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SUMMARY 

Studies were conducted on an alkaline phosphatase (orthophosphoric monoester 
phosphohydrolase, EC 3. I. 3. i) purified from human intestinal mucosa using substrates 
recorded as specific for the specific phosphatases. The data obtained from Michaelis 
constant determinations, mixed-substrate experiments, response to specific inhibitors, 
nonspecific inhibition by 6 M urea and heat treatment,  indicated that at the physio- 
logical pH (in which range these studies were performed), the alkaline phosphatase can 
perform efficiently the functions attr ibuted to specific phosphatases. 

INTRODUCTION 

Intestinal mucosa is a rich source of alkaline phosphatase (orthophosphoric 
monoester phosphohydrolase, EC 3.1.3.1) activity. This raises questions as to the role 
of this enzyme in this location. The most obvious function of alkaline phosphatase in 
the intestinal mucosa is providing inorganic phosphate for metabolic processes. I t  has 
been suggested that the brush border alkaline phosphatase activity is digestive in 
function 1, and that  it may be implicated in transport of hexoses by a mechanism in- 
volving their sequential phosphorylation and dephosphorylation 2. I t  is significant 
that  in the brush border region of the epithelial cells of the intestinal mucosa, the 
following enzymatic activities have been localized: Inorganic pyrophosphatase (EC 
3.6.I.I), ATPase (EC 3.6.I.3), D-glucose 6-phosphatase (EC 3.I.3.9), D-glucose I- 
phosphatase (EC 3.1.3.1o) and D-fructose 1,6-diphosphatase (EC 3.1.3.11). 

In view of the abundance of alkaline phosphatase in intestinal mucosa, it is 
conceivable that this enzyme might perform the functions attr ibuted to specific phos- 
phatases. 

Although alkaline phosphatase is assayed at an alkaline pH, which is done as a 
matter  of convenience, in an intracellular milieu it is hard to visualize a role for this 
enzyme at a pH, not far from neutrality. 

* Th i s  work  was  t a k e n  f rom a thes i s  s u b m i t t e d  b y  Sheshadr i  N a r a y a n a n  to t h e  Gradua t e  
F a c u l t y  of  t h e  D e p a r t m e n t  o f  B iochemis t ry ,  New York  Medical  College, in par t i a l  fu l f i l lment  o~ 
t he  r e q u i r e m e n t s  for t he  degree of  Doc to r  of  Ph i losophy .  
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The object of this s tudy was to determine the specificity of alkaline phosphatas( 
under assay conditions approximating the biological pH range using substrates avail- 
able for specific phosphatases, and applying criteria available to test the identities ol 
two or more enzymatic activities3, 4. 

MATERIALS 

The alkaline phosphatase utilized in this s tudy was extracted from human 
intestinal mucosa with "Gene t ron- I I3"  (trichlorotrifluoroethane). The enzyme ac- 
t ivi ty released by this solvent into the aqueous phase was purified utilizing Sephadex 
gel permeation (Sephadex G-2oo) and anion exchange (Sephadex A-5o) chromato- 
graphy 5. 

The following chemicals and biologicals were products of Sigma Chemical Co., 
St. Louis, Mo. : ATP, disodium salt from equine muscle, and D-glucose I-phosphate 
were both designated crystalline grade, o-fructose 1,6-diphosphate, sodium salt, D- 
serine, L-serine, D-phenylalanine, L-phenylalanine, phosvitin from egg vitellin, Tris 
He1 (Trizma HC1) and Tris (Trizma base) were all Sigma reagent grade. 

From Schwartz Mann, Orangeburg, New York, N.Y. the disodium salts of p- 
nitrophenyl phosphate and D-glucose 6-phosphate were obtained. 

I)L-O-Phosphoserine was purchased from Calbiochem, Los Angeles, California, 
and sodium pyrophosphate and urea from J. T. Baker Chemical Co., Phillipsburg, N.J. 

METHODS 

Enzyme assays 
When p-nitrophenyl phosphate was used as a substrate for the enzyme, the 

release of p-nitrophenol was measured by its absorbance at 41o nm 6, in o.I M Tris 
buffer at pH values of 7.4 for mixed-substrate experiments, experiments with urea, 
heat t reatment  studies and in the determination of Michaelis constants. 

When D-glucose 6-phosphate, u-glucose 1-phosphate, D-fructose 1,6-diphos- 
phate, DL-0-phosphoserine, phosvitin, sodium pyrophosphate and ATP were the sub- 
strates for the enzyme the release of inorganic phosphate was followed at 66o nm 7 in 
o.I M Tris buffer at pH values of 7.4 for mixed-substrate experiments, experiments 
with urea, heat t reatment  studies and in the determination of Michaelis constants, 
with the exception of phosvitin, for which Michaelis constants were not evaluated. 

Enzyme activity is expressed in units/ml. This represents #moles of product re- 
leased per rain per ml. The spectrophotometric measurements were performed on a 
Bausch and Lomb Spectronic 2o Spectrophotometer. 

Kinetic assays 
Michaelis constants were determined from a Woolf 8 plot, of kinetic data for each 

of the following substrates: p-nitrophenyl phosphate, DL-O-phosphoserine, D-glucose 
6-phosphate, D-glucose I-phosphate,  D-fructose 1,6-diphosphate, sodium pyrophos- 
phate and ATP. o.I M Tris HC1 (pH 7.4) was the buffer used in these studies. 

Inhibitor studies with L-phenylalanine were performed in 12. 5 mM borate 
buffer, pH 7.8. D-Phenylalanine, which was not inhibitory was used as a control. In- 
hibition by L-phenylalanine was computed by comparing enzyme activity in presence 
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of L-phenylalanine, with enzyme activity in presence of noninhibitory D-phenylalanine 
The extent of inhibition of enzyme at 5, IO, 15 and 2o mM n-phenylalanine concentra 
tions in 12. 5 mM borate buffer (pH 7.8) was studied with each of the following sub. 
strates: p-nitrophenyl phosphate, Dn-O-phosphoserine, D-glucose 6-phosphate, D 
glucose 1-phosphate, D-fructose 1,6-diphosphate, sodium pyrophosphate,  phosvitir 
and ATP. The type of inhibition was determined from enzyme activity values ob. 
tained with various concentrations of each of the substrates containing IO mM D-phe- 
nylalanine as compared with the values obtained in presence of IO mM L-phenylala- 
nine. 

Similar experimental format was used when inhibition of enzyme activity by L- 
serine, in presence of non-inhibitory D-serine was studied in 12.5 mM borate buffer 
pH 7.8, using p-nitrophenyl phosphate, and DL-O-phosphoserine as substrates for th( 
enzyme. 

Mixed-substrate experiments 
The buffer used in mixed-substrate experiments was o.I M Tris-HC1, pH 7.4 

The ratio of the affinities of the enzyme for two substrates in mixed-substrate experi- 
ments was determined as follows: First, the substrate concentration at which each ol 
these substrates attained their maximum velocity (V) was determined. The enzyme 
activity values (#moles/rain per ml) at this substrate concentration was noted. Wit t  
one substrate (p-nitrophenyl phosphate) enzyme activity was monitored by measurin~ 
both the release of p-nitrophenol and inorganic phosphate. With the other substrate., 
which were being assayed for their competition with p-nitrophenyl phosphate for th~ 
enzyme, enzyme activity was monitored by measuring the release of inorganic phos- 
phate. 

An equimolar mixture of p-nitrophenyl phosphate and another substrate was 
mixed at concentrations sufficient for each of the substrates to at tain V when assayed 
individually, and enzyme activity in the presence of this mixed-substrate was moni- 
tored by measuring release of p-nitrophenol and inorganic phosphate. 

Experiments with urea 
A o.5-ml aliquot of enzyme was mixed with 4-5 ml of 6 M urea in o.I M Tris- 

HC1 buffer, pH 7.4, and incubated at 37 °C for 30 rain. For control under the same 
conditions urea was substituted with 4.5 ml of o.I M Tris-HC1 buffer, pH 7-4- AfteI 
30 rain, o.2-ml aliquots from urea treated and control tubes were withdrawn and the 
ratio of enzyme activity before and after t reatment  with urea was evaluated with all 
the eight substrates used in this study. 

Heat treatment st~,dies 
A o.5-ml aliquot of enzyme in 4.5 ml o.I M Tris-HC1 buffer, pH 7.4, was incu- 

bated at 55 °C for I h. At the end of this period the tube containing the heated en- 
zyme is cooled under cold tap water, and then left to come to room temperature.  Sub- 
sequently, o.2-ml aliquots were withdrawn and enzyme activity was determined witt 
all the eight substrates used in this study. Enzyme activity of the unheated enzym~ 
served as a control. 
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RESULTS 

Table I lists the Michaelis constants obtained with the various substrates. The 
Km values obtained with DL-O-phosphoserine, sodium pyrophosphate, and ATP are 
of the same order of magnitude as that  obtained with p-nitrophenyl phosphate. The 
Km values obtained with D-glucose 1-phosphate, and D-glucose 6-phosphate were 
similar and represented nearly a I9-fold increase over the Kra value obtained with p- 
nitrophenyl phosphate. 

T A B L E  I 

A COMPARISON OF MICHAELIS CONSTANTS OBTAINED WITH THE VARIOUS SUBSTRATES 

Values  of  Michaelis  c o n s t a n t  (Krn) for t he  purif ied e n z y m e  were ca lcu la ted  f rom the  Wool f  plots  
of  t he  kinet ic  d a t a  ob ta ined  wi th  t he  s u b s t r a t e s  l is ted below, o.I M Tris-HC1 (pH 7.4) was  the  
buffer  used  in these  kinet ic  s tudies .  

Substrate Ii'm X IO -~ ( raM)  

p - N i t r o p h e n y l  p h o s p h a t e  1. 3 
DL-O-Phosphoser ine  i .3 
Sod ium p y r o p h o s p h a t e  1. 3 
A T P  1.3 
D-Fruc tose  1 ,6 -d iphospha te  5.7 
D-Glucose 1 -phospha t e  24. 7 
D-Glucose 6 - p h o s p h a t e  25.0 

Fig. I is a plot of percentage of enzyme activity remaining against the inhibitor 
(L-phenylalanine) concentration in mM, when substrates listed in the legend, as well 
as sodium pyrophosphate, phosvitin, and ATP were used in the study. 

Half-maximal inhibition of the enzyme with p-nitrophenyl phosphate, D- 
fructose 1,6-diphosphate, DL-0-phosphoserine, phosvitin, sodium pyrophosphate and 
ATP as substrates was attained at an L-phenylalanine concentration of IO mM (Half- 
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Fig. i .  I nh ib i t i on  s tud ie s  wi th  L-pheny la l an ine  in 12. 5 m M  bora te  buffer  (pH 7.8). ~o o f  original  
e n z y m e  ac t i v i t y  ( the ordinate)  m e a s u r e d  w i t h  va r ious  s u b s t r a t e s  a t  inh ib i tor  (L-phenylalanine)  
c o n c e n t r a t i o n s  o f  5, io,  15 a n d  2o m M  (abscissa).  Curves  ident ica l  w i th  t h e  b o t t o m  cu rve  in t he  
figure were also ob t a i ned  w i t h  I m M  A T P ,  i m M  s o d i u m  p y r o p h o s p h a t e  a n d  p h o s v i t i n  (15o mg /  
ioo  ml  so lu t ion  in bo ra t e  buffer,  p H  7.8). S ubs t r a t e s :  [ ] - -F- l ,  g lucose 6 - p h o s p h a t e  (2 mM);  
/ k - - / k ,  glucose I - p h o s p h a t e  (2 mM);  O---Q,  p - n i t r o p h e n y l  p h o s p h a t e  (I mM);  (Z> - -  (3, f ruc tose  
1 ,6 -d iphospha te  (2 mM);  × - - X ,  O-phosphoser ine  (i mM). 
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maximal inhibition is defined as the concentration of inhibitor required to reduce the 
enzyme activity to half the value it was without inhibitor.) However, when D-glucose 
6-phosphate and D-glucose 1-phosphate were the substrates, the half-maximal inhibi- 
tion of the enzyme was reached at an inhibitor concentration of 20 mM. 

Fig. 2 is a plot of percentage of enzyme activity remaining against the inhibitor 
(L-serine) concentration in mM, when either p-nitrophenyl phosphate or DL-0-phos- 
phoserine were the substrates. Half-maximal inhibition of the enzyme with either sub- 
strate was reached at an inhibitor (L-serine) concentration of 20 mM. 

The nature of inhibition of enzyme by either L-phenylalanine or L-serine was 
uncompetitive 1°. 
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Fig. 2. Inhibition studies with L-serine in 12.5 mM borate buffer (pH 7.8). The ordinate indicates 
the percentage of the original enzyme activity remaining. The abscissa indicates inhibitor (L- 
serine) concentration in mM. Inhibition of the enzyme activity with L-serine was studied with 
i mM nL-O-phosphoserine (A---A)  and i mM p-nitrophenyl phosphate ( 0 - - 0 ) .  

Tables I Ia  and IIb present results obtained in mixed-substrate experiments. In 
these experiments p-nitrophenyl phosphate is referred to as "Substrate I" .  The other 
substrates chosen to study competition with p-nitrophenyl phosphate for the enzyme 
are designated "Substrate 2". By comparing the release of p-nitrophenol from p- 
nitrophenyl phosphate alone (Substrate I) with release of p-nitrophenol from the 
mixed substrate "the percent recovery of products" was computed in the 5th column 
of Tables I Ia  and l ib.  The 5th column also tabulates the percent recovery of inorganic 
phosphate, which is done by averaging the release of inorganic phosphate from Sub- 
strate I and Substrate 2 and comparing it with that  released from the mixed substrate. 

Data presented in Table I Ia  indicate that competition between p-nitrophenyl 
phosphate (Substrate I) and substrates: 0-phosphoserine, fructose 1,6-diphosphate, 
phosvitin, ATP and sodium pyrophosphate for the enzyme was similar. Thus th~ 
mixed-substrate velocity monitored by the release ofp-nitrophenol falls to nearly one- 
half the value obtained with Substrate I (p-nitrophenyl phosphate). 

However, substrates listed in Table IIb are not quite as efficient in lowering th~ 
mixed-substrate velocity as substrates listed in Table IIa. When glucose I-phosphat~ 
was included in the mixed-substrate with p-nitrophenyl phosphate the rate of decom- 
position of the latter was 69% of the original value. When glucose 6-phosphate wa., 
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TABLI'2 i l a  

M I X E D - S U B S T R A T E  N X P E R I M E N T S  

Product Enzyme activity (ltmoles/min per ml) measured by release 
of products 

Substrate z Substrate 2 

Recovery of 
products (%) 

Mixed-substrate 

p-Nitrophenyl O-phosphoserine Substrales 
phosphate (r raM) (± raM) r + 2 

p-Nitrophenol 13.6 .... 6.7 49 
Inorganic phosphate i3.o i3.1 i3.o ioo 

p-Nitrophenyl D-Fructose z,6- Substrates 
phosphate (x raM) diphosphate (2 raM) ~ + 2 

p-Nitrophenol 12. E 6.5 54 
inorganic phosphate 11.6 lo.8 i ~ .3 loo 

p-Nitrophenyl Phosvitin Substrates 
phosphate (r raM) (±5o mg/ioo ml) • ~ 2 

p-Nitrophenol I I .  8 -- 6 . 1  5 2 

Inorganic phosphate lO.9 4.2 7-3 97 

p- Nitrophenyl A T P Substrales 
phosphate (1 raM) (l  raM) 1 t 2 

p-Nitrophenol 17.8 9.4 53 
Inorganic phosphate I7.O i8.2 i7.2 98 

p-Nitrophenyl Sodium pyrophos- Substrates 
phosphate (• raM) phate (r m3/I) s + 2 

p-Nitrophenol 17.6 - -  9. I 52 
inorganic phosphate 16. 7 iS.i  17.8 ioo 

TABLI~; l i b  

M I X E D - S U B S T R A T E  E X P E R I M E N T S  

Product Enzyme activity (l~moles/min per ml) measured by release 
of products 

Substrate 1 Substrate 2 

p-NitrophenyI D-Glucose I-phos- 
phosphate (r raM) phate (2. 5 raM) 

p-Nitrophenol 12.4 - -  
Inorganic phosphate i 2 . o  i i .  i 

p-Nitrophenyl D-Glucose 6-phos- 
phosphate (z raM) phate (1raM) 

p-Nitrophenol 17.9 --- 
Inorganic phosphate 16.9 17. 5 

Recovery of 
products (%) 

Mixed-subslrate 

Substrates 
z + 2  

8.6 69 
11.4 99 

Substrates 
I + 2  
13.6 76 
17-° 99 

t h e  m i x e d - s u b s t r a t e  w i t h  p - n i t r o p h e n y l  p h o s p h a t e  t he  r a t e  of  d e c o m p o s i t i o n  o f  t h e  

l a t t e r  was  7 6 %  of  t h e  o r ig ina l  va lue .  

Tab le  I I I  c o m p a r e s  r e su l t s  o b t a i n e d  in  u rea  a n d  h e a t  t r e a t m e n t  s tud ies .  R a t i o  

of  e n z y m e  a c t i v i t y  be fo re  a n d  a f t e r  t r e a t m e n t  w i t h  u r e a  was  s imi l a r  w i t h  s u b s t r a t e s  

l i s ted .  E n z y m e  a c t i v i t y  was  u n a f f e c t e d  b y  h e a t  t r e a t m e n t  a t  55 °C for  I h. 
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TABLE II[  

TREATMENT ~VITH 6 M UREA AND HEAT TREATMENT (55 °C FOR I h) 

181 

Substrate Enzyme activity (t~moles/min per ml) 

Before urea After urea Before heat After heat 
treatment treatment treatment treatment 

p-Nitrophenyl phosphate 2o.1 io, 5 21. 7 21. 7 
D-Fructose 1,6-diphosphate 18.8 9.7 19.1 18.9 
D-Glucose 1-phosphate 21. 3 lO. 7 21.9 22.0 
D-Glucose 6-phosphate 22.2 I I, 6 22. i 22.2 
DL-O-Phosphoserine 18.3 9,4 i9.9 I9.7 
ATP 18.2 9,4 19.7 19.8 
Sodium pyrophosphate 22.0 11. 3 22.3 22.0 
Phosvitin 5.4 2,8 5. i 5- i 

DISCUSSION 

The fact  t h a t  c -phenyla lan ine ,  a specific inh ib i to r  of a lkal ine phospha tase  n, in- 
h ib i t s  the  enzyme regardless  of the  subs t r a t e s  used in this  s tudy ,  and  t ha t  L-serine, a 
specific inh ib i to r  of  phosphoser ine  phospha tase  (EC 3.1.3.3) 12, inhib i t s  the  enzyme 
wi th  e i ther  UL-0-phosphoserine or p - n i t r o p h e n y l  phospha te  as subs t ra te ,  indicates  
t ha t  the  same act ive  center  in the  enzyme molecule is involved  in the  hydro lys i s  ot 
subs t r a t e s  used in this  s tudy .  The same conclusion can be d rawn from d a t a  ob ta ined  
in mixed - subs t r a t e  exper iments ,  non-specific inhib i t ion  s tudies  wi th  urea,  and  hea t  
t r e a t m e n t  studies.  The different ial  behav ior  of  subs t ra tes  l is ted in Table  I I b  in regard  
to the i r  compe t i t ion  wi th  p -n i t r opheny l  phospha te  for the  enzyme and  in inhibi t ion  
s tudies  wi th  L-phenyla lanine  requir ing  a grea te r  concent ra t ion  of  this  inh ib i tor  to 
achieve h a l f - m a x i m u m  inhib i t ion  can be a t t r i b u t e d  to the  differences in Michaelis 
cons tan t s  for the  enzyme ob ta ined  wi th  these subs t ra tes ,  as opposed to those ob ta ined  
with subs t ra tes  l is ted in Table  I I a .  

Al though  there is a difference in compet i t ion  be tween p -n i t ropheny l  phospha te  
and  subs t r a t e s  l is ted in Tables  I I a  and  I I b  for the  enzyme the release of inorganic 
phospha te  in these mixed - subs t r a t e  exper imen t s  is cons tan t  for bo th  groups.  Had  
there  been no compet i t ion  be tween subs t ra tes  in these exper iments ,  the  mixed-sub-  
s t r a te  ve loc i ty  as measured  b y  release of  inorganic  phospha te  would  have been addi-  
t ive.  

The p H  value  of  7.4 used in measu remen t  of Michaelis constants ,  mixed-sub-  
s t r a te  exper iments ,  exper imen t s  wi th  urea  and  hea t  t r e a t m e n t  is close to the  p H  pre- 
vai l ing in a biological  milieu. This fact, and  the abundance  of a lkal ine phospha tase  in 
h u m a n  in tes t ina l  mucosa,  could, b y  resul ts  ob ta ined  in this  s tudy,  impl ica te  the  en- 
zyme in funct ions t ha t  have  been ascr ibed  to specific phospha tases  (EC numbers  

3.6.1.1, 3.6.1.3, 3.I.3.9, 3.1.3.10, 3.1.3.11, 3.1.3.3 and 3.1.3.16). The resul ts  of this 
s t u d y  are cons is ten t  wi th  repor ts  in l i t e ra ture  demons t r a t i ng  the  i d e n t i t y  of alkaline 
phospha tase  (EC 3.I .3 . I ) ,  the  inorganic  p y r o p h o s p h a t a s e  (EC 3.6.1.1) and  the ATPase  
(EC 3.6.1.3) ac t iv i t ies  13 15. 
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