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b e t w e e n  t h e  i n c r e a s e d  r e s p o n s e  a n d  t h e  t i m e  i n v o l v e d  
was o b s e r v e d .  

T h e  i n d u c t i o n  ra t e ,  i.e. t h e  i n d u c t i o n  o c c u r r i n g  p e r  
u n i t  t ime ,  c a n  e i t h e r  be  l o g a r i t h m i c  or  l inear ,  d e p e n d i n g  
on  w h e t h e r  t h e  r e a c t i o n  p r o d u c t  (R) is u sed  as  b u i l d i n g  
m a t e r i a l  for  t h e  e n z y m e  (E) or  is t a k e n  o u t  of t h e  equi -  
l i b r i u m ,  as  s h o w n  in  F i g u r e  1. S ince  t h e  e n d  p r o d u c t ,  
a m m o n i a ,  is e x c r e t e d  in  t h e  u r i n e  a n d  t h e r e b y  t a k e n  o u t  
of  t h e  e q u i l i b r i u m ,  t h e  o b s e r v e d  l i n e a r  r e s p o n s e  is cons i s t -  
e n t  w i t h  MANDELSTAM'S h y p o t h e s i s .  I t  m a y  b e  c o n c l u d -  
e d  t h a t  t h e  h y p o t h e s i s  of !ViANDELSTAM c a n n o t  o n l y  be  
a p p l i e d  .to e n z y m e  i n d u c t i o n  in  m i c r o o r g a n i s m s ,  b u t  a lso  
to  e n z y m e  a d a p t a t i o n  in  m a m m a l s .  
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Fig. 3.--Increase in ammonia response during induction. 

F o r  t h e  t i m e  b e i n g  i t  is c o n v e n i e n t  to  i n t e r p r e t  a d a p t a -  
t i o n  f r o m  a te leo logica l  v i e w p o i n t ,  i.e. i n  t h e  case  of 
i n c r e a s e d  u r i n a r y  a m m o n i a  e x c r e t i o n  in  c h r o n i c  ac idos i s  
t o  cons ide r  t h i s  as  a m e c h a n i s m  p r o t e c t i n g  t h e  a n i m a l  
f r o m  a n  excess ive  loss of base .  T h i s  p h e n o m e n o n  ex-  
p l a i n s  t h e  loss of d i u r e t i c  e f fec t  of a m m o n i u m  ch lo r ide  
w h e n  t h i s  d r u g  is a d m i n i s t e r e d  for  s e v e r a l  days .  I n s t e a d  
of  s o d i u m  a n d  p o t a s s i u m ,  a m m o n i u m  is exc re t ed ,  wh i l e  
t h e  o t h e r  c a t i o n s  a re  r e t a i n e d .  T h i s  s a m e  p h e n o m e n o n  
is p r o b a b l y  i m p o r t a n t  in  r e n a l  d iseases  w i t h  acidosis .  
F u r t h e r  i n v e s t i g a t i o n  of i n d u c t i o n ,  e x p e r i m e n t a l  a n d  
s p o n t a n e o u s l y  o c c u r r i n g  in diseases ,  is w a r r a n t e d ,  s ince  
t h e  p r o g n o s i s  of m a n y  m e t a b o l i c  d iseases  is pos s ib ly  
d e p e n d e n t  on  t h e  degree  of a d a p t a t i o n .  
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Zusammen]assung 

C h r o n i s c h e  V e r a b r e i c h u n g  y o n  Sfiure f t i h r t  zu e the r  
e r h 6 h t e n  G l u t a m i n a s e - I - K o n z e n t r a t i o n  in  d e r  Nie re  u n d  
zu e t h e r  g e s t e i g e r t e n  A m m o n i a k a u s s c h e i d u n g  i m  Ur in .  
D a s  a m m o n i a k p r o d u z i e r e n d e  b i o k a t a l y t i s c h e  S y s t e m  
( G l u t a m i n a s e  I)  i s t  b e s o n d e r s  g u t  z u m  S t u d i u m  d e r  
E n z y m a d a p t a t i o n  ( I n d u k t i o n )  be t  S ~ u g e t i e r e n  gee igne t .  
D e r  S t a n d  d e r  A d a p t a t i o n  k a n n  n i c h t  n u r  d u r c h  die  Be-  
s t i m m u n g  d e r  E n z y m v e r ~ n d e r u n g e n  in  d e r  Niere ,  son-  
d e r n  a u c h  d u r c h  d e n  N a c h w e i s  des  R e a k t i o n s p r o d u k t e s  
( A m m o n i a k )  i m  U r i n  a m  l e b e n d e n  T ie r  b e u r t e i l t  w e r den .  

i4 Present address: 1. Medizinischc Univcrsit/itsklinik, Bfirger- 
spital Basel, Switzerland. 

The Kinetics of Sulphatase A 

T h e  a n o m a l o u s  k i n e t i c s  of t h e  h y d r o l y s i s  of dipotas- 
s l u m  2 - h y d r o x y - 5 - n i t r o p h e n y l  s u l p h a t e  (nitrocatech01 
s u l p h a t e )  b y  o x  l i ve r  a r y l  s u l p h a t a s e  A ( s u l p h a t a s e  A) 
were  f i r s t  n o t e d  in  t h i s  l a b o r a t o r y  1 a n d  s i m i l a r  anomalies 
h a v e  s ince  b e e n  d e t e c t e d  in t h e  c o r r e s p o n d i n g  enzymes 
of r a t  a a n d  h u m a n  a l iver .  T h e  r e a c t i o n  v e l o c i t y  is not 
d i r e c t l y  p r o p o r t i o n a l  to  t h e  e n z y m e  c o n c e n t r a t i o n  but 
w i t h  i n c u b a t i o n  t i m e s  of 1 h i t  is l i n e a r l y  r e l a t e d  to  the 
e n z y m e  c o n c e n t r a t i o n  r a i s ed  t o  t h e  p o w e r  of  3/24. I t  was 
s u g g e s t e d  4 t h a t  t h i s  e f fec t  m i g h t  be  d u e  t o  a polymerisa-  
t i o n  of t h e  e n z y m e .  DODGSON a n d  SPENCER ~ s h o w e d  the 
f u n d a m e n t a l  a n o m a l y  to  b e  t h a t  t h e  r e a c t i o n  was  not 
of ze ro  o r d e r  a t  low c o n c e n t r a t i o n s  of  e n z y m e  a n d  sug- 
g e s t e d  a n  e x p l a n a t i o n  for  t h i s  e f fec t  i n  a ser ies  of com- 
p e t i n g  r e a c t i o n s  i n v o l v i n g  t h e  e n z y m e ,  s u b s t r a t e  and 
r e a c t i o n  p r o d u c t s .  S i m u l t a n e o u s l y ,  1RoY 6 s h o w e d  that 
n i t r o c a t e c h o l  s u l p h a t e  u sed  in  t h e s e  s t ud i e s  was  impure, 
c o n t a i n i n g  u p  to  10% of n i t r o p y r o g a l l o l  d i s u l p h a t d  
w h i c h  cou ld  be  r e m o v e d  b y  p a p e r  e l ec t rophores i s .  I t  was 
a lso  s h o w n  6 t h a t  p r e p a r a t i o n s  of n i t r o c a t e c h o l  sulphate 
o b t a i n e d  t h r o u g h  i t s  m e t h y l e n e  b lue  s a l t  d id  n o t  ex- 
h i b i t  t h e s e  a n o m a l o u s  k ine t i cs ,  t h e  r e a c t i o n  b e i n g  of 
zero  o r d e r  a n d  t h e  v e l o c i t y  d i r e c t l y  p r o p o r t i o n a l  to  the 
e n z y m e  c o n c e n t r a t i o n .  T h i s  s e e m e d  e x c e l l e n t  evidence 
for  t h e  s u g g e s t i o n  s t h a t  t h e  a n o m a l i e s  m i g h t  b e  due  to 
t h e  use  of  i m p u r e  s u b s t r a t e  p r e p a r a t i o n s  b u t  m o r e  recent 
w o r k  h a s  c a s t  some  d o u b t  o n  t h i s  i n t e r p r e t a t i o n  as 
s p e c i m e n s  of  n i t r o c a t e c h o l  s u l p h a t e  f ree  f r o m  ni t ropyro-  
gal lol  s u l p h a t e  s t i l l  g ive  a n o m a l o u s  k i n e t i c s  s. I n  v iew of 
t h e  i n c r e a s i n g  use  of n i t r o c a t e c h o l  s u l p h a t e  as  a subs t ra te  
in  s u l p h a t a s e  a s s a y s  i t  s e e m s  t h a t  a m o r e  d e t a i l e d  report 
of t h e  o b s e r v a t i o n s  m i g h t  b e  of va lue .  

I n  t h e  p r e s e n t  s t u d i e s  t h e  n i t r o c a t e c h o l  s u l p h a t e  was 
f ree  f r o m  n i t r o p y r o g a l l o l  d i s u l p h a t e  a n d  t h e  experi- 
m e n t a l  p r o c e d u r e s  were  t h o s e  a l r e a d y  d e s c r i b e d  in 
de ta i l% T h e  e n z y m e  was  ox  l i v e r  s u l p h a t a s e  A-34 .  As- 
s ays  were  c a r r i e d  o u t  a t  37 ° in  0.15 M a c e t a t e  buf fe r ,  pH 
5.0, a n d  a t  a s u b s t r a t e  c o n c e n t r a t i o n  of 0.003 M nitro- 
c a t e c h o l  s u l p h a t e .  

T y p i c a l  p rogress  c u r v e s  for  t h e  h y d r o l y s i s  of nitro- 
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 a s e  A are  s h o w n  in  F igure  1 
a n d  in F i g u r e  2 is s h o w n  t h e  r e l a t i o n s h i p  b e t w e e n  en- 
z y m e  c o n c e n t r a t i o n  a n d  r e a c t i o n  ve loc i ty .  T h e  progress 
c u r v e s  cons i s t  t y p i c a l l y  of t h r e e  p a r t s  : s t age  1, in  which 
t h e  i n i t i a l  v e l o c i t y  dec rea se s  r a p i d l y ;  s t a g e  2, during 
w h i c h  t h e  v e l o c i t y  m a y  fal l  t o  a l m o s t  zero ;  a n d  s tage  3 
w h e n  t h e  v e l o c i t y  r ises  a g a i n  t o  a n  a l m o s t  cons tant  
v a l u e  w h i c h  is c o n s i d e r a b l y  less t h a n  t h e  i n i t i a l  velocity. 
T h e  r e l a t i v e  p r o p o r t i o n s  of t h e s e  t h r e e  s t ages  v a r y  con- 
s i d e r a b l y  w i t h  c h a n g e s  in  e n z y m e  c o n c e n t r a t i o n  and 
w i t h  t h o s e  used  in  t h e  o r ig ina l  w o r k  x s t a g e  2 disappears 
so t h a t  t h e  r e a c t i o n  a p p r o x i m a t e s  to  one  of zero  order. 
P r e i n c u b a t i o n  of t h e  e n z y m e  in  t h e  a b s e n c e  of  subs t ra te  
d id  n o t  s i g n i f i c a n t l y  a l t e r  t h e  s h a p e s  of  t h e s e  progress 
cu rves .  I n c r e a s i n g  t h e  s u b s t r a t e  c o n c e n t r a t i o n  to  0.01 3I 
c a u s e d  a n  i n c r e a s e d  v e l o c i t y  d u r i n g  s t a g e  1 a n d  a pro- 

1 A. B. ROY, Biochem. J. 53, 12 (1953). 
2 R. GIANETTO and R. VIALA, Science 121,801 (1955). 
a K. S. DOD~SOS, B. SPENCER, and C. H. WVNN, Biochem. J. 62, 

500 (1956). 
4 A. ]3. RoY, Biochem. J. 55, 653 (1953). 
5 K. S. DODGSON and B. SPENCER, Biochem. J. 62, 30P (1956). 
6 A. B. RoY, Biochem. J. 62, 35P (1956). 

A. B. Roy and L. M. If. K~RR, Nature 178, 376 (1956). 
s A. B. Roy and L. M. H. KERR, Nature 178, 376 (1956). - K. S. 

DODGSON and B. SPENCm¢, Biochim. biophys. Acta 21, 175 (1956). 
9 A. B. RoY, Biochem. J. 53, 12 (1953); 55, 653 (1953). 
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longa t ion  of s tage  2 b u t  t he  ve loc i ty  in s tage  3 was ap-  
pa r en t l y  una l te red .  Lower ing  the  p H  to  4.5 m a d e  no 
s ignif icant  di f ference to  t he  progress  cu rves  b u t  a t  p H  
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Fig. 1.--Progress curves for the hydrolysis of nitrocateehol sulphate 
(0'003 M) at pH 5"0 by sulphatase A. The relative enzyme concen- 

trations are indicated on the appropriate curves. 

and  SO42-ions were  added  in e q u i v a l e n t  amoun t s  the i r  
effects  were  add i t ive .  F o r  compar i son  wi th  these  resul ts  
F i g u r e  4 shows curves  ob t a ined  us ing subs t r a t e  p repara -  
t ions  pur i f ied  v i a  t h e  ch loroform-so lub le  m e t h y l e n e  b lue  
sa l t :  t h e  c o m p l e t e l y  n o r m a l  k ine t ics  of th is  hydro lys i s  
a re  obvious .  
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Fig. 3.--Effect of 0.001 M K~SO~ on the progress curves of the 
hydrolysis of nitrocatechol sulphate by sulphatase A. 

6.0 the  l eng th  of s tage  2 was g rea t ly  pro longed,  becom-  
ing i m p o r t a n t  even  a t  h igh concen t r a t i ons  of enzyme .  
The  mos t  in te res t ing  effect  was t h a t  of SO4=-ions: in t he  
presence of 0.001 M SO4=-ions s tage  2 v i r t u a l l y  d isap-  
peared,  even  a t  low e n z y m e  concen t ra t ions ,  as shown in 
F igure  3. Th is  ef fec t  was  st i l l  obv ious  a t  p H  6-0 and is 
therefore  p r e s u m a b l y  respons ib le  for  t he  p ronounced  
ac t i v a t i o n  of su lpha tase  A b y  SO,=-ions a t  t h a t  pHI° .  
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Relative enzyme concenlration 

Fig. 2.--Effect of varying times of incubation on the relation be- 
tween the concentration of sulphatase A and the velocity of the 

hydrolysis of nitrocatechol sulphate. 

One  po in t  of cons iderab le  i m p o r t a n c e  was whe the r  
these  anoma lous  k ine t ics  were  shown for t he  hydro lys i s  
of subs t ra tes  o the r  t h a n  n i t roca t echo l  su lphate .  The  high 
speci f ic i ty  4 of su lpha tase  A m a d e  de ta i led  s t u d y  of th is  
po in t  d i f f icul t  as to  o b t a i n  r e su l t s  of i m m e d i a t e  signifi-  
cance  i t  was  essent ia l  to  use t h e  e n z y m e  u n d e r  t h e  s a m e  
cond i t ions  for t he  hydro lys i s  of all t h e  subs t ra tes .  F i g u r e  
5 i l lus t ra tes  t h e  hydro lys i s  of 0.05 M p - n i t r o p h e n y l  sul- 
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Fig. 4.--Progress curves for the hydrolysis by sulphatase A of nitro- 
catechol sulphate obtained via the methylene blue salt, 

P r e incuba t ion  of t he  e n z y m e  wi th  SO42-ions in t he  
absence of  subs t r a t e  did no t  a l t e r  the  progress  curves  
f rom those  in F igu re  3. T h e  add i t ion  of  n i t roca techo l  
(0-1 raM) to  t he  r eac t ion  m i x t u r e  caused  an  overa l l  in- 
crease in t he  reac t ion  ve loc i ty .  W h e n  b o t h  n i t roca t echo l  

lo A. B. Roy, Biochem. J. 59, 8 (1955). 

pha te  by  su lpha tase  A. I t  is obv ious  t h a t  the  reac t ion  
does no t  show the  anomal ies  cha rac te r i s t i c  of t he  hydro-  
lysis of n i t roca techo l  su lphate ,  t he  progress  cu rves  be ing  
s imply  those  to  be  expec t ed  if t he  e n z y m e  were  uns t ab le  
unde r  the  e x p e r i m e n t a l  condi t ions .  I t  c an  also be  seen 
t h a t  the  reac t ion  ve loc i t y  is no t  d i r ec t ly  re la ted  to  t h e  
e n z y m e  concen t ra t ion .  T h e  add i t i on  of 0.001 M SOak-ions 

Exper. 3 
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did not al ter  the progress curves a l though it  caused con- 
siderable inhibition. These results are not  in agreement  
with those obtained for human sulphatase A by DODG- 
SON and SPENCER n who state t ha t  the hydrolysis of 
p-ni t rophenyl  sulphate exhibits the same anomalies as 
t ha t  of ni t rocatechol  sulphate. 

0 I I 
0 30 80 90 720 

Time(rain) 
Fig.  5. - -  P rogress  cu rves  for  the  h y d r o l y s i s  of p - n i t r o p h e n y l  s u l p h a t e  

(0-05 M) at pH 5.0 by sulphatase A. 

These results are extremely difficult to in terpret  and 
any explanat ion must  account  for the following facts: 

(1) During the hydrolysis of ni t rocatechol  sulphate 
the react ion veloci ty  rapidly falls and then rises again. 
Under  identical  conditions wi th  p-ni trophenyI sulphate  
the veloci ty  falls but  does not  subsequent ly  rise. 

(2) The rise in veloci ty  of the hydrolysis of nitro- 
catechol sulphate is greatly enhanced by 0-001 M SO42- 
ions al though higher concentrat ions are inhibitory.  The 
hydrolysis of p-ni t rophenyl  sulphate is not  act ivated.  

(3) Nitrocatechol  increases the rate  of hydrolysis of its 
sulphate.  

(4) Preincubat ion of the enzyme in the absence of 
substrate,  with or wi thout  ni t rocatechol  or SO42-ions, 
makes no difference to the progress curves. 

(5) Purif ication of the ni t roeatecholsulphate  through 
its methylene blue salt gives preparat ions which do not ex- 
hibi t  anomalous kinetics. 

F rom these data  it  is impossible to decide whether  or 
not  the anomalies  are due to some pecul iar i ty  of the 
ni t rocatechol  sulphate or to  some inherent  proper ty  of 
the enzyme. The differences in behaviours between 
nitrocatech.ol sulphate and ni t rophenyl  sulphate sug- 
gests the former, but  on the other  hand this difference 
might  simply be due to the much lower aff ini ty and rate  
of hydrolysis of ni t rophenyl  sulphate 4. As preincubat ion 
of the enzyme in the absence of substrate  does not  
affect the progress curves it seems tha t  the fall in veloci ty  
in stage 1 of the hydrolysis is due not  to a simple inacti- 
va t ion  of the enzyme, but  to some complex reaction in- 
volving the substrate.  Further ,  as the reaction veloci ty  
increases again in stage 3 it  must  be presumed tha t  the 
inact ivat ion in stage 1 is reversible. This increase in 
veloci ty in stage 3 cannot  be direct ly  due to the action 
of ni trocatechol and SO42-ions l iberated by  the hydro- 
lysis as if this were so then a similar effect would be ex- 
pected on adding SO4S-ions to the system hydrolysing 
ni t rophenyl  sulphate. 

DODGSON and S P E N C E R  5 proposed an explanat ion 
based on the substrate  inhibit ion occurring with nitro- 
catechol sulphate. They suggested tha t  this substrate  

11 I{. S. DODGSON and B. SPENCER, Biochim. biophys. Acta 21, 
175 (1956). 

inhibit ion differed from the normal  type in tha t  i t  was a 
slow reaction, so accounting for the drop in velocity 
during stage 1. They then suggested tha t  the later  rise in 
veloci ty  was due to a reversal of the substrate  inhibition 
by the reaction products. Such an explanat ion seems im- 
probable as it is difficult to see how the reaction pr0- 
ducts could reverse the substrate  inhibition. 

The following explanat ion seems a possible alternative. 
If  it is supposed tha t  the enzyme-substra te  complex (ES) 
can react  in two ways, one reforming the act ive  enzyme 
(E) and the other  giving an inact ive enzyme (E'), then 
the following equilibria must  be considered during the 
reaction : 

E +  S , ~ E S  ~ E +  Products  

E '  + Products.  

The rate  at  which the inac t iva t ion  of the enzyme will 
occur during the hydrolysis of ni t rocatechol  sulphate 
will therefore be governed by the kinetics of the various 
reactions. Further ,  as the react ion products  accumulate, 
or are added, it is possible tha t  the act ive form of the 
enzyme, E, could be reformed from the inact ive one, E', 
if the appropriate  equil ibr ium constants  were of the 
correct magnitude.  In  the case of the hydrolysis of nitro- 
phenyl  sulphate, on the other  hand, the equil ibrium 

ES ~- ~ E '  + Products  

may  lie so far to the r ight  tha t  the addit ion of the reac- 
t ion products  might  make relat ively l i t t le difference to 
the rate of format ion of E ' .  Not  all the experimental 
findings can be explained on this basis. I t  might  be ex- 
pected from the above tha t  the addit ion of SO4Z-ions at 
the beginning of the reaction would p reven t  the initial 
rapid formation of E '  but  as seen from Figure 3 this does 
not  occur. Again the results using the substrate  obtained 
via  the methylene blue salt  cannot  be explained on the 
above basis. 

These points suffice to show the ext remely  complex 
nature  of the kinetics of sulphatase A and al though the 
hypothesis proposed may  be incorrect  it provides a bas~ 
for fur ther  investigation.  They also show the dangers in- 
herent  in the use of ni trocatechol  sulphate in the assay 
of sulphatases of the type  of sulphatase A: other  sul- 
phatases apparent ly  do not  show these anomalies 1~ so 
tha t  the use of this substrate  in their  assay is straigh- 
forward. 

A. B. Roy 

Department o/ Biochemistry, University New Buildings, 
Edinburgh, July  17, 1956. 

Rdsumd 
Les cin6tiques de l 'hydrolyse du sulfate de nitro- 

cat6chol par la sulfatase A sent  tr~s anormaux parce 
qu ' i l  n 'y  a aucune relation lin6aire entre la vitesse de la 
r6action et la concentrat ion de l 'enzyme. La r6action 
t ient  trois phases: dans la premiere, la vitesse d6cr0£t 
rapidement,  dans la deuxi~me, elle diminue de plus en 
plus tandis qu'el le s 'accroit  dans la troisigme. La r~- 
action est tr~s sensible g la composition du m~lange 
r6actionel, et l 'addit ion des produits de la r6action, 
part iculi~rement le sulfate inorganique, augmente la 
vitesse de l 'hydrolyse. En  uti l isant comme substrat 
le p-nitroph6nylsulfate,  ees irr6gularit6s ne sent pas 
constat6es. 

Une interpr6tat ion de ces r6sultats est pr6sent6e[ 
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