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Summary 

The sulphatase A (aryl-sulphate sulphohydrolase, EC 3.1.6.1)of ox liver hy- 
drolyses adenosine 3',5'-monophosphate (cyclic AMP) to adenosine 5'-phos- 
phate at an optimum pH of approx. 4.3, close to that for the hydrolysis of 
cerebroside sulphate, a physiological substrate for sulphatase A. The Km is 11.6 
mM for cyclic AMP. On polyacrylamide gel electrophoresis sulphatase A 
migrates as a single protein band which coincides with both the arylsulphatase 
and phosphodiesterase activities, suggesting that these are due to a single pro- 
tein. Cyclic AMP competitively inhibits the arylsulphatase activity of sulphat- 
ase A, showing that both activities are associated with a single active site on the 
enzyme. Sulphatase A also hydrolyses guanosine 3',5'-monophosphate, but not 
uridine 3',5'-monophosphate nor adenosine 2',3'-monophosphate. 

Introduction 

Sulphate esters and phosphodiesters have some structural similarity and this 
suggests that at least some sulphatases might show a phosphodiesterase activity. 
It has been shown previously [1] that a partially purified arylsulphatase from 
the marine snail Charonia lampas hydrolyses cyclic AMP to adenosine 5'-phos- 
phate, and the present paper deals with the catalysis of this reaction by homog- 
eneous preparations of sulphatase A (aryl-sulphate sulphohydrolase, EC 3.1.6.1) 
from ox liver [2]. 
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Materials and Methods 

Enzyme. Two separate samples of sulphatase A were prepared from ox liver 
by a slight modification of the method described previously [3]. These were 
stored in 0.01 M Tris-HC1, pH 7.4, at a concentration of approx. 1 mg/ml and 
were transported, while frozen, by air from Australia to Japan. The specific 
activities of the two preparations, 1 and 2, were 237 and 248 pmol .  mg -1. 
min -1, respectively, when determined in the pH-stat with nitrocatechol sulphate 
as substrate [4]. 

Chemicals. The nucleoside 3',5'-monophosphates and nitrocatechol sulphate 
were purchased from the Sigma Chemical Co. (St Louis, MO, U.S.A.). Adeno- 
sine 2',3'-monophosphate (NH~ salt) was prepared according to the synthesis of 
uridine 2',3'-monophosphate [5], by Mrs. C. Machida in our Institute. Papaver- 
ine hydrochloride was kindly donated by Dr. Y. Iijima of Sankyo Co. (Tokyo, 
Japan). 

Enzyme assays. Arylsulphatase activity was measured spectrophotometri- 
cally, at 37°C, with nitrocatechol sulphate as substrate. The reaction mixture, 
vol. 250 /A, contained 3 mM nitrocatechol sulphate, 0.12 M sodium acetate 
buffer, pH 5.0, and the enzyme. Samples (50 pl) were withdrawn from the 
reaction mixture at 0, 1, 3 and 5 min from the start of the reaction and imme- 
diately added to 0.5 ml 0.3 M NaOH. The absorbance of the resulting solution 
was read at 510 nm (e510nm of 4-nitrocatechol, 12 600) and from these read- 
ings v0 was estimated graphically. 

Cyclic nucleotide phosphodiesterase activity was measured by determining 
the amount of nucleotide 5'-phosphate formed. The reaction mixture (80 pl) 
contained 7.5 mM cyclic nucleotide, 0.06 M sodium acetate buffer, pH 4.3, and 
the enzyme. Samples (10 /A) were withdrawn from the reaction mixture at 0, 
0.5, 1, 2 and 3 h from the start of the reaction and immediately spotted on 
thin-layer plates (unmodified cellulose: DC Plastikrolle Cellulose; Merck Ab., 
Darmstadt, F.R°G.). Good separation of the product from the excess substrate 
was obtained by development in one dimension using a solvent system prepared 
by dissolving 30 g (NH4)2SO4 in 100 ml 0.2 M phosphate buffer, pH 7.0/4 ml 
propan-2-ol. The nucleotides were visualised under an ultraviolet lamp and 
marked with a soft pencil. The appropriate areas of cellulose were loosened 
with a spatula, quantitatively transferred by suction into a Fintip (1 ml) con- 
taining a pad of glass wool, and the nucleotides eluted by washing twice with 
0.4 ml portions of 0.1 M HC1. The absorbances of the eluates at 260 nm were 
measured and v0 was estimated graphically from the fraction of the substrate 
hydrolysed at each time, calculated as A260 mononucleotide/A260 (mononucleo- 
tide + cyclic nucleotide). 

Disc gel electrophoresis. Electrophoresis was carried out at 4°C for 1.5 h at 
3 mA/tube in Tris-glycine buffer, pH 8.3, on 8% polyacrylamide gels. To each 
gel was applied 50 #1 preparation 2 (55 #g protein) together with 150 p.l 66% 
glycerol containing Bromophenol blue. To locate the enzyme activities, the gel 
was cut into 0.5 mm slices using a gel slicer (Joyce Loebel Co., U.K.). Every 
first slice was used for the measurement of arylsulphatase activity and every 
second and third slices were combined for the measurement of phosphodiester- 
ase activity. The slices of gel were suspended in 100 pl of the appropriate buf- 
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fer (0.25 M sodium acetate buffer, pH 5.0, for arylsulphatase activity and pH 
4.3 for phosphodiesterase activity), crushed with a spatula, frozen and thawed, 
and then taken to 37°C. 

Arylsulphatase and phosphodiesterase activities were determined as 
described in enzyme assays, except that the reaction time after the addition of 
respective substrate was 1 min for arylsulphatase and 14 h for phosphodiester- 
ase. 

Protein was located by staining the gels for several hours in 15 ml 33% 
trichloroacetic acid, 4 ml 0.2% Coomassie brilliant blue in 50% ethanol and 
41 ml methanol/acetic acid/water (3 : 1 : 6, v/v) followed by destaining in the 
latter methanol/acetic acid/water mixture. The relative concentration across 
the protein band in the gel was obtained by scanning with a soft-laser scanning 
densitometer SL504 (Biomed Co., U.S.A). 

Results 

Phosphodiesterase activity of sulphatase A. Highly purified preparations of 
sulphatase A hydrolysed cyclic AMP to AMP, as shown by TLC of the reaction 
mixtures (Fig. 1). The faster component in the hydrolysate (lane 2 in Fig. 1) 
was identified as AMP because of comigration with authentic AMP. This phos- 
phodiesterase activity was evident over the pH range 3.7--6.0, with an optimum 
pH of about 4.3. The latter value is considerably lower than that of 5.6 for the 
arylsulphatase activity of sulphatase A [2]. 

The specific activities of the two preparations of sulphatase A with cyclic 
AMP as substrate were 0.0713 and 0.0795 #mol.  mg -1" min -1, respectively. 
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Fig. 1. Ident / f icat ion by TLC o f  the  n u c l e o t i d e  f o r m e d  b y  the  h y d r o l y s i s  o f  cyclic AMP by sulphatase A. 
The  h y d r o l y s i s  was  for  2 h wi th  20 jzg enzyme. 1. Hydrolysate.  2. Hydrolysate + a d e n o s i n e  St-phosphate .  
3. A d e n o s i n e  St -phosphate  + a d e n o s i n e  St-phosphate. 

Fig. 2. The hydrolysis  of cyclic AMP (o 
sulphatase A. 

o), cyclic GMP (o D) and cyclic UMP (~ ~) by 
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The ratio of cyclic nucleotide phosphodiesterase activity to arylsulphatase 
activity (determined spectrophotometrically) was about 1/2250 in both prepa- 
rations (Table I). 

Sulphatase A also hydrolysed cyclic GMP, but only at about 17--19% of the 
rate of hydrolysis of cyclic AMP under similar conditions (Fig. 2). Neither 
cyclic UMP nor adenosine 2',3'-monophosphate was hydrolysed by sulphat- 
ase A in the pH range 4.0--7.0. 

Association o f  phosphodiesterase and arylsulphatase activities. As shown in 
Fig. 3, sulphatase A gives a single protein band on gel electrophoresis at pH 8.3. 
The cyclic nucleotide phosphodiesterase and arylsulphatase activities were com- 
pletely associated with this protein band, indicating that both were due to a 
single protein. 

Inhibition of  the enzyme activities. Papaverine, a muscle relaxant, is gener- 
ally a noncompetitive inhibitor of cyclic nucleotide phosphodiesterase [6]. The 
latter activity of sulphatase A was inhibited by about 30% at 160 p_M papaver- 
ine (Table II). On the other hand, the arylsulphatase activity of sulphatase A 
was only slightly affected by papaverine, 320 pM papaverine causing only 
about 4% inhibition (Table II). 

The arylsulphatase activity was inhibited by 1 mM AMP, the reaction prod- 
uct of the phosphodiesterase activity, and by its analogues ADP and ATP. The 
inhibitory effects of these nucleotides were not as great as those of inorganic 
phosphate, as is shown in Table II. The inhibition of the arylsulphatase activity 
by ATP or by inorganic phosphate was competitive (Fig. 4) and the values of 
Ki were 0.031 mM and 0.018 mM, respectively. Cyclic AMP at a concentration 
of 1 mM had little effect on the arylsulphatase activity but at higher concentra- 
tions it was a competitive inhibitor with a Ki of 9.0 mM. The latter value is 
close to the K m value for the cyclic nucleotide phosphodiesterase activity (see 
below). This again suggests that both activities are associated with a single 
active site in sulphatase A. 

Kinetics o f  cyclic AMP hydrolysis. Double-reciprocal plots were essentially 
linear and gave a Km of 11.6 mM cyclic AMP (Fig. 5) although the points at the 
highest substrate concentrations seemed to deviate below the line. A similar, 
but more obvious, nonlinearity has been noted in the hydrolysis of ascorbate 

T A B L E  I 

C Y C L I C  N U C L E O T I D E  P H O S P H O D I E S T E R A S E  A C T I V I T Y  O F  S U L P H A T A S E  A F R O M  O X  L I V E R  

Preparation 1 Preparation 2 

v0 v0 
0 J m o l  • m g  -1 • vO/Vo NCS (/~mol • m g  -1 • 
r a i n  -1 ) r a in  -1 ) 

Vo/V 0 NCS 

Arylsulphatase activity 
towards N C S  1 6 2  1 1 7 9  1 

Phosphodiesterase activity 
towards 3~,5~-cyclic A M P  0 . 0 7 1 3  1 / 2 2 7 0  0 . 0 7 9 5  1 / 2 2 5 0  
towards 3r ,5 r -cyc l l c  G M P  0 . 0 1 2 4  1 / 1 3 0 0 0  0 . 0 1 5 2  1 / 1 1 8 0 0  

NCS, nitrocatechol  sulphate. 
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Fig. 3. Prof i le  o f  the gel elect~ophoresis o f  sulphatase A .  , re lat ive concent ra t ion  o f  p ro te in ;  .... 
a r y l s u l p h a t a s e  a c t i v i t y  w i t h  n i t r o c a t e c h o l  s u l p h a t e  as  s u b s t r a t e , ,  j ,  p h o s p h o d i e s t e r a s e  a c t i v i t y  w i t h  
cyc l i c  AMP as  s u b s t r a t e .  T h e  s u l p h a t a s e  a c t i v i t y  is d r a w n  o n  a scale  o f  a b o u t  1 / 3 3 0 0  o f  t h a t  o f  t he  p h o s -  
p h o d i e s t e r a s e  ac t i v i t y .  

T A B L E  II 

I N H I B I T I O N  O F  T H E  A R Y L S U L P H A T A S E  A N D  C Y C L I C  N U C L E O T I D E  P H O S P H O D I E S T E R A S E  
A C T I V I T I E S  O F  S U L P H A T A S E  A 

A d d i t i o n  C o n c .  I n h i b i t i o n  (%) 
( m M )  

A r y l s u l p h a t a s e  P h o s p h o d i e s t e r a s e  

P a p a v e r i n e  0 . 3 2  < 4 . 5  
0 . 1 6  3 0 . 0  

A d e n o s i n e  1 0 
3r ,Sf-cycl ic  AMP 1 - - 2 . 7  
3 t ,SI-cyclic  GMP 1 0 
3 L A M P  1 10 .7  
5r -AMP 1 1 9 . 6  
A D P  1 4 6 . 4  
A T P  1 58 .0  8 8 . 5  
N a H 2 P O  4 0 .1  77 .6  

0 . 0 5  58 .9  

1/V 

5 
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Fig.  4.  T h e  i n h i b i t o r y  e f f e c t  o f  v a r i o u s  p h o s p h a t e s  o n  t h e  h y d r o l y s i s  o f  n i t r o c a t e c h o l  s u l p h a t e  b y  s u l p h a t -  
ase A.  T h e  a s say  u s e d  0 . 4 9  ~g e n z y m e ,  o o ,  n o  i n h i b i t o r ;  ~ 4 1 m M  ATP;  o o ,  1 1 . 8  m M  
c y c l i c  AMP;  . . . . . .  , 0 . 0 5  m M  N a H 2 P O  4.  

Fig .  5.  R e c i p r o c a l  p l o t  o f  t h e  h y d r o l y s i s  o f  cyc l i c  AMP b y  s u l p h a t a s e  A.  T h e  r e a c t i o n  m i x t u r e  ( 1 0 0  #I) 
c o n t a i n e d  5 0  m M  a c e t a t e  b u f f e r ,  P H  4 . 3 / 2 3 . 3  #g  s u l P h a t a s e .  The  in i t i a l  v e l o c i t y ,  v 0 w a s  e s t i m a t e d  g r a p h -  
i ca l ly .  
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2-sulphate by sulphatase A at pH 4.8 [7], where it may be due to the existence 
of sulphatase A as a tetramer at low pH values [8]. 

As is obvious in Fig. 3, the phosphodiesterase activity of sulphatase A does 
not follow zero-order kinetics because the reaction velocity falls significantly 
during the course of the reaction. It is not known whether this is a substrate- 
induced inactivation, similar to, but slower than, that which occurs during the 
arylsulphatase reaction of sulphatase A [4], or whether it is due to some other 
factor such as the instability of sulphatase A in acid solution [4], the accumula- 
tion of products or the disappearance of substrate. The latter seems an unlikely 
explanation: even with cyclic AMP as substrate only about 20% of the sub- 
strate was utilized during the reaction. 

Discussion 

Phosphodiesters and sulphate esters both have a single negative charge and 
have similar shapes because the atomic distances O-P and O-S are almost equal 
and the bond angles O-P-O and O-S-O are of comparable size. Because of this, 
and because several sulphatases are inhibited by phosphate ions [2], as well as 
some phosphodiesterases by sulphate ions, we predicted that some sulphatases 
might hydrolyse phosphodiesters, or some phosphodiesterases might hydrolyse 
sulphate esters. The present work shows that homogeneous preparations of 
sulphatase A from ox liver had, as expected, phosphodiesterase activity. 
Further, this enzyme showed the substrate specificity of a typical 3',5'-cyclic 
nucleotide phosphodiesterase [9]: it could hydrolyse adenosine 3',5'-mono- 
phosphate and guanosine 3',5'-monophosphate but not uridine 3',5'-mono- 
phosphate nor adenosine 2',3'-monophosphate. 

Crystallographic studies of guanosine 3', 5'-monophosphate [ 10,11 ], cytidine 
2',3'-monophosphate [12] and ascorbate 2-sulphate [13] have thrown some 
light on this specificity. The phosphate group in guanosine 3',5'-monophos- 
phate appears to be quite normal with respect to the length of the ester bond 
(O(3')-P; 1.610 ~) and its angle (O(5')-P-O(3'); 103.9 °) [10,11]: these values 
are similar to the length of the sulphate ester bond (O(2)-S; 1.628 J~) and its 
angle (O(2)-S-O(9); 105.4 °) in ascorbate 2-sulphate [13]. On the other hand, 
the phosphate group in cytidine 2',3'-monophosphate is in a strained configura- 
tion in which the O(2')-P-O(3') bond angle of 96.2 ° is smaller than that of 
about 103 ° in the 3',5'-monophosphates and, further, the five-membered phos- 
phate ring has 0(2'),  C(2'), C(3') and 0(3') in a plane while the phosphorus 
atom is puckered 0.47 /~ towards the sugar [12]. Therefore, it appears reason- 
able that only the 3',5'-monophosphates, in which the phosphate groups 
resemble a sulphate ester, should serve as substrates for sulphatase A. However, 
the inability of sulphatase A to hydrolyse uridine 3',5'-monophosphate cannot 
be due to an incorrect conformation of the phosphate group because this must 
be very similar to that in cyclic AMP and cyclic GMP. Therefore, sulphatase A 
must bind the latter two compounds not only at the phosphodiester bond but 
also through the purine moiety. It may be pertinent that when functioning as 
an arylsulphatase, sulphatase A has a greater affinity for the sulphate esters of 
polycyclic phenols than for those of monocyclic phenols [2]: for example, 
there is an order of magnitude difference in the values of the Km for phenyl 
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sulphate and 2-naphthyl sulphate, and a further order of magnitude difference 
between the latter and phenanthryl  2-sulphate. 

Previous studies have shown that  3',5'-cyclic nucleotide phosphodiesterase 
exists in multiple forms in a number  of mammalian tissues [9,15]. The phos- 
phodiesterase activity of  sulphatase A is quite similar to that  of  the so-called 
'high Kin' phosphodiesterase, particularly from bovine brain [16] and liver 
[17], in that it hydrolyses both cyclic AMP and, at a lower rate, cyclic GMP. 
The pH opt imum of  the phosphodiesterase activity of sulphatase A is, however, 
quite different from that of  the other cyclic nucleotide phosphodiesterases in 
that  it lies in the acid region, about pH 4.3, which is close to the opt imum pH 
of  sulphatase A for its naturally occurring substrates ascorbate 2-sulphate and 
cerebroside sulphate (Table III). This suggests that  the phosphodiesterase activ- 
ity associated with sulphatase A is different from the activity of  the other phos- 
phodiesterases so far found in mammalian tissues, a view supported by the dif- 
ferent values of Km and V for cyclic AMP. These are about two orders of 
magnitude larger and three orders of magnitude smaller, respectively, for 
sulphatase A than for other  phosphodiesterases. However, the kintic behaviour 
of  sulphatase A acting as a phosphodiesterase cannot necessarily be directly 
compared with that  of  the known phosphodiesterases because in the present 
work the assays for the phosphodiesterase activity were performed under con- 
ditions similar to those for the arylsulphatase activity: that  is, unphysio- 
logically high concentrations of  cyclic AMP without  the addition of  Mg 2÷ or 
any other  possible activator. No physiological role for the phosphodiesterase 
activity of sulphatase A can as yet  be suggested and cerainly the Km value is 
too high for this activity to participate in the regulation of the level of  cyclic 
AMP in vivo. 

Nevertheless, the K m value for cyclic AMP is of  the same order of magnitude 
as that  for ascorbate 2-sulphate, a naturally occurring substrate for sulphat- 
ase A, although two orders of magnitude greater than that  for cerebroside 
sulphate (Table III) [18], at least when the latter is measured in the presence of 
taurodeoxycholate  and Mn 2÷ as a solubilising agent [19]. Sulphatase A func- 
tions in vivo primarily as a cerebroside sulphatase: in this situation the sub- 
strate is a one-to-one complex of cerebroside sulphate with an acidic lysosomal 
glycoprotein [20]. There is no evidence for any such complication in the aryl- 
sulphatase activity of  sulphatase A but it is not  impossible that  in vivo its phos- 

T A B L E  I I I  

C O M P A R I S O N  O F  T H E  K I N E T I C  P A R A M E T E R S  F O R  S U L P H A T A S E  A W I T H  D I F F E R E N T  S U B -  
S T R A T E S  

K m V 
( r a M )  ( /~mol  • r a i n  -1 • m g  -1 ) p H  

Cerebroside sulphate * 0 . 0 6 0  9 

Ascorbate  2 - s u l p h a t e  7 9 0  
Nitrocatecho l  sulphate 0 . 7 9  1 8 0  

3P ,5 t -cycHc A M P  1 1 . 6  0 . 0 9  

4 . 5  
4 . 8  

5 . 0  

4 . 3  

* I n  the presence o f  2 m M  t a u r o d e o x y c h o l a t e  a n d  3 5  m M  M n C I  2 .  
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phodiesterase activity might be higher than has been found in vitro, because it 
is known that the activity of  the 'high Kin' cyclic nucleotide phosphodiesterase 
is stimulated not only by Mg 2÷ but also by lipids [21] and an activator protein 
[22].  

The finding that sulphatase A, like the arylsulphatase of C. lampas [1], 
shows phosphodiesterase activity suggests that this association might be a 
general phenomenon. The converse situation of phosphodiesterases showing 
arylsulphatase activity should also be considered. Perhaps pertinent, is the dis- 
covery of a 2',3'-cyclic nucleotide 3'-phosphodiesterase (EC 3.1.4.37) in the 
central nervous system because no naturally occurring substrate for this 
enzyme has as yet been found [23].  
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