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SUMMARY 

I. Data  are presented which indicate that  umbelliferone phosphate is a sub- 
strate for the K+-activated phosphatase which is found in preparations of (Na + + K ÷)- 
activated ATPase (ATP phosphohydrolase, EC 3.6.1.3). 

2. The hydrolysis of umbelliferone phosphate by this enzyme resembles that  of 
p-nitrophenyl phosphate in that  it requires Mg 2+ and is activated by K+ and this 
activation is inhibited by ouabain. 

3. At low concentrations of K+, it is further activated by ATP in the presence 
of Na ÷ and this extra activation is inhibited by  oligomycin. 

4. The fluorimetric assay method, which has previously been used in the deter- 
mination of acid and alkaline phosphatases, is simple, convenient and highly sensitive. 

INTRODUCTION 

In recent years much interesting information about the mechanism of the 
(Na + +K+)-ac t iva ted  ATPase (ATP phosphohydrolase, EC 3.6.1.3) has been ob- 
tained from investigation of the K+-activated phosphatase activity which appears to 
be catalysed by  the same enzyme T M .  

I t  seemed to us that  further study of this partial reaction would yield still 
more interesting information if a more sensitive assay could be found. The hydrolysis 
of umbelliferone phosphate can readily be followed by measuring the increase in 
fluorescence due to the production of umbelliferone. This can be continuously moni- 
tored on a recorder and permits the direct determination of reaction rates in 1- 5 rain 
(depending on the rate) with great accuracy. 

In this paper we present data which indicate that  umbelliferone phosphate is a 
substrate for the K+-activated phosphatase which catalyses the hydrolysis ofp-nitro-  
phenyl phosphate. 

MATERIALS AND METHODS 

Umbelliferone phosphate was obtained from Isolabs Inc., Elkhart,  Ind. and 
umbelliferone from K and K laboratories, Plainview, N.Y. (Na ÷ +K+)-ac t iva ted  
ATPase was prepared from rat brain by the method of SKOU le. 
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All fluoresence measurements  were made  with  an E p p e n d o r f  pho tome te r  model  
I IOI  M f i t ted  wi th  a fluoresence a t t a c h m e n t  and connected  through a recording 
a d a p t o r  to a Honeywel l  recorder.  A Hg 313-366 nm p r i m a r y  filter and  a 43o 47 ° n m  
secondary  filter were employed  in all measurements .  

The assay  method ,  which measures  the amoun t  of fluoresence due to umbel -  
liferone, has previously  been employed  in the  de te rmina t ion  of  acid and alkal ine 
phosphatases~L Unless otherwise s ta ted ,  all assays  were conducted  with an umbel -  
l iferone phospha te  concent ra t ion  of o.2 mM in o.o8 M Tris-HC1 (pH 7.8) in a final 
volume of  2.5 ml at  37 °. The f luor imeter  was s t andard i sed  agains t  a solution of um- 
bell iferone (4"xo-6 M) in the same buffer pr ior  to each per iod of use. \Vhen assays  
were conduc ted  a t  different  p H  values it was necessary to s tandard ise  with umbel-  
liferone a t  each p H  because the amoun t  of fluoresenee p roduced  by  umbel l i ferone is 
s t rongly  dependen t  on pH.  Mg 2+, K + and Na + were added  as thei r  chlorides and um- 
bell iferone phospha te  and A T P  were conver ted  to thei r  Tris  salts  by  t r e a t m e n t  with 
Dowex 5oW-X8 and r e a d j u s t m e n t  to p H  7.8 wi th  Tris  base. 

Not  in f requent ly  it was found t ha t  there  was a considerable  ra te  of a p p a r e n t l y  
spontaneous  hydrolysis .  This could be e l imina ted  if the deionised wate r  to be used in 

the  assay  was boi led for 3 ° rain. 

RESULTS 

pH optimum 
UInbell iferone phospha tase  ac t i v i t y  was measured  at  different  pH values  in 

the  presence of Mg 2+ with  and  wi thou t  K +. These results  are shown in Fig. I toge ther  
wi th  the K+-s t imula t ed  ac t iv i ty ,  ob ta ined  by  subt rac t ion ,  which has a m a x i m u m  at  
p H  7.8. The same p H  o p t i m u m  has been repor ted  with p -n i t ropheny l  phosphate ,  
c a r b a m y l  phospha te  or ace ty l  phospha te  as the subs t ra te  a,~,8,". 
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Fig. ~. O p t i n l u m  pH for umbel l i f e ry l  p h o s p h a t a s e  ac t iv i ty .  All reac t ion  mix tu rc s  con ta ined  
o.2 nlM umbel l i fe rone  p h o s p h a t e  and  8 mM Mg "+. 0 ,  w i t h o u t  1£+; O, w i t h  3 ° mM K +. The do t t ed  
l ine ind ica tes  the  K+-s t imu la t ed  a c t i v i t y  ob t a ined  by  sub t rac t ion .  

Fig. 2. Effect  of K + concen t ra t ion  on umbel l i ferone  phospha t a se  a c t i v i t y  .All reac t ion  m i x t u r e s  
con ta ined  o.2 mM umbel l i ferone  p h o s p h a t e  a nd  8 mM Mg 2+. 
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Effect of monovalent cations 
The umbel l i ferone phospha tase  ac t i v i t y  was s t rongly  dependen t  on the K ÷ 

concentra t ion .  Maximal  ac t iva t ion  (Io-fold) was ob ta ined  at  a K ÷ concent ra t ion  of 
IO mM as shown in Fig.  2. Very  s imilar  results  have been repor ted  for o ther  sub- 
s t ra tes  4. 

Ac t iva t i on  b y  K ÷ d id  not  occur in the absence of  Mg 2+ and ne i ther  was any  
ac t iva t ion  observed when N a  ÷ was added  in the  absence of K ÷. Na  ÷ inhib i ted  the 
ac t iva t ion  b y  K ÷ as previous ly  observed with  o ther  substrates6,1°. 

optimal Mg ~+ concentration 
The effect of  Mg 2+ was tes ted  a t  three  widely  different  subs t ra te  concent ra t ions  

wi th  the same concent ra t ion  of K ÷ ( io mM). The op t ima l  concent ra t ion  of  Mg 2÷ was 
found to be about  4 mM in each case (Fig. 3). Since the highest  subs t r a t e  concen- 
t r a t ion  tes ted  was 400 t imes  grea ter  t han  the lowest i t  is obvious t h a t  wi th  this  sub- 
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Fig. 3- Effect  of  Mg ~+ a t  th ree  widely  different  s u b s t r a t e  concen t ra t ions .  Different  un i t s  of  ac t iv i ty  
app ly  to each curve  and  are  g iven  in pa ren theses  below. ©,  o.oi  m M  umbel l i ferone  p h o s p h a t e  
(/~moles/Io m g  pro te in  per  h) ; A, 0.2 m M  umbel l i ferone p h o s p h a t e  (/~moles/2 m g  pro te in  per  h) ; 
Q, 4 m M  umbeUiferone p h o s p h a t e  (/~moles/mg pro te in  per  h). 

Fig. 4. Effect  of  Mg 2+ a t  th ree  different  K+ concen t ra t ions .  All reac t ion  m i x t u r e s  con ta ined  
0.2 m M  umbel l i ferone phospha te .  O, i m M  K+; Q,  IO m M  K+; A, 3 ° m M  K+. 
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s t ra te  the op t ima l  Mg 2+ concent ra t ion  is not  in any  w a y  re la ted  to the subs t ra te  con- 
centra t ion.  

When,  however,  the  effect of  Mg 2+ was tes ted  at  three different  K ÷ concen- 
t ra t ions  wi th  the  same umbell i ferone phospha te  concent ra t ion  (0.2 mM), i t  was found 
t ha t  the  op t ima l  concent ra t ion  increased as the  K + concent ra t ion  was increased 
(Fig. 4). 

Effect of substrate concentration 
The effect of  umbell i ferone phospha te  was tes ted  over  a concent ra t ion  range 

from o.I  to 6 mM keeping the concentra t ion  of  Mg ~+ a t  4 mM and  K+ a t  i o  mM 
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Fig.  5. E f fec t  o f  s u b s t r a t e  c o n c e n t r a t i o n .  Al l  r e a c t i o n  m i x t u r e s  c o n t a i n e d  4 mM Mg ~ a n d  lo  m M  
K + . 

Fig.  6. I n h i b i t i o n  b y  o u a b a i n .  All  r e a c t i o n  m i x t u r e s  c o n t a i n e d  o.2 mM n m b e l l i f e r o n e  p h o s p t m t e ,  
4 mM Mg ~+ a n d  i o m M  K +. 

(Fig. 5). Maximal  activity, was observed at  3 mM and a Km value of about  (:)-9 mM 
was ob ta ined  in good agreement  with results  p rev ious ly  repor ted  for o ther  subs t ra tesL  

Inhibition by ouabain 
The effect of  ouaba in  on the K+-s t imula t ed  umbel l i ferone phospha tase  ac t i v i t y  

was tes ted  over  a range of  concent ra t ions  from I .  Io  7 to 4" Io -a  M and the resul ts  
ob ta ined  (Fig. 6) are very  s imilar  to those previous ly  repor ted  in which ace ty l  
phospha te  or p -n i t ropheny l  phospha te  was the substraten, x°. Ha l f  max ima l  inhibi t ion 
was ob ta ined  at  about  8 . IO 5 M ouabain.  

Effect of A T P  and Na + at low concentrations of K~ 
Ei the r  A T P  or Na ~ alone inhib i ted  tile K+-s t inmla ted  umbel l i ferone phospha-  
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Fig .  7- E f f ec t  of  K+ on t h e  a c t i v a t i o n  b y  A T P  + N a  +. All r e a c t i o n  m i x t u r e s  c o n t a i n e d  o.2 m M  
u m b e l l i f e r o n e  p h o s p h a t e  a n d  I m M  Mg 2+. 0 ,  c o n t r o l ;  @, w i t h  1 2 / , M  A T P  a n d  i o  m M  N a  *. 

F ig .  8. I n h i b i t i o n  of  A T I '  -F N a  + a c t i v a t i o n  b y  o l i g o m y c i n .  The  sca le  i n d i c a t e s  t h e  ",/o i n h i b i t i o n  
of  t h e  d i f f e rence  b e t w e e n  t h e  a c t i v i t y  w i t h  A T P  + Na~ a n d  t h a t  w i t h  K + a lone .  All  r e a c t i o n  
m i x t u r e s  c o n t a i n e d  o.z m M  u m b e l l i f e r o n e  p h o s p h a t e ,  i mM Mg 2+, 0. 5 m M  K v, t o  m M  Na~  a n d  
2o ffM A T P .  
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tase activity, but  when added together activation was observed at low K + concen- 
trations as shown in Fig. 7. These results are remarkably similar to those previously 
obtained with p-nitrophenyl phosphate as the substrate 13. 

The concentration of ATP employed (1.2. lO -5 M) was lower than has previous- 
ly been used in such studies and, even at this concentration, was definitely higher than 
optimal. If, however, a concentration of ATP lower than I • lO -5 M was added the 
reaction rate did not remain linear for a suffÉcient period of time for an accurate 
estimation of the activity to be made. This was presumably due to hydrolysis of the 
ATP by the ATPase preparation which could be expected to occur when K÷ and Na ÷ 
are both present. 

Effect of oligomycin 
Oligomycin caused little or no inhibition of the K÷-stimulated umbelliferone 

phosphatase activity but did inhibit the activation by ATP and Na + at low concen- 
trations of K + as shown in Fig. 8. Similar results have been obtained with p-nitro- 
phenyl phosphate as the substrate by ASKARI AND KOYAL 12. 

DISCUSSION 

The data presented in this paper indicate that  the conditions under which 
umbelliferone phosphate and p-nitrophenyl phosphate are hydrolysed by (Na + + K+)- 
activated ATPase are alike in that:  

(i) Each has an opt imum pH at 7.8. 
(2) Each requires Mg 2+ and is activated by  K+. 
(3) Ouabain inhibits the K+-stimulated activity. 
(4) ATP and Na + activate at low K + concentrations. 
(5) Oligomycin inhibits the activation by  ATP and Na + but not the K ÷- 

stimulated activity. 
We feel that  the results in this paper are sufficient evidence that  umbelliferone 

phosphate is a substrate for the K+-activated phosphatase which is associated with 
(Na++K÷) activated ATPase. 

The method of assay used in the determination of umbelliferone phosphatase 
activity is much more sensitive than those previously employed in the determination 
of K+-stimulated phosphatase with other substrates allowing assays to be conducted 
with substrate concentrations as low as I . i O  -e M. Furthermore the method is con- 
tinuous which has obvious advantages over a sampling method. 

Another very useful feature of this assay method is that,  with a suitable choice 
of substrate and enzyme concentrations, less than 1% of the substrate is hydrolysed 
in the period of time required to obtain an accurate estimate of the activity (3-5 min). 
Since the rate remains constant over a considerably longer period of time it is possible 
to determine the effect of increasing the concentration of a particular substance by 
sequential additions of/~1 quantities of concentrated solutions to the same reaction 
mixture. This technique eliminates inaccuracies due to variation between duplicate 
reaction mixtures. 

In most investigations an umbelliferone phosphate concentration of o.2 mM 
was employed. This concentration was chosen chiefly because, for most purposes, it 
gave a convenient reaction rate with 0.05 ml of the enzyme preparation (35/~g pro- 
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tein) and because the reaction rate remained linear for a considerable period of time. 
With a substrate concentration of 4 mM, the concentration normally used with /5- 
nitrophenyl phosphate as the substrate, the reaction rate was linear for a much shorter 
period of time probably due to inhibition by products. Another disadvantage of high 
substrate concentrations was that the fluorescence due to umbelliferone phosphate 
was high enough to be inconvenient and after the substrate solution had been stored 
for some time at 2 ° the slow spontaneous hydrolysis caused the initial fluorescence of 
the reaction mixture to be so high as to be off the scale of the fluorimeter. This could 
only be avoided if fresh substrate solutions were prepared every few days while the 
same solution could be used for several weeks if assays were conducted with o.2 mM 
umbelliferone phosphate. 

The investigations reported here were concerned chiefly with demonstrating 
that umbelliferone phosphate is a substrate for the K+-activated phosphatase. How- 
ever, the results shown in Fig. 3 which indicate that the optimal Mg "~ concentration 
is independent of the substrate concentration are worthy of further consideration. I n 
contrast, ROBINSON 14 has reported that the optimal Mg 2+ concentration was depen- 
dent on the substrate concentration with p-nitrophenyl phosphate as the substrate 
for the K+-activated phosphatase. While tile different results could be due to the 
different substrates employed, the data on which he drew his conclusions appear to 
be inadequate and since he also reported that only one-fifth of the p-nitrophenyl 
phosphate existed as the magnesium complex under the conditions employed more 
extensive data would seem to be required. 

The (Na++K+)-activated ATPase has also been found to have an optimal 
Mg ATP ratio is-2° but this can readily be explained if it is assumed that a Mg AT1 ) 
complex is the substrate for the ATPase reaction while no comparable complex is 
involved in the phosphatase reaction. 

The results shown in Fig. 4 indicate that the optimal Mg 2- concentration is 
dependent on the K + concentration. This interdependence of Mg 2+ and K~ has pre- 
viously been noted with p-nitrophenyl phosphate as the substrate a,9. Tile mechanism 
of this interdependence is not clear and the kinetics are complex. It may well be that 
the binding of Mg 2+ to the enzyme results in a conformational change which alters 
its capacity to bind K ~. 
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