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INTRODUCTION 

Acetylcholinesterase is not only a highly effective catalyst  for the hydrolysis of 
acetylcholine but  also catalyzes certain other acylation reactions. The source of the 
acyl radical may  be either an ester or fa t ty  acid. In previous papers a single mechanism 
was developed for all the reactions subject to catalysis by  this enzyme 1-4. An essential 
feature of the mechanism is that  the esteratic site contains a basic and acidic group 
upon which the catalysis depends. Thus 

EHs+ f +H + +OH-~ ,  E-+ H20. EH / "  

inactive active inactive 

The first step in the process is the formation of a thermodynamically stable enzyme 
substrate complex characterized by bond formation between the electrophilic acyl 
carbon atom of the substrate and the basic group of the enzyme. I f  a tert iary amine, 
quaternary ammonium, or geometrically similar group is available, additional binding 
will occur at  an electrically negative, i.e. anionic site. Then a rearrangement follows 
in which a proton is transferred from the acid group of the enzyme to a nucleophilic 
portion of the substrate resulting in the internal elimination of a small molecule such 
as an alcohol or water molecule. The basic group of the enzyme is thereby acylated. 
The next step is a reaction of the acylated enzyme with nucleophilic reagents such as 
H~O, OH-,  NHzOH, [N(CHs)3C2H4OH]+, etc. In the scheme outlined below only reactions 
involving the esteratic site are depicted. The symbol H - -  .G. represents the esteratic site. 
G is assumed to have the ability to transmit  electrons as illustrated by conjugate double 
bonds. 

* This investigation was supported by a research grant from the Division of Research Grants 
and Fellowships of the Nationaljlnstitutes of Health, U.S. Public Health Service. 
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The formation of the acylated enzyme, a reactive intermediate, is the rate controlling 
step. In this scheme the essential function of the acid group is in the formation of the 
acylated enzyme and not in the formation of the enzyme substrate complex. Hydrogen 
bonding with either oxygen is possible but  measurements with choline do not indicate 
that it is of great importance (unpublished data). This role of the acid group can be 
tested experimentally with the aid of a suitable inhibitor such as prostigmine. Compound 
formation of the enzyme with this inhibitor is essentially the same as that  with acetyl- 
choline. Prostigmine contains a quaternary ammonium group and an electrophilic 
carbon atom in a carbonyl group separated from the cationic nitrogen by approximately 
the same distance as in acetylcholine. Since inhibition by this compound involves only 
formation of a complex without hydrolysis, it can be determined whether or not the 
acid and basic groups are important in this formation by comparing the inhibition at 
various PH levels. If the inhibition should decrease in alkaline medium, this would 
suggest that the acidic group of the enzyme was essential for the complex formation, 
since the acid group in alkaline medium is converted to its conjugate base. On the other 
hand, if no change occurs it would indicate that  the acid group is not necessary for the 
binding. 

Any change in binding will be less manifest under competitive than under non- 
competitive conditions since complex formation with both acetylcholine and inhibitor 
will be similarly affected. 

Let us consider PH levels more acid than the optimum Pa, i.e. < 8. Rate equations 
can be derived for various circumstances. Let us derive equations for the case that the 
inhibitor may combine with the basic group of the enzyme but not with its conjugate 
acid. 

For competitive inhibition (at substrate concentrations, 4" lO-3 M or less, which 
is sufficiently low to prevent the formation of an inactive supercomplex) the following 
equilibria are pertinent:  

EHI+ ~ EH + H + 

E H - ] -  I ~ E H I  
E H  + S ~ -  E H S  

yielding 
v ° (/) 
- -  ~ I *gf- 
v . .  [ (H+) , KI]  (x) 

where v = is the reaction velocity with inhibitor, v ° without inhibitor, KI is the in- 
hibitor-enzyme dissociation constant, KI is the substrate-enzyme dissociation constant, 
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KEnt- is the dissociation constant of the conjugate acid of the basic group of the 
enzyme, (I) is the concentration of inhibitor, (S) the concentration of substrate and 
(H +) is the concentration of hydronium ion. For non-competitive inhibition the inhibitor 
simply decreases the amount of available enzyme as determined by the first two equi- 
libria, yielding 

v ° (I) 

v /41 ( ( H + )  + I~ (2) 
\KEH2+ / 

Since under convenient experimental conditions (S)/KI is large compared to the PH 
variable term, it is apparent that non-competitive inhibition is far more sensitive to 
PH Change. Under non-competitive conditions there will be no PH effect if the inhibitor 
may combine with both the enzyme form containing the basic group and that containing 
its conjugate acid. 

Non-competitive conditions can be approached with some competitive inhibitors 
by incubating the enzyme first with inhibitor and then adding substrate, but using only 
the first 3 or 4 minutes for kinetic measurements. With prostigmine, for example, some 
15 or more minutes are required for "equilibrium" to be reached with respect to enzyme, 
substrate and inhibitor s. All the enzyme which is in the form of a complex with prostigo 
mine is thus withheld from the system for the first few minutes. 

METHOD 

E n z y m e  a n d  inh ib i to r  were i n c u b a t e d  for io  m i n u t e s  in p h o s p h a t e  or bora te  buffers  as  descr ibed 
p rev ious ly  z. Ace ty lcho l ine  (4" lO-a M final concent ra t ion)  was  t h e n  a d d e d  a n d  s amp le s  w i t h d r a w n  
for ana lys i s  a f te r  ~ne a n d  two m i n u t e s  a t  PH be tween  6 a n d  io  a n d  af te r  two a n d  four  m i n u t e s  a t  
o the r  PH levels.  T1ae h y d r o l y s i s  of t he  es ter  was  d e t e r m i n e d  b y  t h e  color imetr ic  h y d r o x a m i c  acid 
p rocedure  6. A t  each  PH a m e a s u r e m e n t  was  m a d e  w i t h o u t  inh ib i to r  b u t  in  these  cases  one -ha l f  as  
m u c h  e n z y m e  was  used.  

The  e n z y m e  was  ace ty lcho l ines te rase  purif ied f rom electr ic t i s sue  of Electrophorus dectricus. 

RESULTS 

The inhibition of prostigmine was measured as a function of PH under non-com- 
petitive conditions. Prostigmine inhibition decreases markedly in acid media (Table I) 
indicating that the basic group is necessary for the formation oi the enzyme-prostigmine 
complex. 

The constancy of inhibit.ion in alkaline media indicates that the acid group is not 
significantly involved in complex formation. 

DISCUSSION 

The findings with prostigmine indicate that only the basic group is necessary for 
the binding. This conclusion must be applicable to other similarly constituted molecules 
including acetylcholine. If the acid group is not involved in the binding of acetylcholine 
and yet essential for its hydrolysis, it must be involved in the cleavage process which 
follows the complex formation. These results thus confirm the conclusions deduced from 
the proposed mechanism of hydrolysis. 

It is possible to calculate the basic ionization constant from equation (2), but the 
Re/erences p. 470. 
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T A B L E  I 

NON-COMPETITIV]~  INHIBITION OF A C E T Y L C H O L I N E S T E R A S E  
BY PROSTIGMINE B R O M I D E  AS A FUNCTION OF PH 

The f inal  m o l a r  c o n c e n t r a t i o n  of i n h i b i t o r  is  i nd i ca t ed .  The  con t ro l  so lu t ion  a t  PH 7 h y d r o l y z e d  
0.6 mic romoles  of a ce ty l cho l ine  per  ml  per  rain.  R e a d i n g s  were m a d e  a t  i and  2 m i n u t e s  for PH 
be tween  6 and  i i and  a t  2 a nd  4 m i n u t e s  for o the r  PH. For  ac id  PH the  d a t a  of 2 r e p r e s e n t a t i v e  
e x p e r i m e n t s  are  given.  

PH 

5.2 
5"4 
5.6 
5.9 
6.2 
6.3 
7.0 
7.5 
8.o 
9.0 
IO.O 

II.O 

Per  cen t  i n h i b i t i o n  

4 -1o  -7 M 

7 
28 

3 ° 
53 
49 
68 
80 

I. 3 • lO -7 M 

56 

65 
64 
55 
57 

value so obtained is not to be regarded as very precise in view of the difficulties of experi- 
mentation and calculation. For example, if the inhibition is not completely non-com- 
petitive, KsI~z+ would tend to come out high. Moreover, Km~2+ is calculated from 
v ° -  I (the difference between two comparable quantities). The value obtained is about 
2 .  lO -7 which is in satisfactory agreement with the value of 7" IO-8 determined from 
the PH dependence of the hydrolysis of acetylcholine. 

The acid dissociation constant 5" IO-X° obtained from the Pn dependence of acetyl- 
choline hydrolysis must be the acid dissociation constant not of the free enzyme but 
of the enzyme substrate complex. This is apparent since the acid group comes into play 
after the complex is formed. Evidently the measured basic dissociation constant will 
be the same for all reactants but  the acid dissociation constant will depend upon the 
substrate. In the consideration of various structures as possible enzyme "surfaces", it 
would be advantageous to  know the acid dissociation constant of the free enzyme. 
Apparently this will be quite difficult to measure. We may, however, consider its 
relationship to the value of the acid dissociation constant of the enzyme-substrate 
complex. From the mechanism of hydrolysis it is seen that the iormation of the complex 
involves a separation of charge. The electrolytic system symbolized by G acquires 
a formal + charge. The effect of this charge would be to repel the proton of the acid 
group and thus increase the acidic dissociation. This effect is clearly illustrated by the 
respective carboxyl dissociation constants of acetic acid and glycine. The effect on the 
enzyme, however, would be considerably less pronounced since a dipole rather than 
a free charge is here involved. The acid dissociation constant of the enzyme is therefore 
certainly considerably less than 5" IO-X°. 

Prostigmine inhibition as a function of PH was reported in a previous paper. In that  
work the lowest Pn was 6. The reaction time was a half hour period so that  conditions 
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p r o b a b l y  a p p r o x i m a t e d  c o m p e t i t i v e  i n h i b i t i o n .  T h a t  t h e  i n h i b i t i o n  was  f o u n d  n o t  to  

v a r y  u n d e r  t h o s e  c o n d i t i o n s  d o w n  to  P n  = 6 is t h e r e f o r e  in  n o  w a y  i n c o n s i s t e n t  w i t h  

t h e  w o r k  r e p o r t e d  in  t h i s  p a p e r ,  s i nce  as  h a s  b e e n  d i s c u s s e d  a b o v e  c o m p e t i t i v e  i n h i b i t i o n  

is r e l a t i v e l y  i n t e n s i t i v e  to  pH c h a n g e .  
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SUMMARY 

Measurements of the inhibi t ion of acetylcholinesterase by  prostigmine as a function of PH under  
non-competi t ive conditions reveal t ha t  the basic group in the esteratic site of the enzyme is essential 
for the formation of the enzyme substrate  complex but  t h a t  the acid group is not  significantly 
involved. The acid group is essential in the hydrolyt ic  process which follows the formation of the 
enzyme-substrate complex. These conclusions are in accordance with a previously developed me- 
chanism of enzyme catalyzed hydrolysis. 

The measured dissociation constant  of the acid group is t h a t  of the enzyme substrate complex 
and  not  t ha t  of the free enzyme. 

RRSUM~ 

Des mesures de l ' inhibi t ion sans concurrence de l 'acdtylcholinestdrase par  la prostigmine en 
fonction du PH mont ren t  que le groupe basique de la par t ie  estdrasique A la surface de l 'enzyme 
est essentiel pour la formation du complexe enzyme-substrat  mais que le groupe acide ne joue pas 
de r61e significatif. Le groupe acide est essentiel pour le processus d 'hydrolyse qui suit  la formation 
du complexe enzyme-substrat .  Ces conclusions son t  en accord avec un mdcanisme prdcddemment 
ddveloppd expl iquant  l 'hydrolyse catalysde par  un  enzyme. 

La constante de dissociation mesurde du groupe acide est celle du complexe enzyme-substrat  
et non de l 'enzyme libre. 

ZUSAMMENFASSUNG 

Messungen der Hemmung yon Acetylcholinesterase durch Prost igmin als Funkt ion  des PH unter  
n icht  konkurrierenden Bedingungen zeigen, dass die basische Gruppe des esteratischen Tells in der 
Oberfl~che des Enzyms ftir die Bildung des Enzym-Substra t -Komplexes  notwendig ist, die saute 
Gruppe aber keine bedeutende Rolle spielt. Die saure Gruppe is t  ffir den hydrolytischen Prozess, 
welcher auf die Bildung des Enzym-Substrat -Komplexes folgt, notwendig. Diese Folgerungen stim- 
men mi t  einem frfiher entwickelten Mechanismus der enzymatisch katalysier ten Hydrolyse fiberein. 

Die gemessene Dissoziationskonstante der sauren Gruppe ist diejenige des Enzym-Substra t -  
Komplexes und n icht  des freien Enzyms. 
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