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SUMMARY 

The sodium act ivated ATPasc prepared from crab nerve which was described in a 
previous paper I has been subjected to a more detailed s tudy of the relation between 
enzyme, substrate,  and a number  of monovalent  and divalent cations. I t  has also 
been investigated whether the enzyme catalyses an ATP-Pi  or an ATP-ADP ex- 
change reaction, and whether these reactions are cation-dependent.  Finally, the effect 
of g-strophanthin on the ATPase act ivi ty and the exchange reaction has been in- 
vestigated. 

The simplest scheme by which the experimental results can be explained is as 
follows : 

m K  
E + :VI'I' + 2 Mg + nN~t + m K  ~ EMg~ATI' (I) 

nNa 
mK mK 

EMg2ATP ~ E ~ 1' -~ "2 Mg + ADI '  (2) 
nNa nNa 

mK 
E ~ P - ~ E  + I'i ~- nNa + i n K  (3) 

nN:t 

w h e r e ,  and m are unknown numbers,  and where 

m K  
EMg2ATP 

~zNa 

symbolises an enzyme-subs t ra te - ion  complex in which Mg ++ is par t  of the enzyme-  
substrate complex and in which Na  + and K+ are a t tached to two different sites on 
the enzyme;  these sites show high affinities for the respective ions. 

Phosphoryla t ion of the enzyme, steps (I) -!- (2), will take place also when Mg++ 
is the only cation present in the system, but  under these circumstances the release 
of inorganic phosphate,  step (3), is very slow. The rate of step (3) is increased by  the 
addition of Na+ to the system, but  not by  the addition of K +. In  the presence of Mg ++ 
-+ Na +, however, addition of K+ leads to a considerable increase of the rate of step (3). 

The binding of Na+ ! K+ to the enzyme takes place during the a t t achment  of 
NI 'P  to the enzyme, i.e. during step (I). 
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G-strophanthin has no effect on the phosphorylat ion of the enzyme, steps (I) + 
(2). But  g-s trophanthin inhibits the act ivat ing effect of Na + and of Na + + K + on 
step (3), presumably by  interfering with the binding of the cations to the enzyme 
during step (I). 

The observations lend further support  to the suggestion made previously that  
this enzyme is involved in the active, linked transport  of Na+ and K + across the nerve 
membrane.  

INTRODUCTION 

In  previous experiments 1 it has been shown that  from peripheral crab nerve can be 
prepared an enzyme which is act ivated by  Mg ++ + Na + and which in the presence 
of Mg ++ + Na + is st imulated by  K +. The enzyme is an adenosintriphosphatase,  it is 
located in submicroscopic particles, and it possesses such properties tha t  the suggestion 
has been made tha t  this enzyme is involved in the active transport  of Na + and K + 
across the nerve membrane.  

Experiments  recently published by POST 2 lend support  to this assumption. Also 
the red blood cell membrane  contains an adenosintriphosphatase which is st imulated 
by  Na + + K + and which has properties tha t  make it reasonable to assume that  the 
enzyme is involved in the active t ransport  of Na + and K + across the cell membrane.  

In the present experiments the properties of the nerve enzyme have been studied 
more closely, part icularly with a view to its possible participation in active ion 
transport .  The studies have been concerned with the relation between enzyme, 
substrate,  and a number  of monovalent  and divalent ions. I t  has furthermore been 
investigated whether the enzyme catalyses an ATP-P i  or an A T P - A D P  exchange 
reaction and how the exchange reaction is dependent on the cations; this was done to 
obtain information about  the intermediate steps in the breakdown of ATP and the 
influence of the cations on these steps. 

EXPERIMENTAL 

The', enzyme was prepared as previously described by homogenisation of crab nerve 
in o.25 M sucrose and differential centrifugation. The enzyme is contained in the 
submicroscopic particle fraction which is obtained by  centrifugation at 2o,ooo :< g 
for x-2 h of the supernatant  after centrifugation for 15 min at IO,OOO :4 g. In  the 
present experiments the enzyme was cooled to - - 1 5  ° immediately after the prep- 
aration and stored at this temperature  until use. By  this method it is possible to 
preserve the act ivi ty  of the enzyme for months.  The enzyme was used immediately 
after thawing, and only once frozen enzyme was used. 

The ATP and A D P  solutions were prepared and the enzymic act ivi ty determined 
as described previously, except tha t  the act ivi ty  of the enzyme was measured at 3 °0 
instead of at 36°. The I T P  solutions (sodium salt from Pabst) were prepared in the 
same way as the ATP solutions. 

Abbreviatiorts used: ADP and ATP, adenosine-5'-di- and tri-phosphate; 1DP and ITP, 
inosine-5'-di- and triphosphate; Pi, inorganic orthophosphate; Versene, ethylenediaminetetra- 
acetate; Amidol, 2,4-diaminophenol, dihydrochloride. 
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A p a r t  from Cs +, the  added  cat ions in the concentra t ions  used d id  not  influence 
the  de te rmina t ions  of Pi  under  the exper imenta l  condit ions.  Nor did  Cs + exer t  any  
influence when the reducing substance,  Amidol ,  was added  to the  solut ion before 
molybda te .  On the other  hand,  if Amidol  was added  to the solut ion af ter  mo lybda te ,  
high concent ra t ions  of Cs + in the solution led to precipi ta tes .  All  cat ions were added  
as chlorides. 

The enzymic ac t iv i ty  is expressed in terms of ~moles Pi spl i t  off from ATP in 

3 ° min. 
Carrier-free a~P was ob ta ined  from Philips,  Amste rdam.  
AD32P was p repa red  according to COOPER AN1) LEHNINGER 3. 
The exchange react ions  were de te rmined  in a to ta l  volume of I ml conta ining 

o. I  ml of the  enzyme solution. The react ion mix tu re  was ad jus t ed  to p H  7.2 as in the 
de te rmina t ion  of ATPase  ac t iv i ty .  Tile ATP concent ra t ion  was 3 mmoles/1 in the 
inves t iga t ions  of bo th  the  A T P - P i  and  the A T P - A D P  exchange reactions.  

In  the  inves t iga t ions  of the A T P - P i  exchange reaction,  Pi was added  to the  
reac t ion  mix ture  to final concentra t ions  ranging from I to IO mmoles/1; the Pi was 
label led with  32p, 5 '  lO5 counts/rain.  In some of the exper iments  A D P  was fur ther  
added  to a final concent ra t ion  of i mmole/1. In  the  invest igat ions  of the A T P - A D P  
exchange react ion,  A D P  was added  to a final concent ra t ion  of I mmole/1; the  A D P  
was label led wi th  ~32PIADP , 5" xo5 counts /min.  In  some of t i le exper iments  Pi was 
also added  to final concent ra t ions  rangin~ from I- - io  mmoles/1. 

The incubat ion  t ime was 2o min at  3 o°. Dur ing  this per iod the exchange react ion 
var ied  l inear ly  with t ime. The react ion was s topped  b y  hea t ing  the mix tu re  to 8o-85 ° . 
Af ter  cooling, o.6 ml of the mix tu re  was di lu ted  to IO ml and placed on a column of 
Dowex L The nucleot ides  were e lu ted  according to COHN 4. The r ad ioac t iv i ty  was 
measured  on IO ml of each eluate  in a l iquid counter  ( type M6, manufac tu red  by  
2oth Century  Electronics) .  

The amoun t  of Pi  or A D P  exchanged  was ca lcula ted  b y  mul t ip ly ing  the average 
concent ra t ion  of Pi or A D P  dur ing the incubat ion  by  the fract ion of 32p or AD32P 
incorpora ted  into ATP. Correction was made  for the small  amount  of b reakdown of 
label led ATP dur ing the incubat ion ;  the correct ion was ob ta ined  by  mul t ip ly ing  the 
average specific ac t iv i ty  of ATP by the amount  of ATP hydrolysed .  

Adeny la t e  kinase ac t iv i ty  was de te rmined  by  the me thod  of KALCKAR ~. 

R E S U L T S  

A TPasc activity 

Monovalent cations : I t  has been shown previous ly  ~ tha t  the  enzyme exhibi ts  some 
ATPase  ac t iv i ty  in the  presence of Mg ++ alone, bu t  the ac t iv i ty  is only slight. W i t h  
Mg ++ present  in the system, addi t ion  of Na  ++ results  in an increase of the  act ivi ty .  
If  K+, R b  +, Cs+, or NH,, + are added  ins tead  of Na  + the ac t i v i t y  shows only a very  
small  increase, while addi t ion  of Li + leads to an increase in ac t iv i ty  in te rmedia te  
between act iv i t ies  p roduced  b y  Na  + and by  the o ther  monova len t  cat ions  (Fig. I). 
Max imum ac t iv i ty  wi th  Na  + is ob ta ined  at  a concent ra t ion  of 6 mmoles/h The Na + 
concent ra t ion  at  half m a x i m u m  ac t iv i ty  is 1.4 mmoles/1, and  it is independent  of the 
MgATP concentra t ion.  The concent ra t ions  of the other  monova len t  cations,  a t  half 
m a x i m u m  ac t iv i ty  is about  io  t imes as high. Na  + seems accordingly  to be the  mono- 
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valent cation which gives the highest increase in activity and to which the enzyme 
has the highest affinity. 

When the system contains both Mg ++ and Na +, addition of one of the other 
monovalent cations, NH.~ +, K +, Rb +, Cs + or Li +, leads to a considerable increase of 
the activity of the enzyme (Figs. 2 and 3)- This effect is only obtained with Na+ in 
the solution. If Na+ is replaced, by, for example, Li +, addition of one of the other 
cations does not lead to an increase in the activity, but to an inhibition of the activity 
due to Li+. 

The stinmlation produced by K ÷, Rb +, Cs+, N H C  and Li+ depends on the Na + 
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Fig. I. Effect  of monovalent  cations on the 
enzyme act iv i ty  in the presence of ]~g++. In  
Figs. 1- 3 and 5-13 the  e n z y m e  ac t iv i ty  is ex- 
pressed as / ,moles  inorganic  phosphate  split  
off ATP wi th in  3o rain under  the  exper imenta l  
condit ions.  ATP concentrat ion:  3 mmoles] l .  

Cation p~esent : 3 mmoles]l Mg ++. 
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Fig. 3- Effect of m o n o v a l e n t  cat ions  on the  e l l zyme  ac t iv i ty  in the  presence of lV£g++ + Na+. 
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concentration (Figs. 2 and 3). At low concentrations of Na +, e.g. io mmoles/1 (Fig. 2), 
the addition of low concentrations of these cations leads to an increase of the activity, 
while the activity decreases again when higher concentrations are added. As has been 
found previously with K *, sufficiently high concentrations of the cations lower the 
activity to the level observed when only Mg ++ is present in the system. 

When the Na + concentration is raised, the maximum activity obtainable by 
addition of the other monovalent cations increases until the Na+ concentration is 
equal to or higher than ioo mmoles/1 (Fig. 3). The concentrations of the monovalent 
cations which correspond to the activity maxima also increase with the Na+ con- 
centration. 

Table I shows the concentrations of K +, Rb +, Cs+, NH4+ and Li + necessary to 
produce half maximum activity in the presence of 6 mmoles/1 Mg +~ and ~oo mmoles/1 
Na+; the values were read from Fig. 3. The concentrations are lower for K + and Rb+ 
than for Cs +, NH_ F and Li+; the affinity of the enzyme is accordingly greater for the 
former than for the latter. On the other hand, the greatest activity is obtained with 
NH,1 + (Fig. 3). 

T A B L E  I 

C O N C E N T R A T I O N S  OF M O N O V A L E N T  C A T I O N S  N E C E S S A R Y  TO GIVE H A L F  M A X I M U M  

ATPAsE A C T I V I T Y  I N  T H E  P R E S E N C E  OF Mg ~+ + N a  + 

T h e  v a l u e s  w e r e  r e a d  f r o m  F i g .  3. C o n d i t i o n s  : A T P  3 n I m o l e s / l ,  M g  +~ 0 m m o l e s / 1 ,  N a  + i oo m m o l e s / l .  

Catic~* Concentration 
(mmoles/l) 

Li  ~ ] 5.0 
NH4+ 5.o  
K -  1.8 
R1) ~ 2.1 
Cs~ 8.o 

Fig. 4 shows a kinetical analysis of tile inhibition produced by K + at various 
concentrations of Na +. The values are taken from Fig. 5 in the previously published 
paper t. The graph indicates G that the inhibitory effect of K+ is due to a competitive 
displacement of Na +. Similar analyses of the inhibitory effect of the other monovalent 
cations were not performed, but since their inhibition depends on the Na + concentra- 
tion in the same way as that of K +, one may assume that the inhibitory effect of these 
cations is also due to a competitive displacement of Na+. 

The experiments with the monovalent cations show accordingly that the enzyme 
has a high affinity for Na+ and also, in the presence of Mg++ + Na +, a high affinity 
for K + and Rb +. They show further that in the presence of Mg ++ + Na+ the cations 
K +, Rb+, Cs+, NHt+ and Li+ exert two different actions on the enzyme. One action 
is a stimulation, and for K + the Km value is 1.8 mmoles/1 (Fig. 3)- The other action 
is an inhibition which is due to a competitive displacement of Na+; the latter has 
for K + a K1 value of 9 mmoles/1 (Fig, 5). 

Divalent cations. Mg++: In the previous investigation ~ it was found that at an 
ATP concentration of 3 mmoles/1, the optimum Mg++ concentration was also of the 
order of 3 mmoles/1. This was so in a system containing Mg ++ alone or Mg++ + Na+ 
or Mg ++ } K +. When the concentration of Mg++ exceeded that of ATP the activity 
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was inhibited, and the same was obserw~'d when the ATP concentration exceeded the 
Mg ++ concentration. This optimum I / I  ratio between Mg++ and ATP is also found at 
other concentrations of Mg ++ and ATP (Fig. 5)- 
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ref.  I.  A T P  c o n c e n t r a t i o n :  3 mmoles/1.  Ca t ions  p r e s e n t :  6 m m o l e s / l  Mg ++ + 3, io,  20 a n d  4 ° 

0.2 

cZ 

0.t 
F 

I ATP3 
rP2 

mmoles/1 Na  +. 

0.5 

0,4 

0.3 

0.2 

0 2 4 6 
Mg rn m01es/I 

Fig. 5. Ef fect  of  the Mg ++ concentrat ions on 
the  enzyme  a c t i v i t y  a t  var ious  A TP  concen- 
t r a t i o n s  ill the  presence of Na  +. A TP  concen- 
t r a t i o n :  i ,  2 and  3 mmoles/1. Cat ion  p resen t :  
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Fig. 6. Effect  of the  ATP concentr~.t ion on the  
enzyme  a c t i v i t y  a t  var ious  Mg ++ concent ra-  
t ions  ill  the  presence  of Na  + + K +. Cat ions  
p re sen t :  i ,  2 and  4 mmoles/1 lVIg++ + IOO 

mmoles/1 Na  + + 20 mmoles/1 K +. 

If the system contains Mg ++ and Na~ + K+ in concentrations giving maximum 
activity of the enzyme, the concentration of Mg ++ which is necessary for maximum 
activity with an ATP concentration of 3 mmoles/1 is around 6 mmoles/1, i .e.  the 
optimum Mg++/ATP ratio is now of the order of 2/1 (Fig. 6). A further increase of the 
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Mg++ concentration leads to a slight inhibition of the activity. Further addition of 
ATP results in a more marked inhibition of the activity. 

The activation of the enzyme with Na+ ~ K + accordingly changes the optimum 
Mg++/ATP ratio from 1/1 to 2/1. 

Calci~m: Ca ++ inhibits the activity of the enzyme, and the inhibition in a system 
containing Mg ++ or Mg ++ -~ Na+ or Mg ++ + K + is different from that obtained in a 
system containing Mg ++ a Na + -5 K+ (Fig. 7). 

In the presence of Mg ++ alone or Mg ++ ¢- Na + or Mg ++ ~- K +, i.e. when the 
optimum Mg++/ATP ratio is 1/1, the Ca ++ inhibition is accompanied by a decrease 
in the optimum Mg ++ concentration. 

In the presence of Mg++ + Na + ~ K +, i.e. when the optimum Mg++/ATP ratio 
is 2/1, the Ca ++ inhibition is accompanied by an increase in the optimum Mg ++ 
concentration. The inhibition is counteracted by an increase in the Mg++ concentra- 
tion, but the original activity is not fully restored even with high concentrations 
of Mg ++. 

The two different ways in which Ca ++ influences the optimum Mg++/ATP ratio 
indicates two different types of Mg ++ activation. 

One type of activation is obtained in the presence of Mg ++ alone or Mg ++ + Na+ 
or Mg ++ ~- K +; it is non-competitively inhibited by Ca ++, and the optimum Mg++/ATP 
ratio is under these circumstances I / I , - - - T o  this is, when the system contains Mg ++ + 
Na + + K +, added another type of activation, which is inhibited competitively by 
Ca ++. The optimum Mg++/ATP ratio is now 2/1. 

I T P  as silbstrale: In order to explore this hypothesis of two types of Mg++ acti- 
vation, experiments were performed with ITP as substrate instead of ATP. 

Studies of LEVEDAHL AND JAMES 7 on the rotatory dispersion of ATP seem to 
show that the ATP molecule is folded back upon itself, and that the NHa group of 
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adenine together with the two terminal phosphate groups play a role in this folding. 
LEVEDAHL AND JA~ES proposed that this folded structure is important for the activity 
of ATP in biological systems. SZENT-GY6RGYI 8 has suggested that since Mg ++ in- 
variably seems necessary for the activity of ATP, it is this ion which connects the 
two ends of the folded molecule through a quadridentate chelate formation between 
the two terminal phosphate groups of the phosphate chain and the NH~ group and 
the N7 group of the adenine part of the ATP molecule. 

One or the other of the two effects of Mg ++ on the Na+ + K + activated ATPase 
may conceivably be due to such a chelate formation. In either case, one should expect 
to find a change of the optimum Mg++/ATP ratio if ATP were replaced as substrate 
by ITP, which lacks the NH 2 group in the purine, but which is otherwise structurally 
identical with ATP. 

The enzyme catalyses the hydrolysis of ITP to IDP + Pi, and also with ITP as 
sul)strate Mg ++ is an obligatory requirement. It  is observed that the activity with 
Mg -++ alone is higher with ITP than with ATP as substrate (see Fig. 9) and that 
the optimum Mg++/ITP ratio is I /I .  

In the presence of Mg ++, addition of one of the monovalent cations, Na+, Li +, 
K+, Rb+, Cs + or NH4 +, leads to an increase of the activity (Fig. 8), and it is noted, 
as in the experiments with ATP, that the increase is highest when the added mono- 
valent cation is Na+ and lower with Li+ and the other monovalent cations. Contrary 
to what was found with ATP as substrate, the activating effect of Li+ and of the 
other monovalent cations is in these experiments almost the same. The increase of 
activity due to Na + is smaller when the substrate is ITP than when it is ATP (Fig. 9) ; 
but since the activity due to Mg ++ alone is higher with ITP as substrate, the total 
activity with Mg++ + Na ÷ becomes higher. The concentration of Na + which gives 
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Fig. 9. Effect  of Na  + on the  enzyme  a c t i v i t y  
in  the  presence  of 1Vfg++ and  wi th  ATP and  
I T P  as subs t ra te .  ATP aIzd I T P  concen t ra t ions  : 
3 mmoles/1. Cat ion p re sen t :  3 mmoles/1 Mg ++. 
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half m a x i m u m  act iv i ty  with ITP as substrate is 2.5 mmoles/1 compared to 1. 4 
mmoles/1 with ATP as substrate. The opt imum Mg++/ITP ratio in the presence of 
Mg ++ + Na  + is i / z .  

When the sys tem contains Mg ++ -T Na +, the addition of one of the other mono-  
valent  cations, Li+, K+, Rb +, Cs + or NH4+, leads to an increase of the act ivity,  and 
the effect is dependent on the Na + concentration (Fig. IO). It  should be noted that 
this st imulat ing effect is much smaller when ITP than when ATP is the substrate,  
and also that at a Na + concentration of IOO mmoles/1 the added cations lead to a 
decrease of the act iv i ty  at lower concentrations than in the sys tems  containing ATP 
as substrate.  This is even more pronounced when the Na + concentration is low, for 
example  2o mmoles/1 (Fig. i i ) ;  in fact, under these circumstances K + exerts  only a 
very  slight st imulat ing effect. 
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Mg ++ + ioo mmoles/1 Na +. 
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Fig.  i ~. Ef fect  of K + o n  the  e n z y m e  a c t i v i t y  in  t i le  p r e s e n c e  of Mg t-t- + N& + and  with ATP and  
I T P  as subs tra te .  A T P  a n d  I T P  c o n c e n t r a t i o n s :  3 mmoles/l .  Cat ions  p r e s e n t  : 3 and 6 mmoles/ l  

5.rg++ + 20 mmoles/1 Na +. 

The op t imum Mg++/ITP ratio which is I/Z with  Mg ++ q- Na+ in the sys tem is 
not increased by  adding K +, it is still I/I, contrary to the opt imum Mg++/ATP ratio, 
which in the presence of Na  + ~, K + is 2/1 (Fig. 12). 

The experiments  with ITP accordingly support the idea of two different effects 
of Mg ++ when ATP is the substrate.  The act ivation which is observed in the presence 
of Mg ++ alone or Mg ++ q Na+ or Mg++ q K+ can be demonstrated with ITP as well as 
with ATP as substrate.  But  the second type  of activation,  that observed in the 
presence of Mg ++ + Na + q K +, is found only with ATP as substrate. This type  of 
act ivat ion must  consequent ly  depend on the configuration of the adenine part of the 
ATP molecule.  

G-strophanthin: Since g-strophanthin is known to inhibit active cation transport 
in a number of biological sys tems  9,1°, the effect of this compound was also studied 
(Fig. 13). 
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Fig. 12. Effect of Mg ++ on the enzynm 
ac t iv i ty  in the  presence of Na + + K + 
and w i t h  ATP and ITP as substrate .  
ATP and I T P  concentrat ions:  3 rn- 
moles/1. Cations present:  lOO mmoles/ l  

Na + + 5o mmoles/1 K +. 
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Fig. i3. Effect of g - s trophanth in  on the e n z y m e  
ac t iv i ty  in the  presence of Mg ++, 1rig ++ + Na + 
and Mg ++ + Na + + K +. ATP concentrat ion:  
3 mmoles/1. Cations present  : 3 mmoles/1 Mg~+; 
3 mmoles/1 Mg ++ + io and i o o  mmoles/I  Na + 
6 mmoles/1 Mg ++ + IOO mmoles/1 Na + + 20 

mmoles/l  K +. 

Within the concentration range studied (up to I mmole/1), g-strophanthin does 
not influence the activity when the system contains only Mg ++. However, g-strophan- 
thin inhibits the increase of activity produced by addition of Na +. Maximum inhibition 
is obtained at a g-strophanthin concentration of o.5 mmole/1; the inhibition is only 
partial and decreases with increasing Na ÷ concentration. 

G-strophanthin also inhibits the increase of activity produced by addition of 
Na÷ + K+. The concentration required to give maximum inhibition is somewhat 
higher, around I mmole/1, than when the system contains only Mg ++ + Na+. 

When Mg ++ + Na + + K + are present in the system, addition of g-strophanthin 
leads to a reduction of the optimum Mg÷÷/ATP ratio from 2/1 to I/I.  

A T P - P i  and A T P - A D P  exchange reactions 

The intermediary reaction steps were investigated by studying the ATP-Pi  and 
the A T P - A D P  exchange reactions. 

Addition of [32P]phosphate to the system did not in any instance lead to a 
measurable labelling of ATP. The concentration of Pi varied from I to IO mmoles/1, 
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and  the exper iments  were carr ied out  in the t)resence of Mg ++ alone, Mg ~ + ~ Na  +, 
Mg +~ i K + and Mg ~+ i Na + t K ~, Nei ther  were the results  influenced by  addi t ion  
ot A D P  in a concent ra t ion  of I mmole/1. 

If, on the o ther  hand,  A D P  label led with ADa2P was added  to the system, a 
label l ing of ATP was observed.  The ex ten t  of the  labell ing of ATP depends  on the 
concent ra t ion  of A D P  (Table I I ) ;  it  is independen t  of whether  or not  Pi is added  to 
the  system. This incorpora t ion  of label led A D P  into ATP cannot  be due to the act ion 
of adeny la te  kinase ( "myokinase" ) ,  since the submicroscopic par t ic les  were shown 
to be devoid  of such ac t iv i ty .  

"I'A BL]L II  

T H E  D E P E N D A N C E  {)Iv T H E  ATP ADP E X C H A N G E  R A T E  O N  T H E  A D P  C O N C E N T R A T I O N  

C o n d i t i o n s :  A 'FP  3 m m o l e s / l ,  3 Ig  ~' 3 m m o l e s / 1 .  

A D P  co~zcentration AI ) t  ~ exchanged 
mmoles/l mpm(des/2o rain 

o .o8  4 ° 
o .  I 0  I l O  

l . I()  200  
2 .0o  238 

The ATP-ADP exchange reaction requires Mg ++ (Fig. 14), and the optimum 
Mg++/ATP ratio is I /L This is so also when the system contains Mg ++ i Na+ and 
when it contains Mg ++ + Na + 4 K+; in the latter respect the ATP-ADP exchange 
reaction differs from the ATPase activity. 
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c o n c e n t r a t i o n :  3 m m o l e s / 1 .  C a t i o n s  p r e s e n t :  o m m o l e / 1  N a  + q- o m m o l e / l  K ~ ;  I o o  m m o l e s / 1  N a  + 

-t- 2o m m o l e s / 1  K +. 
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I t  appears from Fig. 15 that  the ATP-ADP exchange is reduced by addition of 
Na + to the system. The addition of K + does not influence the exchange reaction, but 
in the presence of Na + the addition of K + leads to a further decrease of the exchange 
reaction (Fig. 16). I t  should be noted that  when the Na + concentration is low 
(Io mmoles/1), this inhibition disappears when the K + concentration is raised. 

Fig. 17 presents experiments on the effect of Ca ++ in a system containing Mg ++ 
alone. I t  may be noticed that  the optimum Mg++/ATP ratio in this experiment is 
somewhat lower than I/I; similar observations have occasionally been made in de- 
terminations of the ATPase activity. Since the optimum Mg++/ATP ratio may be 
raised somewhat by addition of small amounts of Versene, the optimum Mg++/ATP 
ratio lower than I / I  may presumably be caused by the presence of traces of Ca ++ in 
the system. 

300 

~, 250 

2 o 

< 
~, 200 

150 

100 

300  

2O0 
2 o x o 
g 
< 

100,  

Mg3  m moles/ l  

ATP3 A D P l  - -  

I I I . 

50 t 0 0  150 

N~ m m o l e s / l  

Fig.  15 . 

ATP3 A D P I  - -  

I 1 I I I I 

t 2 3 4 5 6 

Ng m mo les / I  

Fig.  17. 

300 

2S0 

g 
c 
2 o 

200 

!50 

100 

f o 

OMg3 NO100 - -  

ATP 3 AD01 - -  

50 100 ~50 
K mmo~es/I 

Fig.  I6 .  

Ng3 No10 m mole$/I 

Fig.  1 5- E f f e c t  of  N a  + on  r a t e  of A T P - A D P  ex-  
c h a n g e  in t h e  p r e s e n c e  of Mg ++. A T I '  c o n c e n t r a -  
t i on :  3 mmoles /1 .  C a t i o n  p r e s e n t :  3 m m o l e s / 1  

Mg ++. 

Fig.  1 6. E f f e c t  of  K + on  r a t e  of A T P  A D P  ex-  
c h a n g e  in t h e  p r e s e n c e  of Mg ++ + N a  +. A T P  
c o n c e n t r a t i o n :  3 m m o l e s f l .  Ca t ions  p r e s e n t :  3 

m m o l e s / 1 M g  ++ + i o  a n d  i o o  mmoles /1  N a  +. 

Fig.  1 7 . E f f e c t  of Mg ++ on  r a t e  of A T P  A D P  
e x c h a n g e  in t h e  a b s e n c e  a n d  p r e s e n c e  of  Ca ++ . 
A T P  c o n c e n t r a t i o n  : 3 mmoles /1 .  C a t i o n  p r e s e n t  : 

o a n d  I mmole /1  Ca ++. 
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W h e n  Ca ++ is added  to the system,  the exchange react ion is inhibi ted,  and  tile 
o p t i m u m  Mg++/ATP ra t io  is m a r k e d l y  lowered. The effect of Ca ++ on the exchange 
react ion thus  corresponds to i ts effect on the ATPase  ac t iv i ty  when the op t imum 
Mg++/ATP ra t io  is I / I .  

G-s t rophan th in  in the  concent ra t ions  tes ted  (up to o.5 mmole/1), does not  in- 
fluence the  A T P - A D P  exchange react ion when the sys tem contains  only Mg ++, 
whereas  in the  presence of Mg ++ + Na  + or Mg ++ -~ Na  + -~-K + the addi t ion  of 
g - s t rophan th in  counterac ts  to some ex ten t  the  inhibi t ion due to N a  + or to Na  + ~ K+. 

The enzyme is also able to ca ta lyse  an exchange react ion be tween I T P  and A D P  ; 
the  ra te  of exchange amounts  to 75-8o % of tha t  between ATP and ADP.  The I T P -  
A D P  exchange also requires Mg ++ and is s l ight ly  inhib i ted  b y  Na  + and by  Na  + * K ~. 

DISCUSSION 

A few small  quan t i t a t i ve  differences have  been observed between the results  of the 
present  exper iments  and  those ob ta ined  in the previous  s tudy  1. An explana t ion  might  
be t ha t  in the  previous  exper iments  the  enzyme had  been s tored at  o ° and never 
longer than  a week, whereas  in the  present  work the enzyme was s tored at  - - 1 5  ° up 
to several  months .  However ,  since the var ious  enzyme prepara t ions  in the  present  
exper iments  also revealed small  quan t i t a t i ve  differences, the  cause of the  var ia t ion  
mus t  p r e sumab ly  be found in the existence of an uns table  factor,  which is affected 
in a s l ight ly  different way  in the var ious  prepara t ions .  This p rob lem is being subjec ted  
to fur ther  invest igat ions .  

I t  appears  from the exper iments  t ha t  when Mg++ + Na  + are present  in the sys tem 
K + and the other  monova len t  cat ions exer t  two different act ions on the ac t iv i ty  of 
the  enzyme:  in lower concentra t ions  a s t imula t ion  and in higher  concentra t ions  an 
inhibi t ion.  The kinet ical  analysis  indicates  tha t  the inhibi t ion is due to a compet i t ive  
d isp lacement  of Na  + from the enzyme,  and  this assumpt ion  is suppor t ed  by  the 
observat ion  tha t  the  cat ions  in high concent ra t ions  lower the  ac t iv i ty  to the level 
observed in the  presence of Mg+~ alone. The compet i t ive  na ture  of the  inhibi t ion 
indicates  tha t  the poin t  of act ion of the  inh ib i tory  effect of K + and the other  mono-  
va len t  cat ions  is ident ical  wi th  the  poin t  of act ion of the ac t iva t ing  effect of Na +. 
The affinity for Na  + at  this  site is about  7-1o t imes higher than  it is for K +. 

W i t h  Mg++ + Na  + in the sys tem the Km value for K + was found to be 1.8 
mmoles/1 and  the Kz value  to be 9 mmoles/1. One mus t  therefore conclude tha t  the 
po in t  of act ion of the  K+ s t imula t ion  mus t  differ from tha t  of the  K + inhibi t ion and 
the reby  also from tha t  of the ac t iva t ing  effect of Na  +. 

There seem accordingly  to be two different sites on the enzyme or enzyme 
complex with  high affinities for monova len t  cations.  At  one site ( indicated b y  I in 
Fig.  18) the  affinity for N a  + is higher than  for K + and the other  monova len t  cations,  
and  a t  this  site these cat ions can displace Na + by  compet i t ion.  At  another  site 
( indica ted  b y  2 in Fig.  18) the  affinity for K + is higher  than  for any  of the  other  
monova len t  cations. 

W h e n  I T P  is subs t i tu t ed  for ATP as subs t ra te ,  the affinity of the  enzyme for Na  + 
is lowered (Fig. 9). Under  these c i rcumstances  one should expect  the  other  monova len t  
cat ions  to displace Na  + more readi ly  from the enzyme, and  it was correspondingly  
found t ha t  in a sys tem with  I T P  as subs t ra te  the inhibi t ion p roduced  by  K + or one 
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of the other monovalent cations is stronger and commences at lower concentrations 
than when the substrate is ATP. It should be noted, however, that the lower enzymic 
activity with ITP in the presence of Na + + K + is due, not only to a more pronounced 
K+ inhibition, but also, and primarily, to a lower K + stimulation; this appears from 
experiments (not presented) in which Na + was present in sufficiently high concentra- 
tion (35o mmoles/1) to counteract effectively the competitive K + inhibition. 

K 

1 
ENZYME 2 I OL ,~,,~ ~ 
- - i i 

/ g N. \ / 
/ \'° \o" ",,\ 

c.-~-~-c-c-oG~' ~ \ 

Fig. i8.  H y p o t h e t i c a l  s cheme  for t he  re la t ion  be tween  enzyme ,  ATP,  Mg ++, Ca ++, Na  + and  K +. 

I t  was pointed out above that Mg ++ seems to exert two different actions; this 
may be visualized in the following way. 

Under certain experimental conditions (in the presence of Mg ++ alone or Mg ++ ~- 
Na + or Mg ++ + K +) one molecule of Mg++ is attached to the complex for each 
molecule of ATP, giving an optimum Mg++/ATP ratio equal to i / i .  The presence of 
this Mg ++ (the position of which is indicated by 3 in Fig. i8) is necessary for the 
ATPase activity as well as for the ATP-ADP exchange reaction, and its action is 
inhibited non-competitively by Ca ++ . 

If the system contains K+ in addition to Mg++ + Na +, a second Mg++ (indicated 
by 4 in Fig. 18) is added to the complex, giving an optimum Mg++/ATP ratio of 2/I. 
The action of this Mg ++ is inhibited competitively by Ca ++, and it is observed only 
with ATP, and not with ITP, as substrate, which shows that it is dependent on the 
adenine part of the ATP molecule. 

The experiments with labelled ADP and Pi showed an ATP-ADP exchange 
reaction but no ATP-Pi  exchange reaction. Since the preparation does not exhibit 
adenylate kinase activity, one may assume that an intermediate step in the breakdown 
of ATP is the formation of a phosphorylated enzyme in which the phosphate is bound 
to the enzyme by an energy-rich bond. The simplest scheme which can explain the 
results is as follows: 

E + A T P  ~-~ E A T P  (I) 
E A T P  ~-  E ~ P + A D P  (2) 

E ~ P + H ~ O ~ E  + P i  (3) 

A T P  + H ~ O - +  A D P  + Pi  

where E is the enzyme. 
An ATP-ADP exchange reaction might also have been obtained if, instead of a 
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phosphory l a t ed  enzyme,  an E ~. A D P  were formed, bu t  in this  case the react ion 
should proceed as fol lowsn:  

E + ATP ,~- EATP (4) 

EATP ~ E ~ ADP + Pi (5) 

E ~ ADP + x ~ E  N x -~- ADP (6) 

where x is an unknown compound.  
However ,  according to this  scheme, i t  is a prerequis i te  for an A T P - A D P  exchange 

react ion t ha t  the  solution contains  Pi, and  since the  A T P - A D P  exchange react ion 
was found to be independen t  of the presence of Pi, this  react ion scheme can be 
disregarded.  

Even  if no A T P - P i  exchange react ion has been obta ined,  the  b reakdown of the 
phosphory l a t ed  enzyme might  have  proceeded in the  following w a y n :  

E N p + x ~ - E  ~ x + Pi (7) 

E - x - > E  + x (8) 

In this  case i t  should be possible to ob ta in  an A T P - P i  exchange react ion by  
adding  ADP,  and since this  was not  the case, it  mus t  be concluded t ha t  the  react ion 
proceeded  as shown in expression (3). 

In  all sys tems capable  of ca ta lys ing  an A T P - A D P  exchange react ion Mg ++ has  
been found to be an ob l iga tory  requi rement  n- la ,  and  it has also been found t ha t  the 
o p t i m u m  Mg ++ concent ra t ion  is equal  to the concent ra t ion  of ATP la. This has been 
confirmed in the present  exper iments .  No evidence is avai lable  as to how this Mg ++ 
exer ts  i ts effect, bu t  the  I / I  ra t io  between Mg++ and ATP suggests t ha t  it  is involved 
in the  format ion  of the  e n z y m e - s u b s t r a t e  complex.  

Na  + has a modera te  inh ib i to ry  effect on the  A T P - A D P  exchange reaction,  
whereas K + is wi thou t  effect. W i t h  Mg ++ + Na  + present  in the  system, addi t ion  of K + 
gives rise to two different effects. A low concent ra t ion  of K+ re la t ive  to t ha t  of Na + 
leads to an intensif icat ion of the Na  + inhibi t ion,  while a K+ concent ra t ion  which is 
high re la t ive  to the  Na  + concent ra t ion  restores the  ra te  of the react ion which was 
observed in the  presence of Mg ++ alone. 

There  is thus  a qua l i t a t ive  s imi la r i ty  between the effects of K + on the ATPase  
ac t i v i t y  and  on the  exchange reaction.  In  bo th  cases the  effect is dependent  on the 
presence of N a  +, and  in bo th  cases high concent ra t ions  of K + re la t ive  to Na  + abolishes 
the  effect. In exper iments  on the ATPase  ac t iv i ty  the  l a t t e r  phenomenon has been 
found to be due to a d i sp lacement  of Na  +, and  the same mechanism appears  l ikely 
also in tile case of the  exchange reaction.  This  s imi la r i ty  between the K + effects 
indica tes  t ha t  i t  is the  same enzyme which is responsible for the  hydrolys is  of ATP 
and  for the  A T P - A D P  exchange reaction.  

Na  + and,  still  more  pronounced,  Na + q K+ q- an ex t ra  molecule of Mg++ 
increase the  l ibera t ion  of Pi from ATP, i.e. s tep (3) of the  reaction.  I t  is impor t an t  to 
note,  however,  t ha t  according to the  exper iments  wi th  ITP  the configurat ion of the  
adenine pa r t  of the ATP molecule is of impor tance  for the  ac t iva t ing  effect of Na + + 
K+ -}- Mg++, and  i t  mus t  consequent ly  be assumed tha t  the  b inding  of the  cat ions  to 
the  enzyme takes  place a l ready  dur ing the a t t a c h m e n t  of ATP to the  enzyme,  i .e. 
a l r eady  dur ing  process (I). 
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The reaction sequence seems accordingly to be as follows: 

mK 
E + ATP + 2 Mg + nNa + m K  ~ EMg2ATP 

~zNa 
mK mK 

E M g 2 A T P ~ E  ~ P + 2Mg + ADP 
nNa nNa  

mK 
E ~ P--~E + Pi + n N a  + i n k  

nNa 

(9) 

(to) 

(ii) 

where n and m are unknown numbers,  and the expression 

mK 
EM~ATP 

nNa 

symbolises an enzyme-subs t ra te - ion  complex in which Mg ++ constitutes par t  of the 
enzyme-subs t ra te  complex and Na + and K + are a t tached to two different sites on the 
enzyme (see Fig. 18). 

G-strophanthin inhibits tha t  par t  of step (II)  which is due to the presence of 
Na + or Na + + K +, while it has no effect on the splitting of the phosphoryla ted com- 
pound which is obtained with Mg ++ alone. Wi th  Na + + K + in the system the inhibi- 
tion is accompanied by  a decrease of the opt imum Mg++/ATP ratio from 2/1 to I / I .  
Furthermore,  g-s t rophanthin counteracts  to some extent  the inhibition of the ex- 
change reaction due to Na+ or Na + + K +. The effect of g-s trophanthin seems accord- 
ingly to be due to an inhibition of the binding of Na+ and K + to the enzyme in step (9) 
and thereby indirectly to an inhibition of tha t  part  of step (II)  which is due to Na+ 
or Na + + K +. 

The I / I  ratio of Mg++/ATP suggests tha t  Mg++ is involved in the formation of 
the enzyme substrate complex. I t  seems possible tha t  Mg ++ (3 in Fig. 18), in analogy 
with SMITH'S 14 theory for the role of metal ions for the peptidase activity, by  a chelate 
formation between the two terminal phosphate groups and groups in the enzyme 
binds ATP to the enzyme. Mg +÷ acts as an electronic bridge and is thereby able to 
establish a connection between the electronic system in the phosphate  chain and 
tha t  in the protein. A displacement of electrons is hereby made possible, so tha t  the 
P - O - P  bond is weakened with the resultant possibility of hydrolyt ic  splitting. 

I t  is tempting to assume tha t  the second Mg++, which is involved in the act ivat ing 
effect of Na+ + K+ and the effect of which is dependent on the NH 2 group in the 
adenine par t  of ATP, becomes a t tached to the ATP molecule as suggested by  SZENT- 
(~Y/)R(;YIS (4 in Fig. 18). As pointed out by  SZENT-G¥6RGYI, such a chelate formation 
will make one common electronic system of the phosphate  chain and of the adenine 
with common non-localised electrons which could t ransport  energy. 

This model with two Mg ++ ions in the enzyme-ATP complex opens the possibility 
tha t  this common electronic system of ATP may,  through the Mg ++ placed as shown 
in position 3 in Fig. 18 be connected with and thereby able to act on the electronic 
system of the enzyme. I t  m a y  be through such an interaction of the two electronic 
systems tha t  the enzyme develops the peculiar and specific affinities for Na + and K +. 

In the previous s tudy  it was pointed out tha t  the enzyme investigated possesses 
properties tha t  make it reasonable to assume tha t  it is involved in the active t ranspor t  
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of cat ions across the nerve membrane .  The present  exper iments  seem to lend fur ther  
suppor t  to this  idea. 

An enzyme involved in t r anspor t  across the  nerve membrane  mus t  be expec ted  
to be loca ted  in the  membrane ,  and  a l though no direct  evidence is avai lable  on this 
poin t  concerning the enzyme studied,  var ious  observat ions  m a y  indicate  tha t  in the 
in tac t  nerve it is, in fact, loca ted  here. LIBET 1'5 and ABOOD AND GERARD 16 inves t iga ted  
an ATPase  in per iphera l  nerves which, like ti le one s tudied  here, was ac t iva t ed  b y  
Mg ++ and which af ter  homogenisa t ion  and  differential  cent r i fugat ion  was loca ted  
in submicroscopic part icles .  This enzyme could be isolated from the sheath  bu t  not  
from the axoplasm of g iant  axons. Fu r the rmore ,  HANZOX AND T o s c n I  Iv s tudied  b y  
the electron microscope a submicroscopic par t ic le  fraction from nerve tissue, i sola ted 
under  condi t ions s imilar  to those used here, and  found t ha t  the appearance  of these 
par t ic les  ind ica ted  tha t  thev  were f ragments  of d i s in tegra ted  membrane .  

HODGKIN AND KEYNES is have demons t r a t ed  tha t  in per iphera l  nerve the ou tward  
t r anspo r t  of Na  + is l inked to a t r anspor t  of K + into the  fibre. One might  therefore 
expect  an enzyme involved in this  t r anspor t  to have  a high affinity for bo th  Na  + and  
K +, and  one might  also expect  t ha t  the locat ion of these affinities differed from one 
another .  As appears  from the exper iments  r epor ted  above,  these are the proper t ies  
shown for the  enzyme studied.  

One m a y  visualize an a r rangement  of the sys tem in the membrane  according to 
which the site of the  Na  + affinity faces the  in t racel lu lar  water  phase,  while the site 
of the K + affini ty is in contac t  wi th  the  ext race l lu lar  water  phase.  At  the site with 
highest  Na+ affinity the  sa tu ra t ion  of the enzyme with  Na+ depends  on bo th  the Na+ 
and the K+ concentra t ion ,  and  i t  appears  from Fig.  9 in the previously  publ ished 
paper  tha t  the  Na  + sa tu ra t ion  is about  40 % when the Na  + and K + concentra t ions  
are 4 ° and  35o mmoles/1, respect ively,  i.e. ident ical  wi th  the in t racel lu lar  concentra-  
t ions of these ions in crab nerve. Since the  ac t iv i ty  varies  wi th  the  Na + sa tura t ion ,  a 
change in N a  + concent ra t ion  above  and  below tha t  corresponding to the  in t racel lu lar  
level mus t  consequent ly  lead to a change in the  enzyme act iv i ty .  Moreover,  due to the  
compet i t ion  between Na  + and K + a decrease in the  K + concent ra t ion  will increase the  
ac t i v i t y  of the  enzyme,  while an increase in the  concentra t ion  of K + will decrease the  
ac t iv i ty .  

At  the  site wi th  highest  K + affinity the  sa tu ra t ion  with  K + is equal  to 8o-9o % 
when the K + concent ra t ion  is a round  12 mmoles/1, i.e. ident ical  wi th  the  ext race l lu lar  
K+ concent ra t ion  in the  crab. 

The enzyme has accordingly  such affinities for Na  + and K + as would be appropr i -  
ate if the  function of the  enzyme were to control  the  magn i tude  of and  the ra t io  
be tween the in t racel lu lar  Na+ and K + concentra t ions .  

I t  m a y  finally be ment ioned  tha t  the  enzyme ac t iv i ty  due to Na~ and  Na  + --~ K + 
is inh ib i ted  by  g-s t rophanth in .  No d a t a  are avai lable  concerning the effect of g- 
s t rophan th in  on act ive cat ion t r anspor t  across the  nerve membrane ,  bu t  it  is known 
t h a t  g - s t rophan th in  inhibi ts  the act ive cat ion t r anspor t  in red blood cells 9 and in 
frog skin ~°. 
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SUMMARY 

A technique for recovery of separated plasma proteins after electrophoresis in starch 
gel is described. By means of a second electrophoresis applied to sections which 
have been cut from the main gel almost quantitative recoveries of these proteins, 
except for v-globulin were obtained. The trace amounts of protein originating from 
the gel itself under these conditions were measured. Considerable amounts of starch 
are eluted at the same time but do not interfere with the estimation of the plasma 
proteins. 

INTRODUCTION 

With the increasing use of electrophoresis in gels the need has become apparent 
for a simple and quantitative method for recovery of the separated materials. A 
technique involving lifting an agar gel on to a cellophane membrane placed so as to 
isolate pools of buffer at anode and cathode ends of the slab followed by a period 
of elution by electrophoresis into these pools has been described'. Since the introduc- 
tion of electrophoresis in starch gel by SMITHIES 2, several methods for elution from 
such gels have been worked out. That of JARRIGE AND LAFOSCADE a depends on 
cutting a slot in the gel in front of the band of material to be eluted, filling this with 
buffer and cotton wool and eluting by electrophoresis into the buffer. MORETTI, 
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