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In previous papers it was attempted to give a detailed description of the active 
surface of ACh esterase. The esteratic site was subdivided into a nucleophilic group (G1) 
and an electrophilic group (G~), in order to account for the reversible inactivation of 
the enzyme by H+ or OH'  ions 1,3. With the intention to substantiate this subdivision 
and to determine with which part of the substrate may G I and Gz combine, we carried 
out the following experiments. 

Based on the assumption that G1 combines with the carbonyl carbon of the ester 
group and that G 2 is responsible for the binding of the ether oxygen* a prediction can 
be made about the variation with pH of the activity of inhibitors. If  we use inhibitors, 
in which one or the other part of the grouping R - O - C - R '  is missing, the effect of a 

O 
change in hydrogen or hydroxyl ion concentration should disappear. I t  can thus be 
foreseen that  the inhibitory effect of 

i. prostigmine should be dependent on both ions, similar to the change of the rate 
of hydrolysis of a substrate with pH 

2. acetophenone m-trimethylammonium iodide should vary only with the concen- 
tration of H+ ions 

3. choline chloride should be dependent only on the concentration of OH'  ions 
4- tetraethylammonium bromide should be independent of either ion. 
Our experimental results, described in this paper, are in disagreement with the 

above prediction and reveal a new feature of the influence of a decrease in pH on the 
active surface of the enzyme. While our investigation was in progress, a paper by 
WILSON 8 appeared, in which the pH dependence of the inhibitory effect of prostigmine 
was tested. However, our experiments led to entirely different conclusions from those 
arrived at by this author. 

* This  is only  one of the  poss ible  func t ions  of G 2. I t  could e.g. also be invo lved  in a t t a c h i n g  
the  ca rbony l  oxygen.  
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MATERIALS AND METHODS 

Ace tophenone  m - t r i m e t h y l a m m o n i u m  iodide (I) was p repa red  accord ing  to  the  l i t e r a tu re  (4-5)- 
Howeve r  the  e x h a u s t i v e  m e t h y l a t i o n  of m -a m inoa e e tophenone  was  car r ied  ou t  in one s tep as follows : 
A m i x t u r e  of m-aminoace tophenone  (6.8 g) a nd  m e t h y l  iodide  (43 g; 6 equ iva len ts )  in m e t h a n o l  
( ioo ml) was ref luxed for two  hours.  Upon  cool ing wh i t e  c rys ta l s  were obta ined ,  which  were recrys ta l -  
lized f rom methanol .  Colorless p r i sms  of m.p.  233--235 °. Yie ld :  13 g, 85 %. 

ACh es terase  was  p repa red  f rom the  e lect r ic  t i s sue  of E l ec t ropho rus  e lect r icus  or Torpedo 
m a r m o r a t a * .  The  enzyme  p r e p a r a t i o n  used, when  d i lu ted  i:I5OO, hydro lyzed  5 /~moles /ml /hour ,  
if 3.3" lO-3 M ACh was  the  subs t ra te .  For  the  shor t  r ange  e x p e r i m e n t s  a d i lu t ion  i :4oo was applied,  
which hyd ro lyzed  o. 3 ~umoles/ml/min. 
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Fig. I. I nh ib i t i on  of ACh es terase  by  q u a t e r n a r y  a m m o n i u m  sa l t s  as func t ion  of p H  

E n z y m e  i : 4oo, hydro lyzes  o. 3 t tmoles  A C h / m l / m i n  
S u b s t r a t e  ACh 3.3" lO-3 M 
Buffers o.I M p h o s p h a t e  for p H  below 8. 5 

o . i  M bora t e  for p H  above  8.5 
Inh ib i to r s  : 

. . . . . . . .  . . . . .  p ros t i gmine  b romide  8. lO -8 M 
O - -  - O - - O  ace tophenone  m - t r i m e t h y l a m m o n i u m  iodide  8. io  -s M 
® . . . . . .  ® . . . . . .  ® chol ine chlor ide  i .  lO -3 M 
x . . . . .  x . . . . .  × . . . . .  × t e t r a e t h y l a m m o n i u m  b romide  5" Io-3 M 

Hydro lys i s  of ACh was measured  a f te r  4 min  for p H  < 6 and  a f t e r  2 min  for p H  > 6. 

The  i n h i b i t o r y  a c t i v i t y  of the  ace tophenone  d e r i v a t i v e  x was  d e t e r m i n e d  as descr ibed in a 
p rev ious  pape r  s b y  the  W a r b u r g  m a n o m e t r i c  me thod .  For  the  d e t e r m i n a t i o n  of the  p H  dependence  
of i n h i b i t o r y  effects t he  co lor imet r ic  m e t h o d  of HESTRIN ~ WaS used. E n z y m e  and  inh ib i to r  were 
i n c u b a t e d  for 2o rain, t h e n  ACh was  added  to  give a f inal  concen t r a t i on  of 3.3" Io-3 M. The  solu t ions  
were m a d e  up  in such a w a y  t h a t  al l  componen t s  of the  final m i x t u r e  bes ides  t he  s u b s t r a t e  occupied 
a v o l u m e  of 2.8 ml  and  the  s u b s t r a t e  i tself  o.2 ml. The  a d d i t i o n  of such a smal l  vo lume  to  the  i n c u b a t e d  
m i x t u r e  left  the  e n z y m e - - i n h i b i t o r  e qu i l i b r i um  p r a c t i c a l l y  und i s tu rbed .  

The  buffer had  a f inal  concen t r a t i on  of o. I M. The  f inal  concen t r a t i ons  of the  inh ib i to r s  were 
as follows: P ros t i gmine  b romide  8. IO -s M ;  ace tophenone  m - t r i m e t h y l a m m o n i u m  iodide 8. i o  -e M ;  
choline chlor ide 1-1o -2 M;  and t e t r a e t h y l a m m o n i u m  b romide  5" lO-3 M. Samples  of i ml  were 
w i t h d r a w n  from each reac t ion  m i x t u r e  af ter  i and  2 min  for p H  > 6, and  af ter  2 and  4 min  for 
pl-I < 6. Due to  the  g rea te r  sourcer  of error  invo lved  in  the  shor te r  r eac t ion  per iods  we have  
p lo t t ed  in Fig. I only the  va lues  for the  longer  periods.  

* W e  wish to  t h a n k  Prof. BAccI of the  Marine  Biological  S t a t ion  a t  Nap les  for the  generous 
gif t  of these  animals .  
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RESULTS 

I. The inhibitory effect o/acetophenone m-trimethylammonium iodide (I) 

This compound was prepared because of its similarity to 3-acetoxyphenyl m-tri- 
methylammonium methosulfate (Nu 2Ol 7, II) .  The latter is rapidly hydrolyzed by ACh 
esterase, and even its spontaneous hydrolysis in aqueous solution is faster than that  
of ACh s. The acetophenone derivative is of course not subject to hydrolytic fission and 
should therefore be an effective inhibitor 9. This prediction is confilmed by our experi- 
ments. The values obtained for I are compared in Table I with those for prostigmine. 
The lat ter  inhibits ACh esterase at about one seventeenth the concentration of the 
acetophenone derivative, but  it is about 15o times more toxic in white mice. The pharma- 
cological properties of the new inhibitor will be reported elsewhere. 

T A B L E  I 

C O M P A R I S O N  O F  P R O S T I G M I N E  B R O M I D E  A N D  A C E T O P H E N O N E  ~-TRIMETHYLAMMONIUM IODIDE (I) 

C5o /or ~tCh esterase * LDso /or white mice 
(ACh as substrate) intraven, intraperition. 

Prost igmine 4" IO-~ M o.15 mg/kg  0.6 mg/kg  
Acetophenone derivative 7" lO-6 M 28 mg/kg 70 mg/kg 

* For  the determinat ion  of Cs3 in the Warbu rg  appa ra tu s  we used an enzyme concentrat ion 
which hydrolyzed 5 I*moles/ml/hour. ACh 3-3" Io-8 M. Buffer 0.2 M gelatine - -  bicarbonate.  

COCH 3 OCOCH 3 

~ N ( C I - I 3 )  3 
Formula  I. Formula  I I .  

2. The pH dependence o~ the inhibitory effect o/ quaternary ammonium ions 

In view of the short reaction period in these experiments it can be assumed that  
addition of the substrate to the incubation mixture does not change the equilibrium 
enzyme- - inh ib i to r  to an appreciable degree. Therefore the degree of inhibition measured 
represents more or less accurately the position of this equilibrium. Our results are repre- 
sented in Fig. I and demonstrate the fact that  all inhibitors used in this investigation 
show a similar influence of p H  changes on their activity:  Their effect drops to zero 
near pH 5. This is especially conspicuous for the te t rae thylammonium ion, for which 
we have demonstrated that  VAN DER WAALS' forces between the alkyl chains and the 
active surface are responsible for the competition inh ib i tor - - subs t ra te  6. If  these forces 
should change at all with pH, such an effect should certainly be weaker for a CHI group 
than for the carbonyl in a ketone or ester. Therefore the fact that  all our inhibitors 
show a similar p H  dependence can be explained only by the assumption that  they 
compete with hydrogen ion for the anionic site. We thus come to the conclusion that  
the anionic site looses its negative charge progressively between p H  7 and 5, owing to 
combination with H +. 

I t  is apparent  in Fig. I that  choline and te t rae thylammonium bromide form a 
separate group and prostigmine and the acetophenone derivative another one. The lat ter  
two compounds show an earlier decline of their inhibitory effect than the first group. 

Re/erences p. 477. 
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DISCUSSION 

I n  our first pape r  1 i t  was assumed t h a t  the  charge of the  anionic si te does no t  change 
over  the  whole range  of pH.  However  th is  s t a t e m e n t  was based  on exper iments ,  which 
were car r ied  ou t  above  p H  6 and  were ex t ended  over  sufficiently long per iods  to  obscure  
the  enzyme- inh ib i to r  equi l ibr ium b y  in terference of the  compet i t ive  subs t ra te .  Only  
shor t  t e rm  expe r imen t s  can be considered as non-compet i t ive .  Therefore  our  resul ts  
now raise serious doub t s  on the  va l i d i t y  of the  va lue  for the  cons tan t  KEH2 +, in con- 
nect ion wi th  the  group G1 in the  es te ra t ic  site, since in these  exper imen t s  bo th  G 1 and  
the  anionic si te became progress ively  i n a c t i v a t e d  wi th  decreas ing pH.  The act ive  surface 
of ACh esterase,  a t  least  when ACh serves as subs t ra te ,  appears  to  be charac te r ized  
b y  five equi l ib r ium cons tan t s  in s t ead  of four. 

The  p H  ac t i v i t y  curve of ACh esterase,  which has  been de t e rmined  b y  HESTRIN 12 
and  b y  WILSON AND BERGMANN 2, shows a r a the r  b r o a d  m a x i m u m  be tween  p H  7.5 and  9- 
I t  differs in th is  respect  from the  behav ion r  of unspecific esterases,  e.g., serum eholin- 
esterase l° or l iver  esterase n,  which possess a much  nar rower  p H  op t imum.  This  fact  
was prev ious ly  t a k e n  as evidence t h a t  the  ac t ive  surfaces of "specif ic" and  "unspecif ic"  
esterases are  different.  However  in order  to  compare  dissociat ion cons tan t s  of the  
es tera t ic  sites in these two groups  of enzymes i t  is necessary  to isola te  the  effect of p H  
changes on the  es te ra t ic  si te and  on the  anionic  s i te  in ACh esterase.  I f  two groups  in 
the  l a t t e r  enzyme are i n a c t i v a t e d  s imul taneous ly  b y  combina t ion  wi th  H+, the  " t r u e "  
dissociat ion cons tan t  of G 1 is st i l l  unknown and  mus t  be  de t e rmined  b y  a new method .  
W e  shal l  r epo r t  on this  p rob lem in a for thcoming paper .  

I t  is surpr is ing  t h a t  the  p H  " a c t i v i t y "  curves  of ACh and  T E P P  possess a different  
shape.  In  view of the  fact  however  t h a t  T E P P  as a neu t ra l  " s u b s t r a t e "  is not  influenced 
b y  changes in the  anionic site,  th is  d i sc repancy  now appears  in a new l ight  and  requires  
re - inves t iga t ion .  

Al l  our  q u a t e r n a r y  a m m o n i u m  compounds  show a p rac t i ca l ly  cons tan t  inh ib i to ry  
ac t ion  t h roughou t  the  a lkal ine  p H  range.  This  fact  was exp la ined  b y  WILSONa--for  the  
case of p ros t igmine  - -  as follows: KEH, the  dissocia t ion cons tan t  associa ted  wi th  G2, 
belongs no t  to the  free enzyme,  b u t  to  the  e n z y m e - - s u b s t r a t e  t rans i t ion  complex.  This 
conclusion is suppo r t ed  b y  our  own results ,  a l though  o ther  possible exp lana t ions  have  
st i l l  to  be excluded.  

A C K N O W L E D G E M E N T  

The  au thors  wish to t h a n k  Dr  A. KALMUS for the  p r e p a r a t i o n  of the  ace tophenone  
de r iva t ive  used in these  exper iments .  

SUMMARY 

The variation of the effect of a group of inhibitors of ACh esterase with pH has been investigated. 
These inhibitors all possess a quaternary ammonium group, but are stripped of one or more com- 
ponents of the ester group, present in the substrate. All inhibitors showed a progressive decline of 
activity with decreasing pH, approaching zero around pH 5- 

These observations indicate that the anionic site becomes inactivated between pH 7 and 5 
by combination with hydrogen ions. Our results shed new light on the pH activity curve of ACh 
esterase with ACh as substrate. 

Re[erences p. 477. 
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RI~SUMt~ 

Les au teurs  ont  6tudi6 la variat ion avec le p H  d 'un  groupe d ' inhibi teurs  de l 'ACh-est6rase. 
Ces inhibi teurs  cont iennent  tous  un groupe a m m o n i u m  quaternai re  mais sont  priv6s d ' un  ou plusieurs 
cons t i tuants  du groupe ester contenu dans le subs t ra t .  L 'act ivi t6 de t o u s l e s  inhibiteurs diminue, 
lorsque le p H  d6croit et tend vers  z~ro lorsque le p H e s t  5 environ. 

Ces observat ions  indiquent  que la part ie anionique de l 'enzyme est inactiv6e entre p H  7 et 5 
par  combinaison avec des ions hydrogSne. Nos r6sultats  fournissent  un nouvel aspect  de la courbe 
d'activit6 en fonction du p H  de l 'ACh-estdrase avec ACh comme subst ra t .  

ZUSAMMENFASSUNG 

Die pH-Abhiingigkei t  der Wirkung  einer Grnppe yon Hemmstoffen  der ACh-Esterase wurde 
untersucht .  All diese Hemmsto t te  besitzen eine quatern~tre Ammonium-Gruppe ,  doch fehlen bei 
ihren ein oder mehrere I3estandteile der Estergruppe,  welche im Subs t ra t  vorkommt .  Die Aktivit/~.t 
aller Hemmstoffe  n a h m  allmithlich mit  dem p H  ab und n/iherte sich Null bei p H  ca 5. 

Diese 13eobachtungen weisen darauf  hin, dass der anionische Teil des Enzyms  zwischen p H  7 
und 5 dutch Verbindung mit  Wassers toff- Ionen seine Aktivit/~t verliert. Unsere Ergebnisse werfen 
ein neues Licht  auf  die pH-Akt iv i t i t t s -Kurve  der ACh-Esterase mi t  ACh als Substrat .  
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