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Summary 

The theoretical basis is given for methods of determining the apparent veloc- 
ity constant,  k*, for the substrate-induced inactivation of sulphatase A (aryl- 
sulphate sulphohydrolase, EC 3.1.6.1) and the initial velocity, Vo, of  the 
catalytic reaction. The expression is of  the same form as the empirical relation- 
ships previously used but the significance of  the various terms is clearly estab- 
lished. 

The method has been applied to the characterisation of the inactivation 
occurring during the hydrolysis of  a number  of  substrates and it has been 
shown that  k* varies with So in a hyperbolic relationship described by k, a 
velocity constant at infinite substrate concentrations and by K, a constant 
analogous to the Michaelis constant. Although K varies considerably for differ- 
ent  substrates, and is consistently less than the corresponding Kin, k is almost 
constant at 0.23 min -1. It is therefore suggested that the inactivation of the 
enzyme does not  proceed through an enzyme • substrate complex but  through 
the enzyme • SO~- complex produced during the catalytic reaction. 

The effects of  several variables on these parameters are described. 

Introduction 

It has long been known that  sulphatase A, functioning either as an aryl- 
sulphatase (aryl-sulphate sulphohydrolase, EC 3.1.6.1) or as a cerebroside 
sulphatase, becomes inactivated during its catalytic cycle and may, under 
appropriate conditions, be subsequently reactivated by the products of the 
reaction, particularly by SO~- [1--6]. No quantitative studies have been made 
of  this inactivation although semiquantitative observations suggested that  the 
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rate of inactivation is less when the substrate is 4-methylumbelliferone sulphate 
or ascorbate 2-sulphate [ 7] than when it is the commonly  used nitrocatechol 
sulphate. A more detailed investigation of  the effects o f  different substrates 
was required and this in turn required the measurement of  the velocity con- 
stants for the substrate-induced inactivation of the enzyme. The inactivation 
occurs only in the presence of  the substrate so that its rate can be measured 
only from the decreasing rate of  the catalysed reaction. Further, the enzyme 
can be reactivated by the reaction products  [2--4],  and this effect  is detectable 
as early as 5 min after the start of  the reaction (as can be seen by comparing 
progress curves in KC1 and BaC12), so that only the initial stages of  the reaction 
can be used to measure the rate of inactivation. The half-time for the inactiva- 
tion is, under usual conditions, of  the order of  3 min [5,6,8] which means 
that precise values of  the velocity constant  of  the inactivation are very difficult 
to obtain because the reaction can be followed for only one half-time or less. 
Other practical problems [8] increase the difficulties. 

Experimental 

Subs tra tes 
Potassium aryl sulphates were prepared by standard methods and were 

recrystallised from water or from 70% ethanol, both containing 0.01 M KHCO3 
to prevent the autocatalytic decomposit ion of  the more labile esters. The final 
products  were free of  the parent phenol and of  K2SO4 (less than 0.1% of the 
latter}. 

Enzyme assays 
Sulphatase A was prepared from ox liver as before [9]. In most  cases the 

reaction was followed in a pH-stat (assembly PHM26-TT11-SBR2-ABU12; 
Radiometer,  Copenhagen). The standard conditions were: volume, 10 ml; tem- 
perature, 37°C; pH 5.6; lz adjusted to 0.1 with KC1; sodium acetate, 0.5 mM 
(except  with nitrocatechol sulphate). Changes in ionic strength were made by 
altering the concentrat ion of  KC1. The reaction was started by adding 10--25 pl 
of  enzyme solution, pH about  7.5, and the reaction was followed by titration 
with 0.015 M NaOH. Readings were normally taken at 8-s intervals between 1 
and 3 min from the start of the reaction. Some problems in this type  of assay 
are considered in the Appendix. 

In some experiments with nitroquinol sulphate (potassium 4-hydroxy- 
2-nitrophenyl sulphate) as substrate the reaction was followed by a continuous 
spectrophotometr ic  method  [10].  The standard conditions were: volume, 3 ml; 
temperature,  37°C; pH 5.6;/1, adjusted to 0.1 with sodium acetate-acetic acid 
buffer. Higher ionic strengths were obtained by adding NaC1. Readings were 
normally taken at intervals of 10 s between 0.5 and 3 min from the start of the 
reaction. 

For  longer incubation times, samples (0.5 ml) were withdrawn at 2 min 
intervals from 10 ml of  reaetion mixture (pH 5.6 in sodium acetate-acetic acid 
buffer,  lz = 0.1, 37°C) and added to 0.5 ml of  0.3 M NaOH. The absorbance of  
the resulting solutions was read at the appropriate wavelength (2-nitrophenol, 
e41s = 4720,  4-nitrocatechol, esl0 = 12 600; nitroquinol, es3s = 4100}. 
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In all these assays the enzyme concentration was less than 1 ug/ml: exact 
concentrations are specified below. 

Theory 

Laidler and Bunting [11] have pointed out  that  it is difficult to handle the 
general case of an enzyme inactivated by its substrate because the steady-state 
approximation cannot be applied to the concentration of  the enzyme-sub-  
strate complex. However, in the special case of the substrate-induced inactiva- 
tion of sulphatase A it may be possible to make this approximation because the 
rate of inactivation is only about 10 -4 of that  of the catalytic reaction. There- 
fore, at any instant the concentration of active enzyme can, in so far as the 
catalytic reaction is concerned, be considered constant because 

de ds 
d-t < <  d--/ 

The fundamental  model is the generally accepted one [2--6] that  the inac- 
tive form of  the enzyme, F, arises from the enzyme-  substrate complex. The 
generalising assumption is made that  Km need not  equal K, a Michaelis constant 
for the substrate-induced inactivation. This implies that  the inactivation reac- 
tion is kinetically distinct from the catalytic reaction because, if it were not,  
the same Michealis constant would apply to both processes once a steady-state 
had been reached. However, previous work [4] has suggested that  the inter- 
conversion of E and F is slowly reversible in the presence of substrate so that  
a slow interconversion of ES and FS must be considered. The model is there- 
fore the following: 

E + S ~- ES -* E + products 

l (slow reactions) 
E + S ~ FS -~ F (+ products?) 

This implies that  after the elapse of sufficient time for the equilibrium between 
ES and FS to be established then a single Michaelis constant would describe 
both the hydrolyt ic  reaction and the inactivation. 

On this basis Eqns. 1 and 2 can be written with k3 and k being velocity con- 
stants for the formation from the appropriate enzyme • substrate complexes of 
the reaction products and inactive enzyme respectively. 

ds _ k 3 e .  s 

dt K m + s (1) 

de  k e .  s 

dt K + s (2) 

From Eqn. 2 an expression for e • s may be obtained: substitution of this in 
Eqn. 1 gives 

ds k3 ( K + s )  de 

dt k (Km + s) dt  
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which rearranges to 

Km +Sds  k3 
K + s  =-~- de 

Integrat ion,  wi th  the bounda ry  condi t ion  tha t  at t = 0, s = So and e = eo gives 

k _ k K + s o  
e = e o - ~ ( s o - s ) - ~  (Kin - - g ) I n  

K 

which rearranges to 

k k [1 So--S~ 
e = e ° - - - ~ 3 ( s ° - - s ) - - ~ ( K m - - K ) l n  + K + s J  

But  (So -- s ) / ( K  + s)  mus t  be small at  the  early stages of  the reaction so tha t  
ln[1 + (So - - s ) / ( K  + s)] m a y  be replaced by (So - - s ) / ( K  + s) to  give 

k k s o -- s 
e = e o ---~3 (So - - s ) - - ~ ( K m  - - K ) "  K + s 

which simplifies to 

k(8 o -- 8)(K m + s) 
e = eo k a ( K  + s) 

This expression for  e can be subst i tu ted in Eqn. 1 to give 

[ k ( s ° -  s)(Km +s)  1 
ds k38 eo - -  k 3 ( K  + s) 

d t  Km + s 

so tha t  

(Kin + s ) ( K  + s)ds  
- -  d t  - 

k 3 e o s ( K  + s) - -  ks(so  - -  s)(Km + s) 

[ K K  m + ( K  + K m ) s  + s2]ds 

= s [ ( k a K e o  - -  k K m s o )  + (k3eo --  kso + k K m ) s  + ks  2] 

(3) 

f f sds  f f .  ds ds + 
• - -  d t  = K K  m s(a + bs + cs  2) + ( K  + Kin) a + bs + cs 2 a + bs + cs  2 

where 

a = k 3 e o K - - k K m s o ,  b = k3eo - -  kso + k K m  and c = k . 

Integrat ion with  the same bounda ry  condi t ions  as above gives 

[ a + bs + cs 2 - - t  - K K m  In --s + a - -  c K K m ~  In 
a So L 2ac A a + bs o + cs2o 

2acvrq  In (2cs  + b + x/q)(2CSo + b --,v/q) (4) 

where q = (b 2 - -  4ac ) .  At the early stages of  the react ion s is close to So so tha t  
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the first term can be neglected. The coefficients of the second and third terms 
may be expanded by substituting the appropriate values for a, b and c, and 
simplified by making the justifiable assumption that terms containing k3eo are 
small compared to those in K, Km and s so that  ~ = k(Km + So). Proceeding in 
this way, the coefficients of  the last two terms of  Eqn. 4 simplify to (K + So)/ 
2kso so that it may be writ ten 

I a + b s + c s 2  ( 2 c s + b - - x / - q ) ( 2 C S o + b + x / q )  7 
K + s °  In + ln  

-- t  - 2kso a + bso + CS2o (2cs + b + x/q)(2CSo + b - ~ - ) J  

The terms in the brackets are expanded by  inserting the appropriate values of  
a, b, c and q to give 

K + So [ln k3e°(K + s) --  k ( K  m + s)(So -- s) 
~ t  

-2kso ~ k3eo(K + so) 

+ In k3eo(K + So) -- k(Km + So)(So --s).7 
k3eo(K + So) J 

As s is close to So, (K +s)  and (Kin + s) 
(Kin + So) respectively so that  

K +so k3eo(K + s o ) - - k ( K m  +So)(So--S) 
--t  = - - .  2 In 

2kSo k3eo(K + So) 

_ K + So In k3eo(K + So) + k(Km + So)(So - - s )  

kSo k3eo(K + So) 

• k3eo(K + So) + k(Km + So)(So - - s )  = e_k* t 
k3eo(K + So) 

where 

(5) 

can be replaced by (K + So) and 

(5a) 

So (6) 
k* = k .  K + s o  

k3eo(K + So) [1 -- e - k - t ]  Wo [1 -- e -k  
" ( S o - - S ) -  k(Km +so) =_~_ *t] (7) 

where 

Wo=Yo K + so (8)  
Km +So 

Substituting the value of  k* from Eqn. 6 gives 

_ k 3 e o S o  * _ V o  * 

(So--S)  k * ( K m + s o )  [ 1 - - e - k  t] - -k ;  [ l _ e - k  t] (9) 

Eqns. 7 and 9 are of  the same form as the empirical relationship used previ- 
ously [8]. If Km = K, the term outside the brackets becomes Vo/k = Yolk* and 
h* is k • So/(Km + So). By expanding the exponential  Eqn. 9 becomes 

v2k*2 
Vok * t2 + o t 3 ( S o - - S )  = r o t - -  • • ... 
2! 3! 
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which is of  the same form as the empirical power  series in time previously used 
for the evaluation of  some kinetic data [12]. It also shows that when k = 0, 
Eqn. 9 simplifies to that  for a zero-order reaction. 

It also follows, by  differentiating Eqn. 9, that  the variation with time. of  the 
velocity of  the catalytic reaction is given by 

ds = -k* 
dt Vo • e t 

As pH-stat recordings, for reasons inherent in the instrumentation [13],  
show irregularities in their initial stages and cannot be extrapolated through the 
origin, empirical constants must be added to Eqns. 7 and 9 to give Eqns. 7a and 
9a from which the various coefficients can be obtained by 

(So--s)  = --~[1~° _ e - k ' t ]  + C (7a) 

_ U o  * 

k* [1 -- e - k  t] + C (9a) 

suitable computat ion,  either by fitting the exponentials directly or by the 
method of  Guggenheim [14] where two series of  observations are taken, ul, 
u2 . . .  at times t~, t2 . . .  and u'l, u ~ . . .  at times tl + r, t2 + T . . .  (u is (So --s)) .  
Suitable manipulation of  Eqns. 7 and 9 gives 

l n ( u ' - - u ) = - - k * t +  In [ k~-°(1- e-k*r)]  (7b) 

and 

l n ( u ' - - u )  = - -k* t  + In v[_~ ( 1 -  e -k*r) l  (9b) 

In both cases the slopes of  plots of  ln(u' -- u) against t gives k* and from the 
intercepts on the ordinates it is possible to calculate Vo, the initial velocity of  
the enzyme reaction, or Vo, a function of  Vo (Eqn. 8). 

Computat ions 

Eqns. 7a and 9a were fitted by a least-squares procedure on a Univac 1100 
computer.  At least 15 experimental points were used. Eqns. 7b and 9b were 
fi t ted by a least-squares procedure in a PDP8 computer:  at least 9 values of  
(u' -- u) were used and T was about  1 min. 

Eqn. 6 shows that k* is related to k by a Michaelis relationship so that the 
latter, and K, were obtained from values of k* at several values of  So. The com- 
putations were made by the method of  Wilkinson [15],  as were those of  Vo 
and Kin from v o. 

Eqn. 3 was fitted by data obtained from the usual progress curves. At any 
time, t, (So - - s )  is directly obtained from the recording: as So is known, s may 
be calculated. The slope of  the progress curve at t ime t is a measure of  the con- 
centration of  the enzyme, e, and this may be calculated using the known 
specific activity of  the enzyme at the appropriate substrate concentration. The 
slope of  the progress curve at time t was obtained from a least-squares fit of  
five values of  (So -- s) at times t-2, t-l ,  t, t, 1 and t÷2. 
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Results 

Validity of  the method 
The assumptions made in simplifying Eqn. 4 to Eqn. 5 were justified by com- 

putations using the appropriate values of the kinetic constants for nitrocatechol 
sulphate. The maximum error caused by the simplifications was about  5% and 
with other substrates, which are used at higher concentrations, the error was 
much less: with 25 mM nitroquinol sulphate it was about 1% and with 100 mM 
4-nitrophenyl sulphate it was about 0.1% The simplifications are therefore 
justifiable. 

Some evidence for the validity of the earlier stages in the derivation of  
Eqn. 4 is given by Fig. 1 which shows the plot of e against (So -- s) (Kin + s)/ 
(K + s), according to Eqn. 3. As predicted, the points fit a straight line drawn 
using the known values of eo and So, and the values of  K and Km in Table I. The 
plot, which is somewhat 'noisy'  because of the errors in determining the point 
slope of the progress curve (see previous section), is independent of So (Eqn. 3): 
10 experiments, over a 10-fold range of  nitroquinol sulphate concentrations 
gave a value for eo, the intercept on the ordinate, of 0.64 + 0.01 ~g/ml and for 
k/k3, the slope, of  0.69 + 0.05 X 10 -s. The expected values were 0.63 ng/ml 
and 0.69 X 10 -s respectively. 

The values of  k* and Vo obtained from Eqns. 7 and 9 are quite precise. Ten 
replicate determinations in the pH-stat, with nitrocatechol sulphate as sub- 
strate, gave mean values for h* and Vo of  0.24 + 0.01 min -1 and 81.7 + 2.4 
umol • 1 -~ • min -1 by direct fitting of the exponential (Eqn. 9a) and 0.24 + 0.02 
min -x and 81.3 ± 2.8 ~ n o l  • 1 -~ • min -1 by the Guggenheim method (Eqn. 9b). 
It is obvious that  the values obtained by fitting the same data to the two forms 
of  Eqn. 9 are indistinguishable. The precision of  the methods fall as k* falls and 
the progress curves approximate more and more closely to straight lines. 

Computations were also made to assess the interval over which the methods 
are valid. These showed that  provided the measurements spanned more than 

0.6 

0 . S m  

v 

% 
x 

0.4 

0.2 O.4 

(So-S) (Kin÷ s ) / (  K + s ) x l 0 3  

Fig. 1. Relation~ht 9 between the enzyme concentration, e0 and the substrate concentration, s, plotted 
according to Eqn. 3 in the text.  pH-stat assay with nitroqulnol sulphate, 23.9 mM (v) or 2.39 mM (s) .  
Values of K m and K from Table I. Enzyme concentration, 0.63 #g/m1. 
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T A B L E  I 

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

Al l  d e t e r m i n a t i o n s  m a d e  a t  p H  5 . 6 ,  p = 0 . 1 ,  3 7 ° C .  V a l u e s  w e r e  c o m p u t e d  b y  t h e  m e t h o d  o f  W i l k i n s o n  
[ 1 5 ]  a n d  a r e  g i v e n  -+ t h e  s t a n d a r d  e r r o r .  

K m ( m M )  V o K ( m M )  k ( m i n  - 1 )  
( # m o l  • m g  -1 • m i n  -1 )  

N i t r o c a t e c h o l  s u l p h a t e  1 . 0  _+ 0 . 2  2 3 4  + 19  0 . 3 4  +- 0 . 1 5  

N i t r o q u i n o l  s u l p h a t e  5 . 9 2  +_ 0 . 2 9  2 4 3  _+ 4 2 . 5 6  + 0 . 4 0  
2 - N i t r o p y r i d y l  3 - s u l p h a t e  5 . 8 8  _+ 0 . 2 8  2 5 2  + 5 1 . 2 9  + 0 . 2 2  

2 - N i t r o p h e n y l  s u l p h a t e  1 2 . 3  +_ 0 . 9  2 7 0  + 1 0  2 . 5 2  + 0 . 3 0  

A s c o r b a t e  2 - s u l p h a t e  2 4 . 3  _+ 3 . 3  9 0  _+ 8 5 . 3 5  _+ 1 . 1 4  

4 - M e t h y l u m b e l l i f e r o n e  4 1 . 0  _+ 4 . 2  48  + 4 9 . 5 6  + 0 . 9 5  
s u l p h a t e  

2 - N a p h t h y l  s u l p h a t e  4 0 . 6  +_ 3 . 2  37  +- 1 1 0 . 6  + 2 .6  

3 - N i t r o p h e n y l  s u l p h a t e  1 0 4  + 17  2 2 5  +_ 2 2 5 . 9  _+ 6 . 6  

4 - N i t r o p h e n y l  s u l p h a t e  2 2 3  +- 32  2 7 7  _+ 3 0  5 2 . 8  -+ 1 5 . 2  

0 . 2 2  -+ 0 . 0 2  
0 . 2 3  _+ 0 . 0 1  

0 . 2 2  _+ 0 . 0 1  

0 . 2 3  -+ 0 . 0 1  

0 . 2 2  _+ 0 . 0 2  
0 . 2 8  _+ 0 . 0 1  

0 . 2 6  + 0 . 0 3  

0 . 2 8  ± 0 . 0 3  

0 . 3 0  +- 0 . 0 1  

about 1 min then the values of k* and Vo were independent both of the interval 
between readings and the starting point. 

Initial velocities 
Effect of enzyme concentration. This can be studied only over a rather 

restricted range in the pH-stat, but with nitroquinol sulphate as substrate in the 
spectrophotometric assay at pH 4.6, 5.0 or 5.6, k* was independent of enzyme 
concentration over the useful range, 0.05 to about 2 ug/ml. Over the same 
range, Vo varied directly with the concentration of enzyme. Sulphatase A exists 
as a monomer-tetramer equilibrium and the weight-fraction of monomer  
changes from 0.98 to 0.16 over this concentration range at pH 5.0 [12] : these 
results therefore show that  the monomer  and tetramer are inactivated at very 
similar rates by the substrate. They also confirm the previous observations [12] 
that  these two forms have similar catalytic activities. 

The effect of pH. The effect of changes in pH on k* and Vo with nitroquinol 
sulphate as substrate is shown in Fig. 2. There are obvious differences between 
the reactions in KCI (pH-stat assay) and in sodium acetate (spectrophoto- 
metric assay), but in both cases these two parameters vary in a similar way, 
except at low pH. In general, the variation in k* is much less than that  in Vo. 
Similar curves to those in Fig. 2 were found with nitrocatechol sulphate 
(optimum pH, 5.6) and with ascorbate 2-sulphate (optimum pH, 4.8), both 
measured in the pH-stat. Detailed studies of  the effect of pH are impracticable 
because, as already noted, of the existence of sulphatase A as a polymerising 
system [12]. At the concentration used in these assays, about l~zg/ml, it exists 
as a tetramer at low pH values and as a monomer at high pH values so that  the 
interpretation of the effects of changes in pH is very complex. 

The sharp increase in k* at low pH values (Fig. 2), which also occurs with 
nitrocatechol sulphate and ascorbate 2-sulphate, is partly due to the instability 
of sulphatase A in dilute solutions at low pH [12] but is primarily due to a 
reaction involving the substrate. As previously noted [16], there are differences 
between the inactivation occurring at pH 4.6 and at 5.6. The enzyme inacti- 
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Fig. 2. T h e  e f f e c t  of  pH on v o a n d  k* fo r  the  hydro lys i s  of  n i t roqu ino l  su lpha te ,  15  mM.  o,  pH-s ta t  assay,  
e n z y m e  c o n c e n t r a t i o n  0 .67  Dg/m]; 0, s p e c t r o p h o t o m e t r i c  assay,  e n z y m e  c o n c e n t r a t i o n  1.7 Dg/ml. 

Fig. 3. The  e f fec t  of  va ry ing  c o n c e n t r a t i o n  of  2 -n i t ropheny l  su lpha te  on  v o (a )  and  k* ( s )  a t  pH 5.6. 
Resul ts  are  p l o t t e d  d i rec t ly  in A a nd  as rec iproca ls  in B. pH-s ta t  assay,  e n z y m e  c o n c e n t r a t i o n  0.6 p g / m l .  
In  A the  curves  are  c o m p u t e d  f r o m  the  values  of  k, K, V o a nd  K m in Table  I; in B the  lines are  t h o s e  
o b t a i n e d  by  the  m e t h o d  of  Wilkinson [ 1 5 ] .  

vated through its reaction with nitrocatechol sulphate at pH 4.6 is not  reacti- 
vated by  SO~- either at that pH or at pH 5.6: it is, on the contrary, inhibited 
by  SO~- as is the initial velocity of  native sulphatase A. 

Effect of substrate concentration. In general, k* decreases with decreasing 
substrate concentration, as predicted by Eqn. 6. Fig. 3 shows the relationships, 
at pH 5.6, between k* and Vo and the initial concentration,  So, of the substrate 
(2-nitrophenyl sulphate) both as direct plots and in the corresponding double 
reciprocal forms. From such data Kin, Vo, K and k can be calculated and values 
of  these constants for a number  of  substrates are listed in Table I. It is clear that 
K is consistently less than Kin: the ratio K/Km varies from 0.20 to 0.43, with a 
mean of  0.28. There is much less variation in k than in the other parameters 
listed in Table I and only the values for methylumbeUiferone,  3-nitrophenyl 
and 4-nitrophenyl sulphates are significantly different from the mean of  the 
other  values, 0.23 min -~. The situation with 3-nitrophenyl sulphate will be con- 
sidered later, bu t  it should be noted that it was not  practicable to use the other 
two substrates in concentrations much greater than Km so that these results are 
not  highly significant. 

With 3-nitrophenyl sulphate the situation was complicated by the fact that  
at concentrations greater than about  50 mM the rate of  inactivation greatly 
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increased and the use of  any of  the forms of  Eqn. 9 gave values for Vo which 
were too  high to be compatible with the pH-stat recordings. The reason for this 
behaviour has not  been established but  3-nitrophenyl sulphate is quite surface- 
active, with a critical micelle concentrations of  about  5 mM, so that  the inhibi- 
tion may be similar to that  brought  about  by  high concentrations of  sodium 
dodecyl  sulphate [17]. 

Fig. 4 shows the relationship between Vo and So (Eqn. 8) again for 2-nitro- 
phenyl sulphate. As predicted, there is a linear relationship between ~o and 
(K + So)/(Km + So): the slope of  the line gives a value of  172 pznol • 1-1 • min -1 
for Vo (Eqn. 8) compared with a value of  168 ~zmol • 1-1 • min -1 obtained from 
the variation of  Vo with So {Fig. 3). 

At high concentrations of  2-nitrophenyl sulphate or of nitroquinol sulphate 
there was little change in k* or Vo. The results for the former are shown in 
Table II. The highest value of So which could be used, still keeping the ionic 
strength at 0.1, was only abou t  8 × Kin. Similar experiments with nitrocatechol 
sulphate, which has a much lower Kin, were not  practicable because the high 
buffer  capacity of this substrate (pK 6.5) precluded its use in the pH-stat at 
concentrations greater than about  5 mM. 

At pH 4.6 the effect  of varying substrate concentration was more complex 
and k* increased slightly with decreasing substrate concentration,  at least with 
ascorbate 2-sulphate or 2-nitrophenyl sulphate, the only two substrates tested. 
The initial velocity apparently varied in a normal fashion with So but  the recip- 
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l I I 
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o I I 
0.01 0.02 0.03 
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Fig. 4. Data of Fig. 3 plot ted  to  s h o w  the variation o f  V~ (from Eqn. 7a) with the initial concentrat ion  
(So) of  2-ni trophenyl  sulphate p lo t ted  directly (A)  or  according to  Eqn. 8 (B). 
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T A B L E  II  

T H E  E F F E C T  OF H I G H  C O N C E N T R A T I O N S  OF 2 ° N I T R O P H E N Y L  S U L P H A T E  ON T H E  SUB- 
S T R A T E - I N D U C E D  I N A C T I V A T I O N  OF S U L P H A T A S E  A 

p H  5.6,  D = 0 .1 ,  37°C,  e n z y m e  c o n c e n t r a t i o n  0.5  #g /ml .  T h e  t w o  values  are f r o m  d u p l i c a t e  d e t e r m i n a -  

t i o n s .  

s o ( m M )  v o (Drool  - 1-1 • m i n  - 1 )  4"  (rain -1  ) 

20 1 0 1 , 1 0 1  0 . 2 0 , 0 . 2 0  
40  1 1 9 , 1 2 0  0 . 2 2 , 0 . 2 2  
60  1 2 5 , 1 2 7  0 . 2 1 , 0 . 2 2  
80 1 3 2 , 1 2 8  0 . 2 2 , 0 . 2 1  

100  1 3 1 , 1 2 5  0 . 2 1 , 0 . 2 0  

focal plot was non-linear as previously noted with ascorbate 2-sulphate [7] and 
nitrocatechol sulphate [12]  at pH 4.5. 

Effect of ionic strength. Changes in ionic strength change Km and K in 
similar ways: KC1 behaves as an inhibitor with a Ki of  about 0.3 and 0.6 M 
when measured from Vo and k* respectively. Both constants therefore increase 
with increasing ionic strength and the extrapolated values, at zero ionic 
strength, o f  Km and K were 4.2 and 2.2 mM nitroquinol sulphate respectively 
{compare with Table I). Any effect on k was small: at concentrations of  0.1, 
0 .25,  0.5 and 1 M KC1 its values were 0.23 + 0.01,  0.23 + 0 .02,  0 .19 + 0.01 and 
0.18 + 0.01 min -x respectively. The net effect is a considerable drop in k* with 
increasing ionic strength, from 0.21 min -I at p = 0.1 to 0.14 min -1 at/z = 1.0, 
both at 25 mM nitroquinol sulphate. 

Effect of sulphate concentration. The effect of  the reaction product,  SO~-, 
on the substrate-induced inactivation of  sulphatase A was difficult to study, 
first because of  the relatively low rate of  the hydrolytic reaction and second 
because of  the drop in k* which made the progress curves more nearly linear. 
Some results with nitroquinol sulphate are given in Table III. These are con- 
sistent with SO~- behaving as a competitive inhibitor both of  the hydrolytic 
reaction and of  the substrate-induced inactivation of  sulphatase A with Ki 
values of  about 2 mM and 1 mM SO~- respectively. 

Temperature. The effect o f  varying temperature was investigated only with 
nitroquinol sulphate, in the continuous spectrophotometric assay. Over the 

T A B L E  I I I  

E F F E C T  OF SO 2 -  ON T H E  A P P A R E N T  K I N E T I C  C O N S T A N T S  

Subs tra tc :  n i t r o q u i n o l  s u l p h a t e .  A s s a y  in  pH -s ta t  at pH 5.6,  ~ = 0.1.  E n z y m e  c o n c e n t r a t i o n ,  0 . 6  ~ug/ml. 
T h e  a p p a r e n t  c o n s t a n t  (+ s tandard  error)  w e r e  c o m p u t e d  b y  t h e  m e t h o d  o f  W i l k i n s o n  [ 1 5 ] .  

SO 2 -  (raM) K m ( m M )  V o (~ mo l  • I - I  • ra in  - I  ) K ( m M )  k ( ra in  - I  ) 

0 ,0 6 .07  + 0 ,28  185  -+ 3 1 ,72  + 0 .25  0 ,22  -+ 0 .01  
0 ,419  7 ,53  + 0 ,56  181 +- 4 2 .32  + 0 .44  0 .22  + 0 ,01  
1 ,03  11 ,2  + 0,6 197 -+ 5 3 ,80  -+. 0 .90  0 .22  _+_ 0 .02  
2,11 14 .0  -+ 0.7 180  -+ 5 6 .66  + 0 .95  0 ,21  _+ 0 .01  
3 .05  15 .3  + I , I  170  -+ 5 9 .42  -+ 0 ,96  0 ,18  -+ 0 .01  
4 ,10  19,9 + 1,3 1"15 + 5 8 ,16  +_ 1.9 0 ,18  + 0 ,01  
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Fig.  5. The  r e l a t i o n s h i p  b e t w e e n  v o a n d  k* f o r  t h e  h y d r o l y s i s  o f  h i t r o q u i n o l  s u l p h a t e  ( 1 5  raM)  a t  p H  5 .6  
in d i f f e r e n t  c o n c e n t r a t i o n s  o f  o r g a n i c  so lven t s :  e ,  d i o x a n e ;  ~,  d i m e t h y l f o r m a m i d e ;  - ,  d i m e t h y i s u l p h o x i d e  
a n d  ~,  e t h a n o l .  The  o p e n  c irc les  s h o w  t h e  r e l a t i o n s h i p  in  w a t e r .  S p e c t x o p h o t o m e t r i c  a s s a y :  e n z y m e  c o n -  
c e n t r a t i o n  1 p g / m l .  T h e  c o n c e n t r a t i o n s  o f  t h e  so lven t s  i n c r e a s e d  in  s t eps  o f  5% (v]v) b u t  are  n o t  s h o w n  o n  
t h e  F igu re  b e c a u s e  t h e  r e s p o n s e  va r i ed  f r o m  so lven t  t o  so lven t .  

temperature range 24--45°C, k* increased 4-fold whereas Vo increased only 
2.5-fold. The values of k* and Vo gave good fits of the Arrhenius relationship 
with values of  56 kJ/mol and 33 kJ/mol respectively for the substrate-induced 
inactivation and the catalytic reaction. 

Effect of organic solvents. Again this was investigated only with nitro- 
quinol sulphate and it must be stressed that  no account was taken of any 
change in pH caused by the addition of organic solvents to the buffer solution. 
The results are summarised in Fig. 5 which shows that  the addition of 
dimethylsulphoxide, dimethylformamide,  dioxane or ethanol to the reaction 
mixture decreased both Vo and k*, and that  there was a linear relationship 
between these constants although the line did not obviously extrapolate 
through the origin. The response varied slightly from solvent to solvent and the 
enzyme was particularly sensitive to dioxane of  which concentrations greater 
than about 15% (v/v) gave a sharp increase in k* with little change in v o. This 
presumably reflected the pronounced effect of dioxane on the structure of 
sulphatase A [17]. 

Bound sulphatase A. A sample (1.4 mg) of sulphatase A was coupled to 200 
mg of CNBr-Sepharose 4B as described by the manufacturers and this prepara- 
t ion was used in the normal assay in the pH-stat. It was not  possible to obtain 
reliable values for Vo because of the difficulty in pipetting suspensions of  the 
enzyme but apparently reliable values of k* were obtained. With substrate con- 
centrations ranging from 0.13 to 5 mM nitrocatechol sulphate there was no 
significant variation in k*, the mean value being 0.14 min -1 for 16 observations. 
This value of k* must approximate to k, and therefore K must be much less 
than 0.13 mM, and so much less than the corresponding value for the unbound 
enzyme (Table I). 

Prolonged incubation times 
Experiments involving long incubation times were technically difficult in the 
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pH-stat because with useful values of Vo care had to be taken that  too extensive 
hydrolysis of  the substrate, with the concomitant  increase in concentration of 
reaction products, did not  occur. Also, the great drop in enzyme activity during 
relatively prolonged reaction times {see, for example, Fig. 2 or ref. 4 or Fig. 1 
of ref. 5) made it difficult to achieve useful reaction rates in the later stages. In 
such experiments with 2-nitrophenyl sulphate k* and Vo were determined as 
usual from data between 1 and 3 min after the start of  the reaction and k~ and 
v4 were determined from data obtained between 4 and 6 min after the start of 
the reaction. Both sets of data were then used to compute Km, K and k. The 
results for the longer times are given in Table IV from which it is clear that 
after the reaction has proceeded for 4 min Km and K are indistinguishable. This 
change is not due to the accumulation of SO~- because identical results were 
obtained when the ionic strength was maintained at 0.1 with BaC12 so that  the 
concentration of SO~- was effectively zero throughout.  

Some determinations were also carried out as described by Stinshoff [5], 
with an incubation time of 20 min. Values of Vo and k* {from Eqn. 9a) were 
used to compute Kin, K and k as usual. The results are also given in Table IV 
and again there is no difference between Km and K measured under these con- 
ditions. 

Discussion 

The mechanism which is the basis of the equations used in the present work 
will be considered later but  the present methods for determining k*, the 
apparent velocity constant for the substate-induced inactivation of sulphatase 
A, are quite soundly based in theory and are of  the same form as the empirical 
methods used previously [8]. Both methods,  using either Eqn. 9a or 9b, avoid 
errors introduced [8] by the use [5,6] of  linear approximations [18] to 
Eqns. 7 and 9, and the Guggenheim treatment  has the added advantage that  the 
precise zero time of the reaction need not  be known. Values of  Vo, the initial 
velocity of the enzyme reaction, can also be obtained by either method but for 
this precise zero times are required. It must be stressed that  the derivation of 
Eqns. 7 and 9 assumes that  s remains close to so and the t reatment  would be 
invalid is this condition were not met. Only with nitrocatechol sulphate, 
normally used at a concentration of  less than 5 mM, is care required to meet 
this requirement when using the relatively insensitive assay in the pH-stat. 

It must  also be stressed that  the methods will give a value for k* whatever be 
the mechanism of the inactivation of  the enzyme. As already pointed out, the 
constant determined at pH 4.5 pertains to a different reaction than that  at pH 
5.6. It is therefore important  to show that  the reaction involved is substrate- 
induced, by demonstrating that  it does not  occur in the absence of substrate. 

The principal results are those in Table I which show that  when data from 
short reaction times are used to obtain Vo and k* then the corresponding values 
of Km and K for any given substrate are different. On the other hand, the 
constant k, the velocity constant for the inactivation of the enzyme at infinite 
substrate concentration, varies little with different substrates. It is also 
independent of Vo, and so presumably of  the velocity constant of the reaction 
leading from the enzyme • substrate complex to reaction products. Proof of the 
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constancy of  k would require more precise determinations than can be made at 
present bu t  the  results suggest that  the rate-limiting Step in the formation of  
the inactive enzyme may involve not  an enzyme • substrate complex, as previ- 
ously suggested [2--6],  bu t  rather an enzyme • SO~- complex derived from the 
former during the catalytic cycle. If this be the case, two conclusions can be 
drawn: one, that  the reaction leading to F must  yield at least the phenolic reac- 
tion product  otherwise E • SO~- could not  be produced and two,  that the latter 
complex must  be different from that  formed when SO~- acts as a competitive 
inhibitor and so reduces k*. Such a difference is not  unexpected because, as far 
as is known, the sulphatase reaction is irreversible and certainly SO~- has no 
action on the enzyme in the absence of  the substrate. The results in Table II, 
and the similar results with nitroquinol sulphate, are important  in showing that 
k* does not  increase as the substrate concentrat ion is increased above the 
opt imum. This effectively disproves the suggestion by  Nicholls and Roy  [4] 
that  the  rate-limiting step in the inactivation of  sulphatase A is the formation 
of  a complex of  the  type  FS2. 

The values of  Km given in Table I differ from values previously reported. The 
difference arises from the fact that  in the present work true values of  Vo were 
used to obtain Km and the ionic strength was held constant at 0.1. It should be 
noted that to obtain meaningful values of  Km it is essential to measure Vo. If 
the amount  of  reaction product  formed in a given time is simply taken as the 
reaction velocity then the apparent Km is a function of  time. This was shown 
by  using Eqn. 9 to  compute  the amounts  of  product  produced at various reac- 
t ion times and these to compute  Kin, the apparent value of  which fell exponen- 
tially with time. Using the appropriate constants for nitrocatechol sulphate 
(Table I), the computed  values of  Km after 15 and 30 min incubation periods 
were 0.42 and 0.28 mM respectively, compared with the experimental value, 
from Vo, of  1.0 mM. Similar changes have been found experimentally in the 
present work and have been noted previously by  Stinshoff (Table IV of ref. 5). 

The effect of temperature needs little comment  but  the fact that the 
Arrhenius activation energy of  the  substrate-induced inactivation of  sulphatase 
A is greater than that for the catalytic reaction explains previous observations 
[19,20] that  the 'anomalous'  kinetics of  sulphatase A become less apparent as 
the temperature is decreased. 

With longer reaction times the interpretation of  the results is less clear. 
Nevertheless, such experiments suggest (Table IV) that the values of  Km and K 
become identical under these conditions. This is also suggested from the data of  
Stinshoff  (Table III of  ref. 5) which gives, using the nomenclature of  this paper, 
values of  0.59 + 0.05 mM and 0.59 + 0.06 mM respectively for K~ and K. 

These observations suggest that the mechanism of the substrate-induced 
inactivation of  sulphatase A is somewhat  different from that previously con- 
sidered. The most  important  observation is that  in the initial stages of  the reac- 
tion Km and K are not  identical. As there is nothing to suggest that the two 
processes involve different forms of  the enzyme -- for example, no differences 
have been noted in different preparations of  sulphatase A and the inactivation 
can go to c o m p l e t i o n - - t h e y  must involve kinetically distinct reactions, 
presumably at different sites on the enzyme. Evidence for this is given by Fig. 5 
which implies that  it should theoretically be possible to achieve inactivation in 
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T A B L E  IV 

V A L U E S  O F  K m ,  K A N D  h M E A S U R E D  O V E R  P R O L O N G E D  I N C U B A T I O N  T I M E S  

The f i r s t  va lues  f o r  2 - n i t r o p h e n y l  sulphate were o b t a i n e d  f r o m  measurement s  in the  p H - s t a t :  all  other  
va lues  were  obta ined  by  spec trophotometr i c  measurements ,  p H  5 .6 , /~  = 0 .1 ,  3 7 ° C .  Substrate and e n z y m e  
concentrat ions:  2 -n i trophenyl  sulphate ,  3 0  raM,  0 . 5 / z g f m l  a n d  0 . 2 / ~ g / m l ;  n i t r o q u i n o l  s u l p h a t e ,  3 5  r aM,  
0 . 2 / z g / m l ;  u l t r o c a t e e h o l  s u l p h a t e ,  5 r aM,  0 . 0 8 / ~ g / m l .  

S u b s t r a t e  I n c u b a t i o n  K m K /¢ 
( m i n )  ( raM) ( raM) ( m i n - 1 )  

2 - N i t r o p h e n y l  s u l p h a t e  4 - - 6  5 .9  -+ 0 .1  5 .3  +- 0 .6  0 . 2 0  .+ 0 .01  
0 - - 2 0  I I . 1  + 0 .8  7 .7  + 0 .7  0 . 1 9  + 0 .01  

N i t r o q u i n o l  s u l p h a t e  0 - - 2 0  7 .3  + 0 .2  7 .5  -+ 0 .7  0 .21  +_ 0 .01  
N i t r o c a t e c h o l  s u l p h a t e  0 - - 2 0  0 . 8 4  -+ 0 . 0 6  0 . 7 7  -+ 0 . 0 8  0 . 2 5  + 0 .01  

the absence of  any hydrolyt ic  reaction because k* is finite when Vo is zero. 
However,  as Km and K become identical over longer reaction times and, as 
already pointed out,  the inactivation can go to completion,  an interconversion 
of  the participating forms of  the enzyme is implied. The results in Table I 
suggest that it is an enzyme • SO~- complex which is involved in the inactiva- 
tion step and those in Table II show that the rate-limiting step cannot involve 
the formation of  an FS2 complex. The picture which emerges is of  two 
processes which are independent in the early stages of  the reaction bu t  which 
become interdependent  as the reaction proceeds and an equilibrium between 
them is slowly established. This can be represented by  the following scheme in 
which the first reaction is the normal hydrolyt ic  reaction and the second 
substrate-induced inactivation. 

¢ • OH 

+ 

E + S ~  ES~- 

E + S ~  E ' S ~  

. . . ~ E . S O ] - ~ E + S O ~ -  

[ (slow reactions) 

... ~ E' • SO~- ~ F (+ SO~- ?) 

¢ .  OH 

There is still no information on the nature of  the change in the enzyme which 
causes it to lose its activity although it seems to be presumed that it is con- 
formational [6].  Perhaps the  finding that sulphatase A bound to Sepharose is 
less rapidly inactivated than the soluble enzyme supports this view but  much 
further work is required in this area. This will be facilitated by  the availability 
of  a soundly-based method allowing the determination of  the kinetic constants 
of  both  the  catalytic reaction and the inactivation. 

Appendix 

The assay o f  sulphatase A in the pH-stat 
The use of  the pH-stat in biochemistry was extensively discussed by  
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Jacobsen et al. [13] in 1958 and the following brief t reatment  must be read in 
conjunction with this work. These authors derived an expression describing the 
drift in pH with time in a reaction controlled by a pH-stat functioning in the 
At mode,  that is, in the way in which a Radiometer  Titrator (Radiometer  Ltd., 
Copenhagen) functions with the proportional control  operative, as is normally 
the case. This expression (Eqn. 18 of  ref. 13) is given in Eqn. 10 using the 
symbols of  Jacobsen et al. [13] to facilitate cross-referencing. In Eqn. 10, 

t 

pH = pHp + e - P t / B C /  [u_pH| em/S  c d t  (10) 
f-~ 7 

L--~-J0 
0 

pH is the actual pH of  the reaction mixture at t ime t, pHp is the value set on 
the titrator, P is a proport ionali ty constant  governing the rate of addition of 
reagent within the proportional band of  the ti trator and BC is the buffer 
capacity of  the system. The form of  (dpH/dt)0, the change in pH in the uncon- 
trolled system, varies with the nature of the reaction and is particularly simple 
in those enzyme reactions which are of  zero order in which case (dpH/dt)0 is 
constant.  Jacobsen et al. [13] also showed in their Eqn. 15 that  

[dpH 7 dNH+ 
[--dt-]o = - B S "  dt  

where dNH+/dt is the rate of product ion of H ÷ ions in the uncontrolled system. 
In the case of  the sulphatase A reaction dNH*/dt  = - -ds /d t  = Voe -~* t so that 

--k *t [dpH 7 _ Vo.e  
L--~-J0 BC 

Substi tut ion of  this into Eqn. 10 followed by integration and rearrangement 
gives Eqn. 11 where MH ÷ is the amount  of  NaOH added by the pH~stat and 09 is 
given by  Eqn. 12, in which ApHm is the proportional band setting on the titra- 
tor  and x is the ratio of  the maximum rate of  addition of  NaOH (burette speed) 
t o  V o . 

* v~° ( e - k * t - - e - ° J t )  (11) =--v--°.(l--e -k t)+ MH+ h* R 09 

X "  V o 
09 - (12) 

BC. ApHm 

Again in a zero order reaction x is constant: in a reaction of any other order it 
is not. In a first order reaction x can be taken as approximately constant in the 
early stages of the reaction, providing it is initially of a reasonably high value, 
but in the case of the sulphatase A reaction it cannot be considered constant at 
any stage and in this case 09 can be shown to have the form of Eqn. 13 in which 
(dMH +/dt)max is the burette speed. Substitution; 

(dMH+/dt )max  . e - k  t 
09 = (13) 

BC- ApHm 

of this value for 09 in Eqn. 11 gives the expression for the rate of addition of 
NaOH to a sulphatase A reaction under control in a pH-stat: that is, for the 
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Fig. 6. C o m p u t e r - s i m u l a t e d  curves  for  the  hydro lys i s  by  su lpha tase  A of n i t r o ca t ech o l  su lpha te  in the  
pH-s ta t  a t  pH 5.6,  using a value of  130  ~umol 1-1 rain -1 for  v o and  0 .23  rain - l  for  k* .  The  d i f f e ren t  l ines 
are  c o m p u t e d  keeping  the  above  p a r a m e t e r s  c o n s t a n t  a nd  va ry ing  the  b u f f e r  capac i ty  by  changing  the  sub- 
s t ra te  c o n c e n t r a t i o n ,  as ind ica ted  on  t he  Figure.  The  same  ef fec t  wo u ld  be  ob t a ined  by  keeping  the  n i t ro-  
c a t echo l  su lpha te  c o n c e n t r a t i o n  a t  0 .5 mM a nd  having  a c e t a t e  of  the  ind ica ted  c o n c e n t r a t i o n  p resen t  in 
the  r eac t ion  m i x t u r e .  The  dots  s h o w  the  theore t i ca l  cu rve  for  the  s ame  reac t ion .  

amount  of  substrate hydrolysed in time t. In this expression the first term on 
the right hand side is the theoretical expression describing the sulphatase A 
reaction (Eqn. 9) and the second term arises from the mode of  action of  the 
pH-stat. It is obviously highly dependent  upon ¢o, that  is, upon the buffer 
capacity of  the system, BC. 

With 2-nitrophenyl sulphate as substrate in the presence of  0.5 mM sodium 
acetate at pH 5.6 {standard assay conditions given in the accompanying paper) 
the line drawn from Eqn. 11, using the experimentally determined values of  k* 
and Vo (Eqn. 9a), gives a good fit to the experimental points and differs only 
slightly from the corresponding theoretical curve computed from Eqn. 9. 

The situation with nitrocatechol sulphate is quite different. This is routinely 
used at a concentration of  3 mM and as it has a pK of 6.5 it has a considerable 
buffer capacity in the pH range used in studies of  sulphatase A activity. In 
Fig. 6 are shown computed curves (Eqn. 11) for different values of  ¢~, all the 
other  parameters being held constant. The great increase in sigmoidality with 
decreasing w (increasing BC) is obvious, as is also the difference between the 
theoretical and the pH-stat curves. The experimental values agree well with the 
latter. With concentrations of  nitrocatechol sulphate up to about  2.5 mM the 
difference is effectively constant after the reaction has proceeded for 1 min so 
that  reliable values of  k* and Vo can be obtained from such data because only 
C in Eqn. 9a would be altered. This is certainly not  the case with higher con- 
centrations of  nitrocatechol sulphate where A does not  become constant until 
after much longer times and the use of  Eqn. 9a would give erroneous results. 

It is obvious that  great care must be taken when using nitrocatechol sulphate 
as a substrate in pH-stat assays of  sulphatase A: it can be used in routine assays 
when the conditions are strictly standardised bu t  if any alteration in these 
should change the buffer  capacity then serious difficulties could arise. Nitro- 
catechol sulphate is therefore not  the substrate of  choice for kinetic studies of 
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sulphatase A in the pH-stat. In these, 2-nitrophenyl sulphate or nitroquinol 
sulphate are preferable substrates because they have no buffering action in the 
pH range of interest and they have useful values of Km and Vo {Table I). The 
latter substrate has the added advantage that it can also be used in continuous 
spectrophotometric assays of the enzyme [10]. 

Acknowledgement 

I wish to thank Mrs. H.J. Jeffrey for her skilled assistance in the earlier parts 
of this study. 

References 

1 Roy, A.B. (1953) Biochem. J. 55, 653--661 
2 Baum, H. and Dodgson, K.S. (1958) Biochem. J. 69, 573--582 
3 Andersen, S.O. (1959) Acta Chem. Scand. 13, 120- -126 ,884- -887  and 1671--1679 
4 Nicholls, R.G. and Roy,  A.B. (1971) Biochim. Biophys. Acta 242, 141--151 
5 Stinshoff, K. (1972) Biochim. Biophys. Acta 276 ,475- -490  
6 Lee, G.D. and van Et ten,  R.L. (1975) Arch. Biochem. Biophys. 166, 280--294 
7 Roy,  A.B. (1975) Biochim. Biophys. Acta 377, 356--363 
8 Nicholls, R.G., Jerry,  A. and Roy,  A.B. (1974) Anal. Biochem. 61, 93--100 
9 Nichol, L.W. and Roy,  A.B. (1964) J. Biochem. (Tokyo) 55, 643--651 

10 Jeffrey, H.J. and Roy,  A.B. (1977) Anal. Biochem. 77 ,478- -486  
11 Laidler, K.J. and Bunting, P.S. (1973) The Chemical Kinetics of Enzyme Action,  p. 180, Clarendon 

Press. Oxford 
12 Jezfy, A., Roy,  A.B. and Tomkins,  H~I. (1976) Biochim. Biophys. Acta 422, 335--,?,48 
13 Jacobsen, C.F., Leonis, J., Linderstrom-Lang, K. and Ottesen, M. (1958) Methods Biochem. Anal. 4, 

171--210 
14 Guggenheim, E.A. (1926) Philos. Mag. 1 ,538- -543  
15 Wilkinson, G.N. (1961) Biochem. J. 80, 324--332 
16 Jerry,  A. and Roy,  A.B. (1973) Biochim. Biophys. Acta 293, 178--190 
17 Nichol, L.W. and Roy,  A.B. (1966) Biochemistry 5, 1379--1388 
18 Roy, A.B. (1972) Biochim. Biophys. Acta 276, 488--490 
19 Baum, H., Dodgson, K.S. and Spencer, B. (1958) Biochem. J. 6 9 , 5 6 7 - - 5 7 2  
20 Worwood, M., Dodgson, K.S., Hook,  G.E.R. and Rose, F.A. (1973) Biochem. J. 134, 183--190 
21 Nichol, L.W. and Roy,  A.B. (1965) Biochemistry 4, 386--396 


