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T H E  ACTION OF M U C O P O L Y S A C C H A R I D E S  ON 

PROSTATIC  ACID P H O S P H A T A S E  

GRACE M. J E F F R E E  

University o] Bristol Pathology Research Laboratory, 18 Guinea St., Bristol I (England) 

The action of mucopolysaccharides upon prostatic acid phosphatase was thought to be 
of interest in relation to the effect which chondroitin sulphate might have on phos- 
phatase activity of metastases in bone from carcinoma of prostate. Chondroitin sulphate 
was expected to inhibit the enzyme, since it is a long-chain polymer with many acidic 
groups. KENT AND WHITEHOUSE 1 suggest a repeating disaccharide unit of one residue 
of glucuronic acid combined by 1- 4 linkages with one residue of acetyl galactosamine, 
one hydroxyl of which is esterified with sulphuric acid, and quote a molecular weight 
of 26o,ooo for the undegraded substance, which would correspond to a chain-length of 
something over I,OOO residues. Denaturation of the enzyme by the sulphuric and 
carboxyl groups was expected, similar to that  found with anionic detergents for other 
enzymes by WILLS z, and with sodium dodecyl sulphate (SDS) for prostatic phospha- 
tase in experiments reported in this paper. 

In fact, chondroitin sulphate was found to inhibit the enzyme only slightly; and 
in the absence of other protective substances it also gave considerable protection 
against surface denaturation. Sodium alginate, which is a straight-chain polymer of 
the salt of fl-D-mannuronic acid 3, gave similar results, though with greater inhibition 
and correspondingly less protection of the enzyme. Investigations with hydrolysates 
of these substances, and with simpler organic acids, appear to throw some light on the 
mechanisms involved. 

MATERIALS AND METHODS 

Specimens of h u m a n  seminal fluid, obtained from the pathological laboratory of the Bristol General 
Hospital ,  were used as the source of prostat ic  acid phosphatase .  These were stored in the refriger- 
a tor  until  required, when dilutions in physiological saline of the order of 1/2,ooo to i]2o,ooo were 
prepared,  using polythene vessels and pipettes in order to minimise surface denatura t ion  of the 
enzyme, o.1 ml of diluted enzyme was added to i ml of 0.2 % (w]v) solution of para-ni t rophenyl  
phospha te  in citrate buffer at p H  4.9 and 37 ° C in open glass tubes, which had been washed with 
Teepol and rinsed with tap-water ,  followed by distilled water.  Specimens were selected which 
showed high acid phosphatase  activity when 0.05 % (w/v) gelatine was incorporated in the incu- 
ba t ion  mixture ,  bu t  vir tual ly none in its absence. Substances under  investigation were added to 
the incubat ion mixture  in known concentration. Duplicate est imations were carried out, and 
control  tubes  were incubated in which the addition of enzyme was omitted.  Incubat ions  were 
generally for 3 ° minutes.  When  p-ni trophenol  es t imat ions  only were required, enzyme activity was  
s topped by  the addition of I ml of the glycine-pyrophosphate  buffer of HUGGINS AND TALALAY 4 
at  p H i  1.2, followed by 2 ml of water.  When  p-ni t rophenol  and phosphate  est imations were required 
on the same specimen, activity was s topped by  the  addition of I ml of 5o % (w/v) trichloracetic 
acid. Tubes  in which gelatine or other  substances were precipitated were then centrifuged lO-3O 
minutes ,  after which 1.6 ml of the superna tan t  fluid was wi thdrawn and mixed with 2. 4 ml 
distilled water,  i ml of this mix ture  was t reated with 3 ml N/2 N a O H  for the est imation of p- 
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nitrophenol, and the other 3 ml used for the est imation of phosphate by the method of FISKE AND 
SUBBAROW a s  given by KOCH AND H A N K E  5. 

Readings were made on a Spekker Absorptiometer,  using monochromatic  light from a 
filtered mercury-vapour lamp. For the estimation of p-nitrophenol, the mercury violet band at 
4,360 A was isolated by Ilford Spectrum Violet filter No. 6Ol (Transmission 3850-475 ° A) with the 
supplementary filter No. 809, cut t ing out light between 3,75 ° and 4,i5o A. For phosphate estima- 
tions, the mercury yellow lines at  5,77 ° and 5,791 A were isolated by Ilford Spectrum Yellow 
filter No. 6o6 (Transmission 5,60o to 6,ioo A). Enzyme activity was compared with tha t  found in 
an incubation mixture containing 0.o 5 % (w/v) gelatine as its only addition. When p-nitrophenol 
and phosphate estimations were made on the same specimens, a p-nitrophenyl phosphate hydro- 
lysate of known molarity was used as a s tandard of comparison, and the mean value in micromoles 
of phosphate and p-nitrophenol liberation in the tubes containing gelatine was taken as ioo % 
activity.  

Hydrolysates of chondroit in sulphate and sodium alginate were prepared by incubation in a 
boiling-water ba th  with hydrochloric acid in concentrations ranging from normal to 5 N. 2. 5 N 
acid was found the most effective for the production of short-chain hydrolysates, as too much 
charring was obtained with more concentrated acid. 

Number-average chain-lengths were calculated from the estimation of reducing-sugar by the 
method of KING AND GARNER 6,7. The concentration of solution used, divided by the estimated 
concentration of reducing end-groups, was taken as the mean chain-length. 

R E S U L T S  

Sodium dodecyl sulphate (SDS) 

S D S  causes  m a r k e d  i n h i b i t i o n  of p r o s t a t i c  ac id  p h o s p h a t a s e ,  w h i c h  is s l i g h t l y  in-  

c r e a s e d  b y  r e d u c t i o n  in  t h e  c o n c e n t r a t i o n  of s u b s t r a t e ,  b u t  m u c h  m o r e  m a r k e d l y  b y  

r e d u c t i o n  in  t h e  c o n c e n t r a t i o n  of ge l a t ine ,  as  s h o w n  in  T a b l e  I. I t  was  n o t  f o u n d  

poss ib le  to  r e v e r s e  i n h i b i t i o n  b y  t h e  a d d i t i o n  of g e l a t i n e  a f t e r  i n c u b a t i o n  w i t h  SDS  

was  b e g u n .  I f  i n c u b a t i o n  w as  c a r r i e d  o u t  in  t h e  a b s e n c e  of ge la t ine ,  b u t  u n d e r  a l a y e r  

of p e t r o l e u m  e t h e r ,  w h i c h  g ives  a l a rge  m e a s u r e  of p r o t e c t i o n  to  t h e  e n z y m e  f r o m  

su r f ace  d e n a t u r a t i o n ,  c o m p l e t e  a n d  i r r e v e r s i b l e  i n h i b i t i o n  c o u l d  b e  o b t a i n e d  w i t h  a 

c o n c e n t r a t i o n  of o . o o o i  M S D S ;  a c o n c e n t r a t i o n  less t h a n  t h a t  a t  w h i c h  WILLS 2 

f o u n d  c o m p l e t e  r e v e r s i b i l i t y  of t h e  i n a c t i v a t i o n  of u r e a s e  b y  SDS.  

TABLE I 

INHIBITION OF PROSTATIC ACID PHOSPHATASE BY SODIUM DOCEDYL SULPHATE ( S D S )  

with different concentrations of substrate (p-nitrophenyl phosphate) and of gelatine 

Concentration Concentration Millimoles o/SDS 
% (w/v) of % (w,'v) o] per litre ]or 
substrate gelatine 50 % inhibition 

0.2 0.05 0.35 
0.02 0.05 o.25 
0.2 o.ooo5 o.o2 

Chondroitin sulphate 

Fig.  I s h o w s  t h e  a c t i v i t y  of p r o s t a t i c  a c id  p h o s p h a t a s e  in  t h e  p r e s e n c e  of g e l a t i n e  

0.05 % (w/v)  a n d  of d i f f e r e n t  c o n c e n t r a t i o n s  of c h o n d r o i t i n  s u l p h a t e  p r e p a r a t i o n s  of 

e s t i m a t e d  c h a i n - l e n g t h s  660  r e s i d u e s  ( E v a n s )  a n d  197 r e s idues  ( L i g h t ' s ) ,  a n d  of a 

h y d r o l y s a t e  of  t h e  l a t t e r  of 2.6 r e s idues .  Al l  i n h i b i t  t h e  e n z y m e  to  s o m e  e x t e n t ,  b u t  

t h e  h y d r o l y s a t e  m u c h  m o r e  m a r k e d l y  t h a n  e i t h e r  of t h e  o r ig ina l  p r e p a r a t i o n s ,  w h i c h  
s h o w  o n l y  s l i g h t  i n h i b i t i o n  a t  s i m i l a r  levels .  
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Fig. I. Inhibition of prostatic acid phosphatase 
by chondroitin sulphate. ~ - - A  Activity with 
chondroitin sulphate, chain-length 66o residues 
©---O Activity with chondroitin sulphate, 
chain-lenght 197 residues; 0 - - - 0  Activity 
with hydrolysate, chain-length 2.6 residues. 

Gelatine o.o5 % (w/v) throughout. 

0.1 0.2 0.3 0.4 0.5 
Concentration per cent of chondroitin sulphat~ 

Fig. 2. Protection of prostatic acid phosphatase 
by chondroitin sulphate. / k - - ~  Activity with 
chondroitin sulphate, chain-length 660 residues; 
O - - ©  Activity with chondroitin sulphate, 
chain-length 197 residues; O - - - O  Activity 
with hydrolysate, chain-length 2.6 residues. 
ioo % = activity with gelatine 0.05 % (w/v). 

Fig. 2 shows the effect of the three in the absence of gelatine. All give some 
protection, but at widely different levels; the greatest protection being given by the 
sample of intermediate chain-length, and the least by the short-chain hydrolysate. 
Table II shows the effect on inhibition by a hydrolysate of mean chain-length 3.8 
residues of va ry ing  subs t r a t e  concentra t ion,  and  the concent ra t ion  of gelatine.  
Inh ib i t ion  is increased if e i ther  is reduced,  suggest ing t ha t  the  effect is p a r t l y  due to 
dena tu ra t ion ,  and  p a r t l y  to compe t i t i on  wi th  the  subs t ra te .  

No t ransfer  of phospha te  from the  subs t r a t e  to chondroi t in  su lpha te  or i ts 
hydro lysa te s  was found wi th  concent ra t ions  up  to 1%. 

TABLE II 

INHIBITION OF PROSTATIC ACID PHOSPHATASE 
BY CHONDROITIN SULPHATE HYDROLYSATE (CHAIN-LENGTH 3.8  RESIDUES) 

wRh different concentrations of substrate (p-nitrophenyl phosphate) and of gelatine. 

Como~tration Com~mtratio~ % Acti~'ty 
% (w/v) ol % (w/v) of o.S% (w/v) z.o% (w/v) 
substrate gelatine Hydfo~ys~e ttydtolysca¢ 

0.2 0.05 78 61.5 
0.02 0.05 62.5 39 
0.2 o.ooo 5 68.5 42 

Sod ium alginate (B .D .H. )  

Fig.  3 shows the  effect of sodium alginate,  of e s t ima ted  mean  cha in- length  556 
residues, on the  ac t i v i t y  of p ros ta t i c  acid  phospatase ,  in the  presence and  absence of 
gelat ine 0.05% (w/v). Inh ib i t ion  is considerably  greater  t han  wi th  e i ther  sample  of 
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Fig. 3- Prostatic acid phosphatase activity with 
sodium alginate. Upper line: activity in the 
presence of gelatine 0.05 % (w/v). Lower line: 

activity with no gelatine. 

k6c / ~ o  " : ' , 4 - , , ' -  • " • - . . . . . . . . . . .  
:~ 4C / / o Z 
> i t • 

"~ 2c . / 

I I I L I I t [  I I [ I I I I l l  I I I I I 
g 3 4 5 8 7 8 9 1 0  2 0  3 0 4 0  6 0 8 0 1 0 0  2 0 0  4 0 0 6 0 0  

C h a i n  l e n g t h  o f  s o d i u m  a l g i n o t e  h y d e o l y s o t e s  R e ,  d u e s  

Fig. 4. Prostatic acid phosphatase activity 
with sodium alginate hydrolysates. O--O Ac- 
tivity with o,8% hydrolysate + o.05% 
gelatine. • - - - 0  Activity with I.O % hydroly- 

sate only. 

chondroitin sulphate, but protection only slightly less than that shown by the sample 
of comparable chain-length. Fig. 4 shows curves derived from a number of experiments 
showing the variation with mean chain-length of protection and inhibition by 
solutions of hydrolysates. With chains of IO to IOO residues there is greater protection 
and less inhibition than with the undegraded substance, but with the short-chain 
oligosaccharides inhibition rapidly increases at the expense of protection. There would 
seem to be little difference, except the  somewhat greater inhibition by alginate, 
between the effects of alginate and chondroitin sulphate hydrolysates of like chain- 
length; though chondroitin sulphate has both carboxyl and sulphuric acid groups and 
alginate carboxyl only, as shown in the following approximate formulae 1, 8. 

CH~OSO~H COOH "~ 
/I----o\ / , - -o \  

Chondroitin sulphate i - - - T ~ ? H  I ~ . _ _ O ~ ? H  , / O - - -  

L NH.CO.CH s OH n 

{" COOH J /I--o\ 
Alginate ---L// OH H•  . , j  L/// -x.~--o-- 

'\i 
L. COOH n 

It  was not expected that  the amino groups of chondroitin sulphate would show any 
protective effect, since it was found that acetylation destroys the protective effect of 
amino compounds 8, 9. 

As with chondroitin sulphate, inhibition from sodium alginate increases with a 
decrease in either gelatine or substrate concentration, as shown in Table III, and there 
is a partial reversal of inhibition if gelatine is added after the start of incubation. No 
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t ransfer  of the  phospha te  radical  from the subs t ra te  to a lginate  or i ts hydro lysa tes  
was found. 

TABLE III  
I N H I B I T I O N  OF P R O S T A T I C  ACID P H O S P A T A S E  B Y  S O D I U M  A L G I N A T E  

with different concentrations of substrate (p-nitrophenyl phosphate) and of gelatine 

Concentration Concentration Concentration 
% (wv)  o/ 04, (w,'v) o/ % (w/v) o/alginate 
substrate gelatine /or 5 ° % inhibition 

0.2 0.05 0.6 
0 . 0 2  O.O 5 O . 1 2  

O. '2 O .OOO 5 O. I 

A p p r o x i m a t e  es t imat ions  of Michaelis constants  of inhibi tors  and  the der ived 
cons tan ts  for p -n i t ropheny l  phosphate ,  using the  graphic  me thod  of HUNTER AND 
DOWNS10, u, are shown in Table  V. F igures  for a lginate  and chondroi t in  su lphate  are 
der ived  from the inhibi t ions  found wi th  a gelat ine concent ra t ion  of 0.05 % (w/v). The 
e s t ima ted  cons tan ts  for the  subs t ra te  are widely  d ivergent  bo th  from each o ther  and  
from those found using the s impler  acids showing pure ly  compet i t ive  inhibi t ion,  which 
are in fair agreement .  

Saccharate,  gluconate,  oxalate and  tartrate 

ABuL-FADL AZ~D KING ~2 no ted  the  specific inhibi t ion  of p ros ta t i c  acid phospha tase  by  
/ - t a r t ra te .  TsuBoI AND HUDSON a3 observed t ha t  this  inhibi t ion is compet i t ive ,  and 
t h a t  oxa la te  shows weak compet i t ive  inhibi t ion  of the  enzyme. Gluconate  and sac- 
chara te  are found to show compet i t ive  inhibi t ion  of an order  s imilar  to t ha t  for oxalate .  
The amounts  of these substances  requi red  to give o/ 5o/o inhibi t ion under  s t andard  
condi t ions are l isted in Table  IV;  thei r  Michaelis constants ,  and  the der ived  cons tants  
for p -n i t ropheny l  phospha te  1°, n are shown in Table  V. Inh ib i t ion  remains  the same 
when grea ter  di lut ions of gelat ine are used, so would seem to be s imply  compet i t ive ,  
wi th  no effect due to dena tura t ion .  In  the  absence of gelatine,  there  is a cer ta in  amount  
of pro tec t ion  from dena tu ra t ion  with  sacchara te  and  gluconate,  bu t  this  ex tends  over 
a small  range of concent ra t ions  only,  being quickly  masked  b y  the grea ter  inhibi t ion.  

TABLE IV 
I N H I B I T O R S  OF P R O S T A T I C  A C I D  P H O S P H A T A S I ~  

Concentration required to give 50O,/o inhibition 
Inhibitor using p-nitrophenyl phosphate o.2 % (0.0076 31) 

at pH 4.9 in the presence o] o.o5 gelatine 

SDS 
Saccharate 
Glnconate 
Oxalate 
Tartrate 
Glucose 

Chondroitin sulphate 

Alginate 
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0.00035 34 
0.35 M 
o.i Al 
o.o6 4 M 
0.002 3/ 
3.6 M (p-nitrophenol liberation) 
2 . 6  .3// (Phosphate liberation) 
(to % inhibition at 0.2 % 

or approximately o.oooo6 M) 
0.6 % or approximately 0.000065 M 



VOL. 2 4  (1957) MUCOPOLYSACCHARIDES AND PROSTATIC ACID PHOSPHATASE 537  

T A B L E  V 

I N H I B I T O R S  OF P R O S T A T I C  A C I D  P H O S P H A T A S E  

E s t i m a t i o n s  of Michaelis  c o n s t a n t s  of inhib i tors  and  of t he  subs t r a t e  
(p -n i t rophenyl  phospha te ) .  

Inhib~or kI M/kS kS 

Sacchara te  C O O H  o.oi  3 I  52 0.00019 M 
I 

H C O H  
I 

H O C H  

H C O H  

I 
H C O H  

[ 
C O O H  

Glucona te  C O O H  0.003 M 13 o.ooo23 M 
T 

H C O H  

I 
H O C H  

I 
H C O H  

f 
H C O H  

I 
C H 2 O H  

Oxa la te  C O O H  0.002 M 8.I 0.00025 M 
I 

C O O H  

T a r t r a t e  C O O H  0.00006/Pl  0.26 0.00023 M 

H C O H  
I 

H O C H  
I 

C OOH 

Glucose C H O  
I 3.6 M 

H C O H  (p-n i t rophenol  
[ l iberat ion) 

H O C H  
] 2.6 31 

H C O H  ( P h o s p h a t e  
] l iberat ion) 

H C O H  

L 
CH2OH 

Chondro i t in  s u l p h a t e  h y d r o l y s a t e  o.o08 M 
Cha in - l eng th  3.8 res idues  
Molecular  we igh t  app rox .  8o0 

Sod ium a lg ina te  o.ooooo54 &l 
Cha in - l eng th  556 res idues  
Molecular  weight  approx .  92,o0o 

". 0.008 M 

0.007 0.0008 M 
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Glucose and starch 

These substances have been more fully dealt with in a previous paper 14, but some 
mention of them here is appropriate, in view of the structural relationship between 
glucose and giuconate; starch and the acid mucopolysaccharides. Glucose shows 
extremely weak inhibition of prostatic acid phosphatase, accompanied by some 
phosphate transfer from the substrate to the glucose radical. There is no competition 
with the substrate, and no opposition to gelatine, nor was any protective effect found. 
Starch and its hydrolysates, however, give protection from surface denaturation 
comparable to that shown by chondroitin sulphate and sodium alginate. Some 
inhibition of the enzyme is shown by short-chain hydrolysates, but with starch itself, 
and hydrolysates of chain-length over IO residues, this could not be detected. 

D I S C U S S I O N  

Three kinds of inhibition of prostatic acid phosphatase have been met with in this 
investigation. 

{i) SDS appears to inhibit by denaturation of the enzyme, in opposition to such 
protective substances as gelatine, other proteins and the long-chain amino-com- 
pounds 8, 9. 

(ii) Saccharate, gluconate, oxalate and tartrate compete with the substrate for 
the active centre of the enzyme. 

(iii) Inhibition by glucose is not modified either by substrate concentration or by 
the concentration of protective substances. I t  is associated, as is inhibition by other 
hydroxyl compounds, with phosphate transfer from the substrate to the inhibitor; 
and though there is no direct relationship between inhibition and the amount of 
transfer, it would seem likely that  both are due to competition with the hydroxyl 
group of water, or interference with its access to the enzym el~. 

The acid polysaccharides, chondroitin sulphate and alginate, show a combination 
of two of these three types of inhibition; there is some competition with the substrate, 
and some opposition to protective substances. Besides this they have a third effect, 
found also with starch and certain other hydroxyl compounds 14, in that they them- 
selves protect the enzyme from surface denaturation. Slight protection is also shown 
by gluconate and saccharate, but  is rapidly masked by the more marked inhibition 
from these simpler acids. 

Protection of prostatic phosphatase by alginate is greatest with hydrolysates of 
moderate chain-length, from about IO to IOO residues, and less for the same absolute 
concentration with both the undegraded substance and short-chain hydrolysates. 
Chondroitin sulphate again shows greatest protection at intermediate chain-length, 
roughly paralleling the effect of alginate; though inhibition with chondroitin sulphate 
does not increase so markedly with increased chain-length. 

The degree of polymerization of chondroitin sulphate in bone matrix is thus likely 
to affect the activity of acid phosphatase in metastases from carcinoma of prostate 
--partial degradation of the mucopolysaccharide possibly leading to greater activity 
of the enzyme than with full polymerization, and breakdown to short chain oligo- 
saccharides or constituent units causing considerable inhibition. Both the metabolism 
of the tumour and its effect on its environment by the liberation of inorganic phosphate 
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m a y  t h u s  d e p e n d  to  a c o n s i d e r a b l e  e x t e n t  o n  t h e  s t a t e  of  p o l y m e r i z a t i o n  of t h e  

m u c o p o l y s a c c h a r i d e s  of b o n e  m a t r i x .  
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res idues .  

SUMMARY 

I. Inhibi t ion of prostatic acid phosphatase by denaturat ion is shown by SDS. This is opposed 
by protective substances such as gelatine. 

2. Saccharate, gluconate, oxalate and ta r t ra te  inhibit  the enzyme competitively. 
3. Glucose shows weak inhibit ion which is neither competit ive nor an effect of denaturat ion.  
4. Chondroitin sulphate and sodium alginate show inhibit ion which appears to be a combina- 

t ion of denatura t ion and competit ion. 
5. Saccharate, gluconate, chondroit in sulphate and sodium alginate, as well as starch, in the 

absence of other protective substances, give some protection from surface denaturat ion.  This is 
more marked with the acid polysaccharides than  with the simpler acids, and varies with the 
chain-length of polysaccharides and their  hydrolysates;  the protection from the same concentration 
by weight being greater for chains of moderate length (IO to IOO residues) than  for either very long 
or very short  chains. 

6. I t  is suggested t ha t  the degree of polymerization of chondroitin sulphate in bone may 
affect the  act ivi ty of prostatic acid phosphatase in metastases from carcinomas of prostate. 
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