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Summary 

1. In order to elucidate some features of  the mechanism of the acceleration 
of  methanesulfonylat ion of acetylcholinesterase (acetylcholine hydrolase, EC 
3.1.1.7) with cationic accelerators, the methanesulfonylation of this enzyme by 
high concentrations of  methanesulfonylfluoride,  in the absence and presence of 
accelerators decamethonium and te t raethylammonium, was studied. 

2. The results showed that the accelerator accelerates the reaction by electro- 
statically improving the binding between acetylcholinesterase and methanesulf- 
onylfluoride wi thout  effecting the rate of  the decomposi t ion of  the enzyme • 
inhibitor complex into the methanesulfonylated enzyme and product.  

Introduction 

It is known that some cationic competit ive inhibitors of  acetylcholinesterase 
(acetylcholine hydrolase, EC 3.1.1.7) accelerate the sulfonylation of  this 
enzyme with methanesulfonylfluoride [ 1]. Our recent work [2 ] suggested that  
the acceleration was electrostatic in nature: the cationic accelerator bound to 
the anionic site of  the enzyme electrostatically effects the methanesulfonyla- 
tion at the esteratic site. Nothing, however,  is known about  the detailed 
mechanism of this acceleration. 

The sulfonylation of  acetylcholinesterase with methanesulfonylfluoride pro- 
ceeds presumably [ 3,4 ] according to the following scheme: 

k+2 E' E + I,~ +1- EI --~ + Pj (1) 
k -  1 

where E is the enzyme, more precisely: the esteratic site of the enzyme [5,6],  
I the inhibitor methanesulfonylfluoride,  EI the complex between the enzyme 
and the inhibitor, E' the methanesulfonylated enzyme; PI the product ,  and k+l, 
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k_l, k+2 , rate constants. Under conditions of  our experiments on the methane- 
sulfonylation of  acetylcholinesterase till now,  the phenomenological  course of  
the reaction was [ 3,5 ] 

E + I ~ E ' + P I  (2) 

where k is the second-order rate constant for the overall reaction. This constant 
is presumably [3,7,4,2]  

k+l  k+2 _ k+2 
k -  k _ ~  g i (3) 

or, in terms of  the corresponding thermodynamic activation quantities, 

R T  R T  
k = ~ exp[--(AV+*~ + AG*2 --  AG*_~ ) /RT]  = ~ e x p ( - - A G * / R T )  (4) 

where R, T, N and h have their usual meaning; AG~ is the free energy of  activa- 
tion of  the enzyme • inhibitor complex formation, AG_* 1 the free energy of  
activation of  the enzyme-inhibitor complex dissociation, AG* the free energy 
of  activation of  the  decomposit ion of  the complex into the methanesulfonyl- 
ated enzyme and product, and AG* the free energy of  activation of  the overall 
reaction (Fig. 1). 

E,I* 

El* 

zl * 

~.~ 
Reaction coord ina te  

Fig.  1. Poss ible  f ree  ene rgy  prof i le  for  t he  m e t h a n e s u l f o n y l a t i o n  o f  ace ty l cho l ine s t e r a se .  G, f ree  e ne rgy ;  E, 
a c e t y l c h o l i n e s t e r a s e ;  I, i n h i b i t o r  ( m e t h a n e s u l f o n y l f l u o r i d e ) ;  EI ,  e n z y m e  - i n h i b i t o r  c o m p l e x ;  E ' ,  m e t h a n e -  
s u l f o n y l a t e d  e n z y m e ;  P1,  p r o d u c t ;  E, I* ,  a c t i v a t e d  c o m p l e x  for  the  f o r m a t i o n  o f  the  e n z y m e  • i n h i b i t o r  

c o m p l e x ;  E I * ,  a c t i v a t e d  c o m p l e x  for  the  d e c o m p o s i t i o n  of  the  e n z y m e ,  i n h i b i t o r  c o m p l e x  in to  t h e  
m e t h a n e s u l f o n y l a t e d  e n z y m e  a n d  p r o d u c t ;  AG+*I, f ree  e n e r g y  o f  a c t i v a t i o n  o f  the  e n z y m e  • i n h i b i t o r  c o m -  

* 
plex f o r m a t i o n ;  AG+2, f ree  ene rgy  of  a c t i v a t i o n  o f  t he  d e c o m p o s i t i o n  of  the  e n z y m e  • i n h i b i t o r  c o m p l e x ;  
AG_* r f ree  ene rgy  of  a c t i v a t i o n  of  the  e n z y m e - i n h i b i t o r  c o m p l e x  d i s soc ia t ion ;  A G * ,  f ree  ene rgy  o f  

a c t i v a t i o n  o f  t h e  o v e r a l l  r e a c t i o n .  
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The second-order rate constant,  k, was used in our work as the characteristic 
quant i ty  for methanesulfonylat ion and, consequently,  our findings up to the 
present are concerned with AG*, the thermodynamic activation quanti ty  of  the 
overall reaction. The first question about  the mechanism to be solved is: does 
the cationic accelerator increase the methanesulfonylat ion of acetylcholinester- 
ase by increasing the binding of  methanesulfonylfluoride to acetylcholinester- 
ase or by increasing the decomposi t ion of  the enzyme-inhibitor complex into 
the methanesulfonylated enzyme and product?  Or does it work in both  ways? 

The answer to these questions seems to be important  since it would explain 
in some detail the acceleration of the methanesulfonylat ion of  acetylcholin- 
esterase with cationic accelerators and, possibly, it would throw some light on 
similar cases of  acceleration with cations. In an a t tempt  to get the answer we 
studied the methanesulfonylat ion of  acetylcholinesterase with relatively high 
concentrations of methanesulfonylfluoride,  in the presence and absence of  
accelerators. 

Methods and Materials 

The rate of  the sulfonylation of  acetylcholinesterase with methanesulfonyl- 
fluoride derived from Eqn. 1 is [4] 

In [E] = k+: t - kappt (5) 
[E]0 1 + k+,/[I] 

and thus 

1 l + K i  . 1 
kapp -- [I-] (6) 

where [E] is the concentrat ion of  the uninhibited enzyme, [E]o the total con- 
centration of  the enzyme, [I] the concentration of  methanesulfonylfluoride,  t 
the time of  methanesulfonylation,  and kapp the apparent pseudo first-order rate 
constant  for a given concentrat ion of methanesulfonylfluoride.  

In experimental conditions where the concentration of  methanesulfonyl- 
fluoride is high enough (cf. ref. 3) the rate of  methanesulfonylat ion follows 
Eqn. 6 and a plot  of  1/kapp against 1/[I]  gives a straight line with the intersec- 
tion 1/k+2 and the tangens Ki/k÷2. Thus, if experiments can be carried out  with 
relatively high concentrations of  methanesulfonylfluoride,  more precisely if 
the concentrations of  methanesulfonylfluoride are not  much lower than Ki, 
then it is possible to determine k+ 2 and Ki. The methanesulfonylation under 
these conditions, with and wi thout  added accelerators, would make it possible 
to determine the effect  of  an accelerator on individual steps of the methane- 
sulfonylation. 

We followed the inhibition of  acetylcholinesterase with methanesulfonyl- 
fluoride in a relatively high concentration,  with added accelerators decame- 
thonium or te t rae thylammonium and wi thout  them. The concentrations of  
methanesulfonylfluoride which turned out  in a separate experiment to be still 
suitable for experimental work ranged up to about  20 mM; at these concen- 
trations, the solubility of methanesulfonylfluoride was still adequate and the 
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half-times for methanesulfonylation were not  too low. 
The enzyme was incubated with a high excess of methanesulfonylfluoride 

for various times, with and without  added decamethonium or tetraethylammo- 
nium; the remaining enzyme activity was then determined after extensive 
dilution. The apparent first-order rate constant was calculated from the time 
dependence of methanesulfonylation,  according to Eqn. 5. Six different con- 
centrations of methanesulfonylfluoride were always used in order to determine 
six first-order rate constants. Then the reciprocals of the first-order rate con- 
stants were plotted against the reciprocals of  methanesulfonylfluoride concentra- 
tions, in accordance with Eqn. 6. 

A typical run was as follows (cf. refs. 5 and 8). 100 pl of incubation solu- 
tion, with the concentration of methanesulfonylfluoride ranging from 2.5 to 
20 mM, was added to 10 pl of enzyme stock solution. After various times of 
incubation, from 10 to 60 s, 10 pl of the mixture was withdrawn by means of 
an Eppendorf pipette 3130 and introduced into 15.0 ml of the reaction mix- 
ture for the determination of acetylcholinesterase activity. Then, the enzyme 
activity was determined according to the method of Ellman et al. [9], using 
spectrophotometer Opton PM 4 with the corresponding device for automatic 
changing of tubes and a recorder. In experiments with accelerators, their con- 
centrations were near saturation (cf. refs. 8 and 10); the concentration of deca- 
methonium was 0.1 mM and that  of te t raethylammonium 5 mM. Since the 
methanesulfonylation in the presence of decamethonium or tetraethylammoni- 
um is about 30 times faster than without  the accelerator, the concentrations of 
methanesulfonylfluoride in those experiments were lowered correspondingly. 

The enzyme used was acetylcholinesterase, Worthington, ECH 36E653, 1000 
units/mg. The stock solution of the enzyme contained 1 mg of the preparation 
in 1 ml of the buffer solution according to Britten and Robinson [11]; NaC1 
was added to the buffer solution up to a total ionic strength of 0.2. Methane- 
sulfonylfluoride was of Eastman Organic Chemicals. The stock solutions of this 
inhibitor were prepared in spectroquality acetone and the concentrations of 
methanesulfonylfluoride ranged from 0.5 to 4 M. In order to avoid a source of 
errors by acetone, the concentration of this substance in incubation solutions 
was kept constant. In experiments with accelerators, the methanesulfonylfluor- 
ide stock solutions were 0.075--0.2 M. Incubation solutions were always pre- 
pared immediately before each experiment. The buffer solution for the incu- 
bation was the buffer solution of Britten and Robinson [11] with added NaC1. 
The buffer solution of Britten and Robinson [11] had a pH of 8.3 which is 
approximately the opt imum for the methanesulfonylat ion of acetylcholin- 
esterase (cf. ref. 5). All experiments were carried out in a thermostat  at 25°C. 

Results 

Our experimental results are summarized in Figs. 2--4. 
From these figures and by means of  Eqn. 6 the values of Ki and k+2 for the 

methanesulfonylation under various experimental conditions were obtained. 
The corresponding thermodynamic quantities, AG~I, the standard free energy 
change of the enzyme • inhibitor complex formation, and AG*2, the free energy 
of activation of the decomposition of the complex, were calculated by means 
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Fig. 2. D e p e n d e n c e  of  the f i rs t -order  ra te  c ons t a n t s  for  the  m e t h a n e s u l f o n y l a t i o n  of  ace ty leho l ines te rase ,  
kap  p, on the  c o n c e n t r a t i o n  of  m e t h a n e s u l f o n y l f l u o r i d e  (MSF) for  the r eac t ion  in the  absence  of  accelera- 
tor .  The  s t ra ight  l ine was  o b t a i n e d  by the  m e t h o d  of  least  squares .  Th ree  such d iagrams  were  m a d e  o u t  of 
th ree  ana logous  e x p e r i m e n t s .  

Fig. 3. D e p e n d e n c e  of  the  f i r s t -order  ra te  cons t an t s  for  the  m e t h a n e s u l f o n y l a t i o n  of  ace ty lchol ines te rase .  
kapp ,  on  the  c o n c e n t r a t i o n  of  m e t h a n e s u l f o n y l f l u o r i d e  (MSF) for  the  r eac t i on  wi th  ad d ed  acce le ra to l  
d e c a m e t h o n i u m  (0.1 raM). The  s t ra ight  l ine was  o b t a i n e d  by  the  m e t h o d  of  least  squares .  Th ree  such dia. 
g rams  were  m a d e  ou t  of  th ree  ana logous  e x p e r i m e n t s .  

of  the usual thermodynamic equations. These kinetic and thermodynamic 
values, together with analogous ones from our earlier work [8 ,10] ,  are pre- 
sented in Table I. 
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Fig. 4. D e p e n d e n c e  o f  the  f i r s t -order  ra te  c o n s t a n t s  fo r  the  m e t h a n e s u l f o n y l a t i o n  of  ace ty lcho l ines te rase  
kapp ,  on  the  c o n c e n t r a t i o n  of  m e t h a n e s u l f o n y l f l u o r i d c  (MSF)  for  the  r eac t i on  wi th  ad d ed  acce la ra to  
t e t r a c t h y l a m m o n i u m  (5 raM).  T h e  s t ra ight  l ine was  o b t a i n e d  by the  m e t h o d  of  least  squares .  Th ree  suc] 
d i ag rams  were  m a d e  ou t  of  th ree  ana logous  e x p e r i m e n t s .  
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T A B L E  I 

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

Data  app ly  to the  r eac t ion  E + I ,  k+ l ,  EI  k+2~E'  + PI ' E, ace ty lcho l ines te rase ;  I, inh ib i to r  (me thanesu l -  
k - -  1 

fony l f luor ide ) ;  El ,  e n z y m e '  inh ib i to r  c o m p l e x ;  E ' ,  m e t h a n e s u l f o n y l a t e d  e n z y m e ;  P1, p r o d u c t ;  k + l  , 
k _  l ,  k+2,  rate cons tan t s ;  MSF, m e t h a n e s u l f o n y l f l u o r i d e ;  C-10, d e c a m e t h o n i u m ;  T E A ,  t e t r a e t y l a m m o -  
n ium;  k, ra te  c o n s t a n t  for  the  overall  r eac t ion ;  AG ~, free energy  of  ac t iva t ion  of  the  overall  r eac t ion ;  Ki,  
e n z y m e  • inh ib i to r  c o m p l e x  dissocia t ion c ons t a n t ;  A G ~ I  , s t anda rd  free ene rgy  change  of  the  e n z y m e  • in- 
h ib i to r  c o m p l e x  f o r m a t i o n ;  k+2,  ra te  cons t an t  for  the  d e c o m p o s i t i o n  of  the  e n z y m e  • inh ib i tor  c o m p l e x  
in to  the  m e t h a n e s u l f o n y l a t e d  e n z y m e  and the p r o d u c t ;  A G ~ 2 ,  free energy  of  ac t iva t ion  of  the  d e c o m p o -  
si t ion of  e n z y m e  • inh ib i to r  c o m p l e x .  Each value in the  table  is the  average f rom three  d e t e rmin a t i o n s .  
The  values  f r o m  d i f fe ren t  d e t e r m i n a t i o n s  ne ve r  d i f fe red  m o r e  t h a n  10%. 

o 
E x p e r i m e n t  k AG* K i A G E I  k+2 AG.~2 

(M -I  • s -1) ( kca l /mo l )  (M) (kca l /mo l )  (s -1) ( kca l /mo l )  

MSF 3.1 * 16 .8  * 0 .058  - -1 .68  0 .185  18.4 
MSF + C-10 88 ** 14.7 ** 0 . 0 0 6 0  - -3 .03  0 .180  18.5 
MSF + T E A  85 * 14.7 * 0 . 0 0 3 1 5  - -3 .41  0 .200  18.4 

• F r o m  ref. 8. 
• * F r o m  ref.  10. 

Discussion 

It follows immediately from Fig. 2 that  a complex of  enzyme and methane- 
sulfonylfluoride is formed during the methanesulfonylation and that the reac- 
tion, indeed, proceeds according to Eqn. 1. If it were not  so and if the reaction 
proceeded according to Eqn. 2 the straight line in the diagram would go 
through the origin of  the coordinate system, since in this case kapp is necessar- 
ily kapp = k [I].  The complex formed, however,  is weak. Its dissociation con- 
stant, Ki, is 0.058 M and the corresponding standard free energy change of the 
complex formation,  AG~I, is --1.67 kcal/mol (Table I, cf. refs. 2 and 4). Ano- 
ther property of this complex can be deduced at this stage: Ki for this complex 
is a true dissociation constant and not  a Michaelis-Menten kind of  constant,  
since, on the one hand, k+ 2 is low and, on the other  hand, k÷l may safely be 
assumed as being high (cf. ref. 12). 

An important  deduction can be made directly from Figs. 2--4 and Table I: 
the presence of  both  typical accelerators decamethonium and tetraethylammo- 
nium practically does not  change k+2 but  it does profoundly  change K i. In 
other words the accelerator accelerates the methanesulfonylation of  acetyl- 
cholinesterase by improving the binding between acetylcholinesterase and 
methanesulfonylfluoride without  effecting the rate of the decomposit ion of  
the enzyme-inhibitor complex into the methanesulfonylated enzyme and 
product.  

It should be noted here that  the values for k in the presence of decametho- 
nium and te t raethylammonium which can be obtained from the described 
experiments (cf. Table I) by means of  the equation k = k+2/K i are lower than 
the corresponding values reported earlier (cf. Table I and refs. 8 and 10). This 
is in agreement with the above finding that the acceleration is due to an 
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improved binding since in this case the acceleration must be lower at higher con- 
centration of  methanesulfoaylf luoride.  

In terms of  thermodynamics,  the accelerator can improve the binding in two 
different ways: by increasing the free energy level of  the reactants acetyl- 
cholinesterase and methanesulfonylfluoride or by decreasing the free energy 
level of  the complex between acetylcholinesterase and methanesulfonylfluoride. 
The two possible ways are illustrated in Fig. 5. There can be, of  course, a com- 
bination of  the ways. 

Using the thermodynamic data from Table I and assuming for the free 
energy of activation of  the complex formation a value of  5 kcal/mol (cf. refs. 1 
and 2), a quantitative free energy profile for the methanesulfonylat ion of  
acetylcholinesterase has been constructed and is shown in Fig. 6 (full line). 
Under the assumption that the accelerator increases the free energy level of  the 
reactants, probably of  the enzyme, the quantitative free energy profile for the 
methanesulfonylat ion in the presence of the accelerator decamethonium or 
te t rae thylammonium is as shown by  the dot ted  line in Fig. 6. 

Summarizing, the mechanism of the acceleration of  methanesulfonylat ion of 
acetylcholinesterase by cationic accelerators consists in an electrostatically 
improved binding between acetylcholinesterase and methanesulfonylfluoride.  
However,  the molecular events of  this mechanism remain to be elucidated. 

o 

IL 
Reaction coordinate 

Fig. 5. Pos~ble free energy profile for t h e  m e t h a n e s u l f o n y l a t i o n  o f  a c e t y l c h o l i n e s t e r a s e  in t h e  a b s e n c e  
(full line) and  p r e s e n c e  ( i n t e r r u p t e d  a n d  d o t t e d  lines) of an  acce l era tor .  G, free energy; E, a c e t y l c h o l i n -  
es terase;  I,  i n h i b i t o r  ( m e t h a n e s u l f o n y l f l u o r i d e ) ;  EI,  e n z y m e  • i n h i b i t o r  c o m p l e x :  AG*, free  e n e r g y  o f  act i -  
v a t i o n  of the overall react ion in t h e  a b s e n c e  o f  acce l era tor ;  AG~, free energy of act ivat ion of the overall 
r e a c t i o n  in  t h e  p r e s e n c e  o f  acce l era tor .  For  deta i l s  see  t e x t .  
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Fig.  6. Q u a n t i t a t i v e  free e n e r g y  p ro f i l e  f o r  the  m e t h a n e s u l f o n y l a t i o n  o f  a c e t y l c h o l i n e s t e r a s e  in t he  
a b s e n c e  (full  l ine)  a n d  p r e s e n c e  ( i n t e r r u p t e d  l ine)  o f  t he  a c c e l e r a t o r  d e c a m e t h o n i u m  or  t e t r a e t h y l a m m o n i -  
u rn .  G,  f ree  e n e r g y ;  E, a c e t y l c h o l i n e s t e r a s e ;  I, i n h i b i t o r  ( m e t h a n e s u l f o n y l f l u o r i d e ) ;  EI,  e n z y m e  • i n h i b i t o r  
c o m p l e x ;  E ' ,  m e t h a n e s u l f o n y l a t e d  e n z y m e ;  P1,  p r o d u c t ;  Ea,  e n z y m e  ra i sed  b y  the  a c c e l e r a t o r  to  a h i g h e r  
f ree  e n e r g y  level;  E, I*,  a c t i v a t e d  c o m p l e x  f o r  the  f o r m a t i o n  of  t he  e n z y m e  • i n h i b i t o r  c o m p l e x ;  EI* ,  
a c t i v a t e d  c o m p l e x  fo r  t he  d e c o m p o s i t i o n  of  the  e n z y m e  • i n h i b i t o r  c o m p l e x  i n to  m e t h a n e s u l f o n y l a t e d  
e n z y m e  a n d  p r o d u c t ;  AG~I , f ree  e n e r g y  o f  a c t i v a t i o n  o f  t h e  e n z y m e ,  i n h i b i t o r  c o m p l e x  f o r m a t i o n ;  
AG+*2, f ree  e n e r g y  of  a c t i v a t i o n  o f  t h e  d e c o m p o s i t i o n  o f  t he  e n z y m e - i n h i b i t o r  c o m p l e x ;  AG* ,  free 

• o ene rgy  o f  a c t i v a t i o n  o f  t he  overa l l  r e a e h o n ;  A G E I  ' s t andard ,  f ree  e n e r g y  c h a n g e  o f  t he  e n z y m e  • i n h i b i t o r  
c o m p l e x  f o r m a t i o n  in  t he  a b s e n c e  o f  a c c e l e r a t o r ;  A G a ,  EI ' s t a n d a r d  f ree  e n e r g y  c h a n g e  o f  t he  e n z y m e  • 
i n h i b i t o r  c o m p l e x  f o r m a t i o n  in  t he  p r e s e n c e  o f  a c c e l e r a t o r .  F o r  e x p l a n a t i o n  see t e x t .  
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