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Summary 

The alkaline phosphatase and (Ca:++Mg2+)-ATPase (ATP phospho- 
hydrolase, EC 3.6.1.3) of chick and rat small intestine have been investigated. 
The same pH opt imum was found for membrane-bound and solubilized alkaline 
phosphatase, whereas those of  the corresponding ATPases differed. The solu- 
bilised ATPases had inhibition and activation characteristics similar to those of  
alkaline phosphatase but markedly different from those of the membrane- 
bound ATPase. These results suggest that  membrane-bound alkaline phos- 
phatase and ATPase are not  the same enzyme. 

Introduct ion 

It has been suggested that  intestinal calcium-activated ATPase (ATP phos- 
phohydrolase, EC 3.6.1.3) is identical with alkaline phosphatase [1--3]. The 
evidence fot  his has largely been based on the similar behaviour of the two 
enzymes towards L-phenylalanine and heat inactivation and their parallel induc- 
tion in rachitic animals following administration of vitamin D. It is however, 
not  easy to differentiate between true ATPase activity and hydrolysis of ATP 
by nonspecific alkaline phosphatase. It has been suggested, however, that  all 
ATPases require lipid for their reactivity [4,5] whereas no such requirement 
has been reported for alkaline phosphatase. The present paper is concerned 
with the differentiation of the alkaline phosphatase activity from the ATPase 
activities of the small intestinal mucosa of the chicken and rat. 

Materials and Methods 

Materials. ATP was obtained from Boehringer Corp. (London) Ltd., Norit A 
from Norit-Clydesdale Co. Ltd., Glasgow and all other chemicals from BDH 
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Ltd., Poole, Dorset, Analar grade being used if available. 
Methods. White Leghorn chicks, 4 weeks old and 250--350 g rats of both 

sexes from the Rochester strain of Wistar rats were killed by cervical disloca- 
tion. The small intestines were removed and irrigated with ice-cold 0.9% saline. 

The brush border membranes were prepared by the method of  Forstner et al. 
[6] except for substitution of EGTA for EDTA. A butanol extract of  the mem- 
branes was prepared by mixing 7 ml of the membrane suspension with 3 ml 
butanol for 2 h at 4°C. After 10 min centrifugation at 1000 × g  the aqueous 
extract was dialysed for 24 h against 0.1 M Tris-HC1, pH 7.4. The protein 
content  was measured by the method of Lowry et al. [7]. 

ATPase was measured according to the method of Bais [8] using a reaction 
mixture containing 50 nmol/1 Tris-HC1, 3 mmol/1 [7-32p]ATP and appropriate 
divalent cations. 0.05 ml of the brush border suspension or its butanol extract, 
equivalent to 0 .5 -0 .6  mg protein was incubated at 35°C with 1 ml of  the reac- 
t ion mixture for 30 min. The reaction was terminated by addition of I ml ice- 
cold 10% (w/v) trichloroacetic acid containing 10% (w/v) Norit A. After 
centrifugation at 1000 × g for 10 min at 4°C, the 32p in the supernatant was 
measured in a liquid scintillation counter without  the use of a scintillator, the 
extent  of  hydrolysis of ATP being calculated from the original cpm (about 
20 000) of  the 3 mM [7-32P]ATP. Enzyme activity was expressed in U/1 with 
each unit  equivalent to 1 pmol substrate transformed/min. 

Alkaline phosphatase activity was measured using a reaction mixture con- 
talning 10 mM p-nitrophenyl phosphate and 0.5 mM Mg 2÷ in 50 mM Tris-HC1 
within the pH range 7--9.5 and in 50 mM carbonate/bicarbonate buffer above 
pH 9.5. 0.05 ml sample was incubated at 35°C with 1 ml of  the reaction mix- 
ture for 30 min. The reaction was terminated with 5 ml 5 mM EDTA in 0.02 M 
NaOH and the amount  of p-nitrophenol released estimated by measuring the 
absorbance at 405 nm, the enzyme activities being expressed as before. 

Results 

The ATPase and alkaline phosphatase activities of suspensions of  brush 
border membranes of the small intestinal mucosa of the chicken and the rat 
and butanol extracts of these are given in Table I. The recovery of  ATPases in 
the butanol extracts was poor and there was negligible activity in the sediment 
obtained after centrifugation of the butanol extract. The activity-pH relation- 
ships of  the enzymes are shown in Fig. 1. The membrane-bound ATPases all 
showed highest activity at pH 8, whereas the solubilised ATPases had highest 
activity at pH 9. Maximum activity for both membrane-bound and solubilised 
chick and rat alkaline phosphatases was found at pH 10. 

The effect of Mg 2÷ and Ca 2÷ on the membrane-bound and solubilised 
intestinal alkaline phosphatases and ATPases of the chick is shown in Fig. 2. 
Each cation had a marked effect on the activity of  the membrane-bound 
ATPase. The effect of Ca 2÷ on the solubilised ATPase was much less and similar 
to that  found with the membrane-bound and solubilised alkaline phosphatase 
(Table II). Highest ATPase activity was found when the concentration of Mg 2÷ 
was the same as that  of ATP. When the total  divalent cation concentration was 
kept at 3 mM but the proportion of Ca 2÷ and Mg 2÷ varied, it was found that  
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T A B L E  I 

A L K A L I N E  P H O S P H A T A S E  A N D  A T P a s e  A C T I V I T I E S  O F  B R U S H  B O R D E R  P R E P A R A T I O N S  O F  
C H I C K E N  A N D  R A T  S M A L L  I N T E S T I N A L  M U C O S A  A N D  T H E I R  B U T A N O L  E X T R A C T S  

The  e n z y m e  act iv i t ies  a m  t h e  m e a n  a n d  s t a n d a r d  d e v i a t i o n  o f  six a s says  o f  t h r e e  s e p a r a t e  p r e p a r a t i o n s .  
M e a s u r e m e n t s  o f  Mg2+-ATPase  Ca2+-ATPase  a n d  (Ca  2+ + Mg2+)-ATPase  were  m a d e  w i t h  3 m M  Mg 2+, 
3 m M  Ca2+ a n d  1 .5  m M  Mg2+ p lus  1 .5  m M  Ca  2+. r e spec t i ve ly ,  3 m M  A T P  b e i n g  u sed  in all  cases .  

E n z y m e  ac t iv i t y  (U/l)  

B r u s h  b o r d e r  suspension B u t a n o l  e x t r a c t  

% r ecove red  

C h i c k e n  
Alka l ine  p h o s p h a t a s e  3 9 3  + 7 0  4 0 3  + 68  1 0 2  
Mg2+-ATPase  3 1 5  + 52  66  ± 1 4  21 

R a t  
Alka l ine  p l i o s p h a t a s e  3 4 5  + 67  3 5 0  + 71 101  
Mg2+-ATPase  2 7 3  ± 4 2  7 6  -+ 17 30  
Ca2+-ATPase  2 2 8  ± 33  4 4  ± 7 19 
(Ca  2+ + Mg2+)-ATPase  3 6 7  ± 20  5 3  + 5 1 4  

m a x i m u m  act ivi ty  was found  when  the  concen t r a t i on  o f  the  Ca 2+ was the  same 
o f  tha t  o f  ATP.  When the  to ta l  divalent  ca t ion  co n cen t r a t i o n  was kep t  at  3 mM 
bu t  the  p r o p o r t i o n  o f  Ca 2+ and Mg 2+ varied, it was fo u n d  tha t  m a x i m u m  activ- 
i ty  was found  when  the  concen t r a t i on  of  the Ca 2+ was four  t imes tha t  o f  the 
Mg 2+. I t  was clear tha t  the  observed act ivi ty in the  presence  o f  b o t h  Ca 2+ and 
Mg 2+ is no t  given by  adding the  act ivi ty  f oun d  wi th  Mg 2+ alone to  tha t  f o u n d  
wi th  Ca 2+ alone (Table  III).  
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Fig.  1.  A c t i v i t y - p H  curves  fo r  a lka l ine  p h o s p h a t a s e  a n d  A T P a s e  o f  i n t e s t i na l  m u c o s a .  (A)  Ch ick .  (B) R a t .  
o,  m e m b r a n e - b o u n d  Mg2+-ATPase ;  e ,  m e m b r a n e - b o u n d  Ca2+-ATPase ;  A, so lub i l i sed  Mg2+-ATPase ;  A so lu-  
b i l i sed  Ca2+-ATPase ;  m, m e m b r a n e - b o u n d  a lka l ine  p h o s p h a t a s e ,  a n d  o,  so lub i l i sed  a lka l ine  p h o s p h a t a s e .  
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Fig.  2 .  E f f e c t  o f  Ca 2+ and Mg 2+ o n  c h i c k  intest inal  ATPase .  M e m b r a n e - b o u n d  e n z y m e :  o, w i t h  Mg2+; A 
w i t h  Ca 2+. Solubi l i sed  e n z y m e :  e ,  w i t h  Mg2+; 4 w i t h  Ca  2+. 

L-Phenylalanine, a known inhibitor of  alkaline phosphatase, was found to 
have no effect  on the activity of  membrane-bound ATPases but reduced that of  
the solubilised enzymes by 62--67%. This degree of  inhibition is of  the same 
order as that found with the membrane-bound and solubilised alkaline phos- 
phatases (Table IV). 

Using the rat small intestinal mucosa it was found that arsenate did not 
inhibit the activity of  the membrane-bound ATPase at pH 8, whereas the activ- 
ity o f  the solubilised ATPase at pH 8 and that of  the solubilised and membrane- 
bound alkaline phosphatases were all inhibited by more than 80% (Table V). 
With inorganic phosphate and the chicken enzymes a similar pattern was 
observed, the behaviour of  the solubilised ATPase being more like that of  
alkaline phosphatase than the membrane-bound ATPase (Table VI). 

T A B L E  II  

E F F E C T  O F  Ca  2+ O N  T H E  M E M B R A N E - B O U N D  A N D  S O L U B L E  M g 2 + A T P a s e  A N D  A L K A L I N E  
P H O S P H A T A S E  A C T I V I T I E S  O F  C H I C K  I N T E S T I N E  

A T P a s e  w as  m e a s u r e d  at p H  8 us ing  3 m M  A T P  a n d  S m M  Mg 2+, alkal ine phosphatase  at  p H  1 0  us ing  1 0  
m M  p - n i t r o p h e n y l  phosp h ate  and 0 .5  m M  Mg 2+. E a c h  f igure represents  the  m e a n  o f  dupl ica te  e s t i m a t i o n s  
o f  three  preps.rations.  In  no  instance  did  th e  p e r c e n t  inh ib i t i on  observed  d i f f er  f r o m  the  m e a n  va lue  b y  
m o r e  than  2%. 

Ca 2+ ATPase activity (% of that in Ca 2+ 
(mmol/l) absence of Ca 2+) (mmol/l) 

Alkal ine  p h o s p h a t a s e  act iv i ty  (% 
o f  that  in absence  o f  Ca 2+) 

M e m b r a n e  SolubHised M e m b r a n e  S o l u b ~ s e d  
b o u n d  b o u n d  

0 1 0 0  1 0 0  0 1 0 0  1 0 0  
0 . 0 3  9 7  9 7  2 1 0 2  1 0 3  
0 . 1 5  9 1  9 5  4 1 0 6  1 0 4  
0 . 3  8 7  9 3  6 1 0 0  1 0 2  
1 .5  8 2  9 5  8 1 0 1  99  
3 .0  7 9  9 0  1 0  9 9  101  

1 5  5 6  88  
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T A B L E  I I I  

E F F E C T  OF V A R Y I N G  Ca 2+ A N D  Mg 2+ ON T H E  ATPase  A C T I V I T Y  OF p H  8.0 OF B R U S H  B O R D E R  
M E M B R A N E  P R E P A R A T I O N S  OF CHICK S M A L L  I N T E S T I N A L  MUCOSA 

ATPase  was measu red  at  p H  8 using 3 mM ATP. The  ca lcu la ted  ac t iv i ty  is the  sum of  t h a t  found  wi th  the  
appropr i a t e  c o n c e n t r a t i o n  o f  each  d iva lent  ca t ion  alone.  The  results  s h o w  the  m e a n  and  range  f rom dupl i -  
cate  e s t ima t ions  o f  t h r ee  separa te  p repara t ions .  

mmol/l Enzyme activity (U/l) 

Mg 2+ Ca 2+ Observed Calculated 

3 0 162 ( 1 4 2 - - 1 8 5 )  - -  

2 . 4  0.6 142 ( 1 2 4 - - 1 5 8 )  198 ( 1 9 2 - - 2 0 1 )  
1.8 1.2 166 ( 1 4 9 - - 1 9 2 )  232  ( 2 2 4 - - 2 5 1 )  
1.2 1.8 191 ( 1 6 3 - - 1 7 5 )  226 ( 2 1 2 - - 2 4 8 )  
0.6 2.4 202  ( 1 7 5 - - 2 2 6 )  198 ( 1 8 6 - - 2 1 5 )  
0 3 146 ( 1 3 0 - - 1 6 9 )  - -  

T A B L E  I V  

L - P H E N Y L A L A N I N E  I N H I B I T I O N  OF M E M B R A N E - B O U N D  A N D  S O L U B L E  A L K A L I N E  P H O S P H A -  
TASES  A N D  ATPase  OF S M A L L  I N T E S T I N A L  MUCOSA 

Percent  inh ib i t ion  in the  presence  o f  20 m M  L-phenyla lan ine .  The  resul ts  are t h e  m e a n  values  and  range 
f r o m  dupl ica te  e s t ima t ions  using th ree  separa te  prepara t ions .  

% inhib i t ion  ( range)  

Brush border suspension Butano l  ex t r ac t  

Chicken  
Mg2+-ATPase 
Alkaline phospha tase  

p H  8 0 (0 - -  2) 65  (60---67) 
p H  8 70  (67 - -72 )  81 (79 - -84 )  
p H  10 81 (78---82) 93  (87 - -95 )  

Ra t  
Mg2+-ATPase p H  8 1 (0 - -  3) 62  (58 - -66)  
Ca2+ATPase  p H  8 0 (0 - -  2) 64  ( 5 9 - - 6 5 )  
(Ca 2+ + Mg2+)-ATPase p H  8 1 (0 - -  2) 67 (61 - -70 )  
Alkal ine phosPha tase  p H  8 73  (70- -76)  82 (79- -84)  

p H  10 84 (81- -86)  93  ( 9 1 - 9 5 )  

T A B L E  V 

A R S E N A T E  I N H I B I T I O N  OF M E M B R A N E - B O U N D  AND S O L U B L E  A L K A L I N E  P H O S P H A T A S E S  
A N D  ATPases  OF  S M A L L  I N T E S T I N A L  MUCOSA OF T H E  R A T  

Percent  inh ib i t ion  in the  p resence  o f  10 mM arsenate .  The  results are the  m e a n  values and  range  f r o m  du-  
pl icate e s t ima t ions  using th ree  separate  p repara t ions .  

% inhib i t ion  (ravage) 

Brush b o r d e r  suspens ion  Butano l  ex t r ac t  

Mg2+ATPase  p H  8 1 (0 - -  2) 
Ca2+-ATPase p H  8 2 ( 0 - -  3) 
(Ca 2+ + Mg2+)-ATPase p H  8 0 (0 - -  1) 

Alkal ine  phospha tase  p H  8 71 (67 - -72 )  
p H  10 81 ( 7 8 - - 8 3 )  

88 ( 8 5 - - 9 1 )  
90  ( 8 6 - - 9 3 )  
90  (88 - -91 )  

79 (77- -82)  
88 (85 - -92 )  
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T A B L E  VI 

I N H I B I T I O N  O F  M E M B R A N E - B O U N D  A N D  S O L U B I L I S E D  A L K A L I N E  P H O S P H A T A S E  A N D  Mg 2 +  
A T P a s e  O F  C H I C K  I N T E S T I N E  BY I N O R G A N I C  P H O S P H A T E  

A T P a s e  w a s  m e a s u r e d  at p H  8 us ing  3 m M  A T P  a n d  3 m M  Mg 2+. The results  s h o w  p e r c e n t  inh ib i t ion  and 
are the  m e a n  values and range (in parentheses )  f r o m  dupl i ca te  e s t i m a t i o n s  o f  three  separate  preparat ions .  

Phosphate  
c o n c e  ntrat io  n 
(mM)  

Brush border suspension Butanol  ex trac t  

A T P a s e  A l k a l i n e  A T P a s e  Alkal ine  
phosphatase  pho spha ta se  

1 7 ( 6 - -  9)  2 0  ( 1 9 - - 2 2 )  2 3  ( 2 2 - - 2 5 )  28  ( 2 5 - - 2 9 )  
5 15  (14---17)  3 3  ( 3 0 - - 3 4 )  3 5  ( 3 1 - - 3 6 )  4 4  ( 4 0 - - 4 5 )  

10  17 ( 1 6 - - 1 9 )  4 8  ( 4 6 - - 4 9 )  4 4  ( 4 3 - - 4 5 )  5 5  ( 5 1 - - 5 6 )  
2 5  2,5 ( 2 3 - - 2 8 )  6 3  ( 6 0 - - 6 5 )  5 0  ( 4 7 - - 5 2 )  7 5  ( 7 0 - - 7 7 )  

T A B L E  VII  

(Ca  2÷ + Mg2+)-ATPase  C O N C E N T R A T I O N S  
D E T E R M I N A T I O N  O F  E N Z Y M E  A C T I V I T Y  

O F  D I V A L E N T  C A T I O N S  A N D  S U B S T R A T E  U S E D  IN 

ATP Ca 2 + Mg 2+ pH Ref. 

( raM) (mM)  (mM)  

5 5 5 7 .4  6 
5 4 0  7 .4  9 
5 5 0 . 5  7 .4  2 
2 2 5  2 7 . 4  10  
5 1 0  5 7 .4  3 
5 4 0  2 0  7 . 4  1 
2 2 5 8.5  11 
2 2 2 0  8 .5  11 
3 1 .5  1 .5  8 . 0  present  s tudy  

Discussion 

A number of  reports have been made claiming that, at least in the intestinal 
mucosa,  alkaline phosphatase and the Ca2+-ATPases are one and the same 
enzyme [1--3] .  Ca2+-ATPase is normally differentiated from Mg2+-ATPase by 
measuring the latter activity, adding Ca 2+ and estimating the ATPase activity in 
the presence of  both cations. Those suggesting this identity of  alkaline phos- 
phatase with ATPase have, in general, carried out  their investigations at pH 7.4. 
Whilst they may have been justified in doing this by considering the in vitro pH 
opt imum of  the enzyme as non-physiological, the Ca 2÷ concentrations used of  
up to 40 mM~are certainly well above those likely to occur in the intestinal 
mucosa. The varying conditions used by others are listed in Table VII. It is 
clear there is ',no agreement about what constitutes Ca2+-ATPase or (Ca2+ + 
Mg 2+)-ATPase. : 

We have compared the activity-pH curves of brush border'membrane-bound 
alkaline phosphatase and ATPase of chick and rat intestinal mucosa with those 
given by butanol extracts of these membranes. Solubilisation with butanol did 
not have any significant effect on the alkaline phosphatase activity but reduced 
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that  of ATPase to less than one-third of that  in the original suspension. Russell 
et al. [3] reported a similar loss in the ATPase activity of a preparation of 
intestinal mucosa after butanol extraction. The membrane-bound and solu- 
bilised alkaline phosphatases showed similar activity-pH curves, highest activity 
being found at pH 10. The activity-pH curves using either MgATP or CaATP as 
substrate with the membrane-bound enzyme were markedly different from 
those with the butanol-extracted enzyme. This suggested to us that  butanol 
extraction was inactivating the ATPase and that  the hydrolysis of ATP by the 
butanol extract was largely the result of  nonspecific hydrolysis by alkaline 
phosphatase. 

The effect of  Mg 2+ and Ca 2+ on the ATPase activity at pH 8 of  the mem- 
brane-bound and solubilised enzymes was also markedly different (Fig. 2). 
Each cation was able to produce marked activation of the membrane-bound 
ATPase. Their effect on the solubilised ATPase was much less and similar to 
that  found with the membrane-bound and soluble alkaline phosphatase. When 
the [Mg 2÷ ] was optimal, i.e. equal to the ATP concentration, Ca 2÷ inhibited the 
activity of the membrane-bound ATPase much more than that  of the corre- 
sponding solubilised enzyme {Table II). Ca 2÷ had little effect on either the 
membrane-bound or solubilised alkaline phosphatase activities when Mg 2÷ were 
present. The relative proportions of Ca 2÷ and Mg 2÷ used in the estimation of 
the (Ca 2÷ + Mg2÷)-ATPase is important.  When the sum of the concentrations of  
the Ca 2÷ and Mg 2÷ was the same as that  of ATP and the proportions of the 
divalent cations altered, it was found that  the observed activity was less than 
that  calculated by summing the activities found with the appropriate concen- 
tration of  each cation. This suggests that  the interaction between the two 
cations is complex and that  the Ca2+-ATPase activity cannot be simply the 
additional activity observed when Ca 2÷ are added. 

L-Phenylalanine did not  inhibit the membrane-bound ATPases but reduced 
that  of the solubilised enzymes by 62--67%. This degree of inhibition is of the 
same order as that  of the membrane-bound and solubilised alkaline phosphatases 
(Table IV). Similarly, arsenate did not  inhibit the membrane-bound ATPase, 
whereas the activity of the solubilised ATPase at pH 8 and that  of the solu- 
bilised and membrane-bound alkaline phosphatase were all inhibited by more 
than 80% {Table V). Inorganic phosphate also inhibited the membrane-bound 
and soluble ATPases to differing extents, that  of  the latter being similar to that  
found with the membrane-bound and soluble alkaline phosphatase {Table VI). 

Our results do not  support the view that  the membrane-bound (Ca2+ + 
Mg 2÷)-ATPase is identical with alkaline phosphatase. Butanol extraction results 
in loss of  most of the former activity but does not  alter that  of  the latter. 
L-Phenylalanine, arsenate and phosphate all inhibit the ATPase activity of 
butanol extracts and both membrane-bound and solubilised alkaline phos- 
phatase but have no effect on the membrane-bound ATPase. I t  is possible that  
alkaline phosphatase acts as an ATPase when it is an integral part of  the mem- 
brane. Nevertheless, it appears that  both enzymes have distinct roles in vivo. 
Transport of calcium across the intestinal mucosa is considered to be under the 
influence of the (Ca 2÷ + Mg2÷)-ATPase [12] and is not  inhibited by L-phenyl- 
alanine [11]. In contrast, uptake of phosphate is reduced in the presence of  
L-phenylalanine [13,14] and could therefore likely be under the control of 
alkaline phosphatase. 
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