory effect of g-strophanthin when the enzyme is incubated with 
sodium plus ATP in the medium. In agreement with this it is found that the concen- 
trations of magnesium necessary to increase the inhibition are much smaller in experi- 
ments where the enzyme is pre-incubated with 3 mM ATP, 2 mM EDTA, i #M g-stro- 
phanthin, and 12o mM sodium than in a parallel experiment without sodium, (Fig. 14, 
cf. Fig. 7). 

At a given magnesium concentration an increase in the sodium concentration 
increases the steady-state level of inhibition by g-strophanthin and also the rate by 
which it is obtained. This is seen from Fig. 15, where the magnesium concentration was 
0.05 mM with 2 mM EDTA, 3 mM ATP, and I #M g-strophanthin in the pre-incuba- 
tion medium, and where the sodium concentration was varied from 2 to 5 ° mM. It is 
seen that maximum effect is obtained by a concentration of sodium of the order of 
50 mM, and that this gives an inhibition of about 7 ° % of the control activity. 

In Fig. 16 is shown how an increase in the magnesium concentration at a given 
sodium concentration increases both the steady-state level and the rate of inhibition. 
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Fig. 13. The effect of A T P  plus s o d i u m  on  the  inhib i t ion  b y  g - s t rophanth in  w i t h  vary ing  concen-  
trat ions  of E D T A .  The  e n z y m e  sys t em was  pre- incubated  for 20 rain (pH 7.4), 37 °, w i th  3 m M  
ATP,  12o m M  sod ium,  I /~M g- s trophanth in  and from o to  5 m M  E D T A .  The ac t iv i ty  was  tes ted  
as in Fig. 2. 

Fig. 14. The effect of A T P  plus s o d i u m  and vary ing  concentra t ions  of m a g n e s i u m  on the  inhib i t ion  
by  I /zM g-s trophanthin .  The e n z y m e  s y s t e m  was  pre- incubated  for 20 min  (pH 7.4), 37 °, w i t h  
3 m M  ATP,  12o m M  sod ium,  2 m M  E D T A ,  i /z~/[ g-s trophanth in ,  and from o to  i m M  magnes ium.  
The ac t i v i ty  was  tes ted  as in Fig. 2. 

The concentration of sodium was IO mM, with 2 mM EDTA, 3 mM ATP, and I , M 
g-strophanthin in the medium and varying concentrations of magnesium. 

As seen from a comparison between Figs. 15 and 16, an increase in the sodium 
concentration at a low magnesium concentration cannot bring the inhibition to the 
same level of inhibition as is obtained by a further increase in the magnesium concen- 
tration. It is apparently the magnesium concentration which sets the upper limit for 
the effect of sodium. On the other hand, the degree of inhibition which can be ob- 
tained by an increase in the magnesium concentration is independent of sodium 
(cf. Figs. 16 and 8) but with sodium the concentration of magnesium necessary is 
lower than without. This indicates that sodium cannot substitute for magnesium in 
the effect on the inhibition by g-strophanthin; magnesium seems to be necessary for 
the effect of sodium. 

In a series of experiments the concentration of magnesium for 50 % inhibition 
with 3 mM ATP, 2 mM EDTA, I/~M g-strophanthin and varying concentrations of 
sodium was determined. The time of pre-incubation was 60 min, which according to 
Figs. 15 and 16 should give a steady-state value for the inhibition with sodium in the 
medium. The value for the magnesium concentration at 50 % inhibition without 
sodium has been calculated from the 9o-min values in Fig. 8. The results are given in 

Biochim. Biophys. Acta, 241 (1971) 443-461 



454 J . c .  SKOU et al. 

prelncubatecl  w i th  : 
ATP 3 .  Mg 0.050.  EDTA 2 ,  g - S l r o p h .  10 "3 mM 

lO0 

90 

~0 
Na 50 mM 

,o ~ - - - - - - ~  " Lo lo - 
.~ 60 ~ o 

Na 5 -- 

50 

40 Na 2 - -  

30 

20 

10 

o , ,  , , , , , , 

0 2 5 I0 20 30 40 50 60 

minu les  of p re i ncuba t i on  

Fig. I 5. The effect of vary ing  concentra t ions  of sodium on the inhibition by  g-s t rophanth in  aftei 
vary ing  t imes of pre-incubation.  The enzyme sys tem was pre- incubated for the t imes shown on the 
abscissa (pt-I 7.4), 37 °, wi th  3 mM ATP, o.o 5 mM magnesium,  e mM EDTA,  and i ~M g-strophan- 
thin,  and wi th  2, 5, IO, and 5 ° mM sodium, respectively. The act ivi ty  after pre- incubat ion was 
tested as in Fig. 2 and the  percent  inhibit ion was calculated as in Fig. 8. 
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Fig. 16. The effect of vary ing  concentrat ions  of magnesium on the percent  inhibit ion by  g-strophan- 
th in  after  vary ing  t imes of pre-ineubation.  The enzyme sys tem was pre- incubated for the times 
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percent  inhibition was calculated as in Fig. 8. 
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Fig. 17 , and the concentrations of magnesium are given at the ordinate as the concen- 
tration of Mg 2+. As Mg 2+ equals MgATP/ATPf × K, the ordinate also represents the 
MgATP/ATPt × K ratio, I t  is seen that  by  increasing sodium from o to IO mM, the 
concentration of Mg 2+ for 5 ° % inhibition and the MgATP/ATPf × K ratio is de- 
creased by  a factor of lO3-1o 4. 

The concentration of ATP necessary to give an effect is very low with magne- 
sium plus sodium in the pre-incubation medium. With 0.2 mM magnesium, 2 mM 
EDTA, 12o mM sodium and I #M g-strophanthin, the concentration which gives a 
maximum effect is of the order of added 2.5/~M ATP (Fig. 18). A half-maximum effect 
on the initial slope of the curve is obtained with a concentration of less than added 
I/~M ATP. I t  is a lower concentration of ATP than that  found to give half-maximum 
effect without sodium in the medium (cf. Fig. 5). I t  must, however, be emphasized 
that  with the lower concentration of magnesium used in the experiments with sodium 
in the medium, the hydrolysis of ATP during pre-incubation is lower than in the ex- 
periments without sodium, shown in Fig. 5. The experiments are thus not comparable. 

In Fig. 19 is shown how the concentration of g-strophanthin for half-maximum 
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Fig. 17. The  re la t ionsh ip  be tween  t he  concen t r a t i ons  of s o d i u m  and  t he  concen t r a t i ons  of Mg 2+ 
(or t he  M g A T P / ( A T P t  × K) ratio) which  gives 5O°,o inh ib i t ion  of t he  e n z y m e  s y s t e m  b y  i /~M 
g - s t r o p h a n t h i n .  The  e n z y m e  s y s t e m  was  p re - incuba t ed  for 60 m i n  wi th  3 m M  ATP,  2 m M  E D T A ,  
I juM g - s t r o p h a n t h i n  (pH 7-4), 37 °, a n d  wi th  2, 5, a n d  io  m M  of sod ium,  respec t ive ly  a n d  for each 
s o d i u m  concen t r a t i on  wi th  a n u m b e r  of  m a g n e s i u m  concen t ra t ions .  Af te r  p re - incuba t ion ,  t he  
e n z y m e  ac t iv i ty  was  t e s t ed  as in Fig. 2, a n d  t he  pe r cen t  inh ib i t ion  ca lcu la ted  as in Fig. 8. F r o m  
curves  for  t he  pe rcen t  inh ib i t ion  as a f unc t i on  of t he  m a g n e s i u m  c o n c e n t r a t i o n  a t  each  of t he  so- 
d i u m  concen t ra t ions ,  t he  m a g n e s i u m  va lues  for 5o ~o inh ib i t ion  were ob ta ined  a n d  t he  concen t ra -  
t ion  of Mg ~+ was  calcula ted.  

Fig. 18. The  ac t i v i t y  of t he  e n z y m e  s y s t e m  af te r  p r e - incuba t ion  for 20 min  wi th  2 m M  E D T A ,  
0.2 m M  m a g n e s i u m ,  12o m M  sod ium,  I /2M g - s t r o p h a n t h i n ,  a n d  v a r y i n g  c o n c e n t r a t i o n s  of A T P  
(pH 7.4), 37 °. The  ac t iv i ty  was  t e s t ed  as in Fig. 2. 
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inhibi t ion of the enzyme activity.  The enzyme sys tem was pre- incubated for 60 rain wi th  3 mM 
ATP, I2o mM sodium, the concentra t ions  of Mg 2+ shown on the figure, and for each Mg 2+ concen- 
t ra t ion  vary ing  concentra t ions  of g-s t rophanthin .  After the end o5 pre- incubat ion the act ivi ty was 
tested;  the  tes t  solut ion contained the concentra t ion of g-s t rophanth in  used for the pre- incubat ion 
and the control  was run  wi th  the same concentra t ion of g-s t rophanthin .  The percent  inhibit ion was 
calculated as in Fig. 8. F r o m  the curves for the percent  inhibit ion as a funct ion of the g-s t rophan-  
th in  concentra t ion  for  each 1rig 2+, the values for 5 ° % inhibit ion were determined. 
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Fig. 20. The act ivi ty  of the enzyme sys tem after pre- incubat ion for 20 min wi th  3 mM Pl, 2 mM 
EDTA,  2.0 mM magnesium,  i #lV[ g-s t rophanth in  and varying concentra t ions  of sodium (pH 7.4), 
37 ° . The act ivi ty  was tes ted as in Fig. 2. 

Fig. 2I. The act ivi ty  of the  enzyme sys tem after pre- incubat ion for zo min with 3 mlV[ PI, 2 mM 
EDTA,  2. 5 mM magnesium,  I /,M g-s t rophan th in  and vary ing  concentra t ions  of sodium (pH 7.4), 
37 ° . The act ivi ty  was tes ted as in Fig. 2. 
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inhibition varies with the concentration of Mg *+ with 3 mM ATP and IOO mM sodium. 
The pre-incubation time was 60 min, which was found to give steady-state values. 
The g-strophanthin concentration decreases as the Mg *+ concentration increases and it 
approaches a minimum value of 15 nM when the Mg a+ concentration is increased. The 
figure gives the added g-strophanthin concentrations. The enzyme system, however, 
binds g-strophanthin, which means that  the equilibrium concentration is lower than 
the added concentration of g-strophanthin. The concentration of g-strophanthin 
binding sites in the pre-incubation medium was IO pM; this was calculated from the 
specific activity of the enzyme preparation used and a molecular activity of 9500 
(ref. 13). At 50 % inhibition half of the sites have bound g-strophanthin, and the con- 
centration on the figure must be corrected for the amount bound. This means that  the 
minimum value of g-strophanthin for 5 ° % inhibition found with the high concentra- 
tion of Mg 2+ is IO pM. 

The effect of sodium with P, 
The enhancing effect of sodium on the inhibition by g-strophanthin is not found 

when ATP is replaced by  P i ;  on the contrary, with magnesium plus P i  the addition of 
sodium leads to a decrease in the inhibition by g-strophanthin (Fig. 20). The impeding 
effect of sodium depends on the magnesium concentration in such a way that  it de- 
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Fig. 22. The re la t ionship be tween  the  concen t ra t ions  of sod ium and Mg ~+ necessary for 50 % in- 
h ibi t ion by  I /zM g-s t rophan th in  wi th  1. 5 mM Pl, and  2 mM E D T A  in the  pre- incubat ion  medium.  
The pre- incubat ion  was for 2o min.  The exper iments  were pe r fo rmed  as descr ibed in Fig. 17, bu t  
wi th  1. 5 mM Pl ins tead  of 3 mM ATP. The pre- ineubat ion  t ime was 20 min.  
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creases when the magnesium concentration is increased. This is seen from a comparison 
between Fig. 20 where the magnesium concentration was 2.0 mM and Fig. 21 where it 
was 2.5 mM, in both cases with 2 mM EDTA. 

In Fig. 22 is shown the effect of sodium on the requirement for magnesium for 
50 % inhibition by  I #M g-strophanthin with 1. 5 mM Pi.  The incubation time was 
20 rain (cf. Fig. 9). I t  is seen how the concentration of Mg ~+ necessary increases with 
the sodium concentration; with 50 mM of sodium, it is about lO 3 times higher than 
without sodium. 

Without sodium, the concentration of g-strophanthin for 50 TO inhibition 
decreases with an increase in the concentrations of Mg 2+ and Pi up till 2 mM Pi and 
IO mM Mg 2+. An increase above these concentrations did not give a further decrease 
in the concentration of g-strophanthin for 50 To inhibition. The pre-incubation time 
used was 9 ° min, cf. Fig. 9. After correction for the amount of g-strophanthin bound to 
the enzyme system, the minimum value was found to be i i  nM, which is similar to the 
value found with magnesium, ATP and sodium, namely IO nM. 

When these experiments were repeated, but with sodium in the medium and 
with non-limiting concentrations of sodium, magnesium and Pi, the 50 % value was 
found to be 44 °nM.  

DISCUSSION 

The experiments show that  the enzyme system does not react with g-strophan- 
thin without magnesium in the medium. In agreement with observations by others it 
is found that  with magnesium it does, and that  the reactivity is increased by ATP 4-8 
and Pi n, s and that  sodium decreases the reactivity with magnesium with an without 
PiS, 8, while it increases the reactivity with magnesium plus ATP 4-8. 

The experiments furthermore show that  the reaction with g-strophanthin goes 
to a state of equilibrium. 

In  the intact cell g-strophanthin only inhibits the transport  system when applied 
to the outside of the membrane 14. I t  seems likely that  the effect of magnesium on the 
reactivity is on the inside of the membrane, which seems to exclude the possibility 
tha t  magnesium takes part  in the binding of g-strophanthin and suggests that  magne- 
sium in some way changes the system from a state in which it cannot react with 
g-strophanthin to a state in which it can. I t  suggests that  with magnesium alone the 
reaction with g-strophanthin involves at least two steps, a reaction of the system with 
magnesium followed by the reaction with g-strophanthin. (TS for transport  system 
and G for g-strophanthin). 

TS + Mg 2+ ~ Mg-TS 

Mg-TS + G ~ Mg-TS-G 

As discussed under RESULTS the effect of magnesium plus ATP on the inhibition 
by  g-strophanthin cannot be due to the Pi released by the magnesium-dependent 
hydrolysis of ATP. 

Without sodium, ATP impedes the inhibition by g-strophanthin when the con- 
centration is high relative to the concentration of magnesium. As the concentration of 
Mg 2+ is equal to MgATP/ATPt × K, it is not possible to design an experiment with 
magnesium and ATP which can indicate whether the impeding effect of ATP is due to 
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a decrease in the concentration of Mg 2+ or to a decrease in the MgATP/ATPf ratio or to 
both. If it is due to a decrease in the MgATP/ATPf ratio, it means that  ATP inhibits 
an effect of MgATP. In other words the question arises as to whether Mg*+ is necessary 
for the reaction with magnesium and ATP in the medium, or whether the reaction is 
due to an effect of MgATP? If  Mg 2+ is necessary, one may  ask whether the increase in 
the reactivity towards g-strophanthin with ATP in the medium is due to an effect of 
MgATP or of ATPf? 

The effect of magnesium with Pi as a substrate suggests that  there is an effect of 
Mg2+; this may  suggest that  also with ATP as substrate the effect of magnesium on 
the reaction with g-strophanthin is due to an effect of uncomplexed magnesium, Mg 2+, 
on the enzyme system. 

With magnesium, Pi and g-strophanthin there is a phosphorylation of the system 
which seems to be identical with the phosphorylation found with sodium, magnesium 
and ATP in the medium 7,15,16. This may  mean that  with magnesium and ATP the 
effect of sodium on the rate of reaction with g-strophanthin is due to the formation of 
the phosphorylated intermediate and that  a phosphorylation is necessary for the 
reaction with g-strophanthin. 

The reaction with g-strophanthin, with only magnesium added, may  suggest 
that  a phosphorylation is not necessary. I t  is, however, difficult to exclude that  the 
enzyme preparation contains a small amount of Pi. The phosphorylation with Pi 
requires a reaction with g-strophanthin. This may  mean that  the system reacts with 
g-strophanthin prior to the phosphorylation, but  on the other hand it need not be the 
case. The system reacts with g-strophanthin with magnesium plus ATP without 
sodium; there is, however, always a very low amount of sodium in the enzyme prep- 
arations and due to this there may  be a slow rate of phosphorylation from ATP. With 
magnesium, ATP and sodium, g-strophanthin decreases the rate of dephosphorylation, 
which means that  it reacts with the phospho-enzyme 7,17. I t  also decreases, however, 
the labelling from E3*PIATP 9,17, is, 10; this suggests that  g-strophanthin reacts with the 
system prior to the phosphorylation, which means with the system in a non-phos- 
phorylated form. 

Thus, magnesium seems to be necessary for the reaction with g-strophanthin, 
but  apparently not the phosphorylation. 

There is a pronounced effect of sodium on the requirement for magnesium for 
the reaction of g-strophanthin. But  why is it that  the effect goes in the opposite direc- 
tion with Pi and with ATP? 

With Pi, sodium apparently increases the Ki value for g-strophanthin (compare 
the minimum value for 50 % inhibition increases from i i  to 44 ° n M  when sodium is 
added in non-limiting concentrations). This may  explain why the requirement for Mg *+ 
for 50 % inhibition by I / , M  g-strophanthin is increased when sodium is added. With 
a g-strophanthin concentration which is below the saturation concentration for the 
sodium-magnesium form of the system, the conversion of the system from the magne- 
sium to the sodium-magnesium form will lead to a decrease in the percent inhibition. 
With a Mg 2+ concentration which is lower than the saturation concentration, an in- 
crease in the Mg 2+ concentration will increase the amount of the system on the magne- 
sium and the sodium-magnesium form, which means on the form which can react with 
g-strophanthin. This will increase the percent inhibition and Mg 2+ will thereby 
counteract the decrease in inhibition due to sodium. 

Biochim. Biophys. Acga, 241 (1971) 443-461 



460 J . c .  SKOU et al. 

With ATP, sodium decreases the requirement for Mg2÷; this is apparently not 
secondary to an effect on the affinity for g-strophanthin as the aff-mity seems to be the 
same with magnesium, ATP and sodium and with magnesium and Pl.  One way to 
explain this is to suggest that  sodium removes an inhibitory effect of free ATP. 
Another is that  ATP removes competition between sodium and magnesium or in- 
creases the affinity for magnesium when the system is on the sodium form. 

An increase in the affinity for magnesium due to sodium and ATP would agree 
with the view put  forward by FAHN et al. 2°, that  there is a shift in the affinity for 
magnesium during the reaction with ATP. The reaction with ATP plus sodium and 
magnesium leads to the formation of two phosphorylated intermediates, E 1 - P  and 
E~-P,  and the requirement for magnesium for the formation of E 1 - P  is lower than for 
the formation of E ~ - P  (refs. 20 and 21). This suggests that  it is the system before the 
phosphorylation which has the high affinity for magnesium and according to the ex- 
periments with g-strophanthin this would mean that  it is ATP as such which gives the 
system on the sodium form a high affinity for magnesium. When the 7-8 phosphate 
bond in ATP is cleaved, the affinity is decreased. An increase in the affinity of the 
system for magnesium when it reacts with sodium and ATP must mean that  ATP and 
sodium in some way changes the system, TS 1 to TSI* in the following scheme. 

TS 1 + nNa ~ Nan-TS 1 

Nan-TS 1 + ATP ~ Nan-ATP-TSI* 

Nan-ATP-TSI* + Mg 2~ ~ Nan-Mg-ATP-TSI* 

Nan-Mg-ATP-TSI* may  react with g-strophanthin (see above). 

Nan-Mg-ATP-TSI* + G -~ Nan-Mg-ATP-TSl*-G 

The fraction which does not react with g-strophanthin is phosphorylated from ATP 
with the formation of two phospho-enzymes; the one is formed when the magnesium 
concentration is low relative to the ATP concentration and it does not react with 
g-strophanthin 2~. As magnesium is necessary for the reaction with g-strophanthin, it 
may  mean that  it is a form which has lost its magnesium due to the change in the 
affinity for magnesium when ATP is cleaved. 

" L o w "  magnesium : 

Na~-Mg-ATP-TSI* ~ Nan-TS1-P + ADP + Mg 2+ 

The other phospho-enzyme is formed with a higher concentration of magnesium 
and it reacts with g-strophanthin 21, which may  mean that  it is a magnesium form of 
the system. The formation of this form may  involve a change in the conformation of 
the system 21-23, TSI* to TS~. 

'" High" magnesium : 

Nan-Mg-ATP-TSI* ,-~---Nan-Mg-TS2-P + ADP 

Nan-Mg-P-TS2 + G ~ Nan-Mg-TS , -P -G  

In both phospho-enzymes the phosphate seems to be bound to the same group 
on the system .1, in the form of a high-energy bond ~4-26. 

In the scheme given by  FAHN et al. 2° and by POST et al. ~1 the two phospho- 
enzymes represent two consecutive steps in the reaction. Another possibility is as 
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shown above that  either the one or the other is formed. The decrease in the affinity for 
Mg 2+ when the 7-/5 phosphate bond of ATP is cleaved may  be due to a change in 
the way Mg 2÷ is bound to the system and this may  be of importance for the trans- 
formation from the TS 1 to the TS 2 state. The change in the affinity may  so to say 
happen while the reaction proceeds; when the magnesium concentration is too low, 
magnesium may be lost from the system during the reaction, which means that  under 
these conditions the reaction cannot proceed to the formation of the TS2 state. The 
result is instead an abortive reaction which does not lead to a change in the confor- 
mation with formation of TS~, but to phosphorylation of TS 1. 
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