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ACYLATION REACTIONS MEDIATED BY PURIFIED ACETYLCHOLINE 

ESTERASE II* 

b y  

SHLOMO H E S T R I N * *  

Department o/Neurology, College o] Physicians and Surgeons, Columbia University, 
New Yorh (U. S..4 .) 

The probability that acetylcholine esterase plays a role in the generation of the 
action potential 1 lends special interest to the study of the nature of this enzyme and of 
the reactions which it may  mediate. In an earlier communication 2 the ability of the 
electric tissue esterase of Electrophorus  electricus to mediate acylations of choline and 
hydroxylamine was noted. In the present report, factors which govern the rate and 
extent of these reactions are considered. 

The specificity and affinity of purified electric tissues esterase for a wide range of 
substrates and inhibitors have been studied by NACHMANSOHN et al. 3, 4 and more 
recently by AUGUSTINSSON s,s. An important function of the enzyme - -  the hydrolysis 
of esters as a function of pH--has not been described previously.The manometric method 
of esterase assay is conveniently applicable within a narrow range of PH. Characterization 
of the PH function of the enzyme by the potentiometric technique for the determination 
of the acid reaction product would be feasible but laborious. A colorimetric method 7 for 
the assay of ester in the presence of excess of products of ester hydrolysis affords a 
convenient procedure for assay of esterase activity at aqh y desired PH. The method is 
applicable equally to measurement of both hydrolysis and synthesis of the ester and 
with its aid information concerning the PH function of an esterase is easily obtainable. 

METHODS 

Acetycholine and propionylcholine were determined according to the procedure previously 
described ~. Aliquots of o. 5 or I.O ml of the test  solution containing o. 3 to 4.o/~M of ester were used 
for the  d e t e r m i n a t i o n s .  

Acethyldroxamic and propionhydroxamic  acid were measured in al iquots of o. 5 or o.I ml con- 
taining o. B to 4.o/~M. The samples were b rought  to PH I . ° - I . 4  wi th  hydrochloric acid and then  e s t i -  
m a t e d  colorimetrically with 1% ferric chloride e s s e n t i a l l y  as  in the method for t h e  d e t e r m i n a t i o n  of 
acetylcholine ~. 

The I~ILETT photoelectric colorimeter was used with green filter 54- 

Enzyme 
Acetylcholine esterase of the electric tissue of Electrophorus electricus was used. The enzyme w a s  

purified according to the method  described by  ROTHENBF.RG AND NACHMANSOHN s. The enzyme w a s  
dissolved in a medium of sodium phospha te  o.o5 M, magnes ium chloride o.o2 M, and sodium chloride 
o.I  M a t  PH 7 -° and stored in the cold a t  4 ° C. Stock enzyme solutions were diluted into 2 .8% g e l a t i n  
freshly before use. In  the fiydrolysis exper iments  the final dilution of the enzyme solution w a s  in  the 
order  of magni tude  of one p a r t  in t e n  thousand  ; in  the experiments  on acylation a much higher enzyme 
c o n c e n t r a t i o n  - -  a n  order of magni tude  of one p a r t  in t e n  - -  w a s  used. 

* This work h a s  b e e n  carried out  under  grants  f rom the U. S. Public Heal th  Service and the 
Office of Naval  Research. 

** Present  address:  The Hebrew Universi ty,  Jerusalem, Israel. 
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A. HYDROLYSIS OF ACETYLCHOLINE AS A FUNCTION OF PH 

An enzyme concentra t ion  assay curve is reproduced in Fig. I. The hydrolysis- t ime 

curves in phosphate  solution at PH 7-4 depart  from a s t ra;ght  line to a measurable  ex ten t  
only after  about  30 % of the subst ra te  a t  an ini t ial  concentra t ion  of 4/~M per ml  has 
been split. The plot of the ini t ia l  reaction velocity against  enzyme concentra t ion  in the 
range studied yields a strMght line. 

Fig. I. Acetylcholine hydrolysis as a function ,~,~80 
of enzyme concentration. Mixtures contain I.O ~ ! 
M potassium dihydrogen phosphate adjusted 
with sodium hydroxide to PH 7.4, gelatin ~60 
o.o7~/o, acetylcholine 4/,M/ml. Temperature 
2 3  ° C. The PH remained constant within o.2 PH I 
units during the course of the hydrolysis. The 
non-enzymatic hydrolysis in these conditions ~C 
was barely detectable. Curves I -  5 show fin- 
dings with enzyme dilutions I : 4 ooo, i : 8 ooo, 
i : i z ooo, i : 2o ooo and I : 30  ooo respectively. 
In the inset, relative enzyme concentration 2c 
is plotted on the abscisca and the corres- 
ponding relative initial reaction velocity on 

the ordinate. 

,3 

! ,/o 

i i 
4 20 28 , 3 ~̀ ,, ' 42 

Ninu fes  

TABLE I 

AClgTYLCHOLINE HYDROLYSIS  IN PHOSPHATE SOLUTION AS A FUNCTION OF PH IN THE ACID RANGE 

The solutions contained a constant amount of enzyme, o.o7~/o gelatin, o.i M potassium phosphate, 
sodium hydroxide in varying amounts and acetylcholine chloride in a concentration of 4 /~M[ml. 
The PH remained constant during the course of the hydrolysis within o.2 PH units. Temperature 
21 ° C. Non-enzymatic hydrolysis proved negligible in the conditions used. Control mixtures to which 
no acetylcholine was added failed to produce colour when examined with the reagent. The solutions 
remained clear and removal of the protein present in the reaction mixture was unnecessary. 

Per cent hydrolysis at times (rain) 
PH 

I O '  2 0 '  3 0 '  4 0 t  

7.8 
7.4 
6.8 
6.3 
5 .8  
5-5 

17 
I6 
15 
13 
9 

32 
31 
28 
25 
17 
I3 

45 
45 
39 
35 
23 

57 
55 
49 
44 
3 ° 

Variat ion of esterase ac t iv i ty  accompanied shift of PH on the acid side of the scale 
in a range which is still of physiological interest.  The course of the reaction in phosphate  
buffer is i l lustrated by  the exper iment  recorded in Table I. I t  is evident  tha t  increase 
of PH from 5.5 to 7-4 results in a progressive and  marked  rise of reaction rate  in phosphate  
buffer. Between p~ 7-4 and  7.8 in phosphate and  between PH 7 .6 and  9.4 in borate  the 
enzyme-media ted  hydrolysis  exhibi ted a cons tan t  ini t ia l  react ion rate. At  PH higher 
than  9.4 inac t iva t ion  of enzyme occurred a t  21 ° C., the inac t iva t ion  was re tarded con- 
s iderably a t  17 ° C. Non-enzymat ic  hydrolysis  of the subst ra te  was found to become 
rela t ively appreciable at  PH 9.2 and  rose rapidly with further  increase of the PH (Table II) .  
A s u m m a r y  of findings is presented in Fig. 2. The PH range in which the acetylcholine 

Re/eve~wes p. 3~x. 
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TABLE II  

ACETYLCHOLINE HYDROLYSIS IN BORATE SOLUTION AS A FUNCTION OF PH IN THE ALKALINE RANGE 

a) Reaction mixtures contained a constant amount of enzyme, acetylcholine chloride 4 #M/ml., 
0.07% gelatin and 2 ml of SORENSEN borate buffer in 4 ml of final mixture. Temperature 2i ° C. 
PH remained unchanged within 0.2 PU units throughout the course of reaction. Non-enzymatic 

PH 

7.6 
7.9 
8.1 

5' 

hydrolysis was negligible. 

Percentage hydrolysis at times (min) 

I O '  2 0  t 3 0 '  

17 3 ° 43 
18 31 44 
18 33 - -  

35' 

5 1  

49 
50 

b) As in a) but with borate-potassium chloride-sodium carbonate solutions of ATKINS AND PANTIN I! 
as the buffer. Enzyme was added to the react ionmixtures as the last component. By use of a high 
enzyme concentration and a rather low temperature for the incubation the relative role of the non- 
enzymatic hydrolysis could be kept to a minimum. The same device served also to prevent undue 
interference at highly alkaline PH by progressive inactivation of the enzyme. The temperature was 
17 ° C. PH remained unchanged within o.2 PH units throughout the observed course of the reaction. 

PH 

Total hydrolysis 
8.5 
9.4 

I0.0 

lO. 4 

Non-enzymatic 
hydrolysis 

8.5 
9-4 

I O . O  

lO. 4 

Enzymatic 
hydrolysis 

8.5 
9.4 

I O . O  

lO. 4 

3 t 

17 
I5 

1 5  

1 5  

4' 

2 1  
2 2  

b 

I 6  
I6 

Percentage hydrolysis at times (rain) 

6'  

3 o 
28 
31 
31 

3 ° 
28 
24 
2 2  

St 9' 

42 
4 I 

38 
39 

0 

I 

9 
I I  

4 z 
4 ° 

2 9 
28 

I0'  

45 
44 

34 
3I 

I 2  t 

53 
5 ° 

0 

2 

I3 
16 

53 
48 

h y d r o l y s i s  was  e s sen t i a l l y  i n d e p e n d e n t  of Pi~ is r e l a t i v e l y  wide .  T h e  PH f u n c t i o n  of t h e  

a c e t y l c h o l i n e  e s t e rase  f r o m  e lec t r i c  t i s sue  differs in th i s  r e spec t  f r o m  s o m e  o t h e r  es te rases  

w h i c h  h a v e  b e e n  s t u d i e d  b y  GLICKL 
T h e  effect  of  a d d i t i o n  of cho l ine  a n d  a c e t a t e  on  a c e t y l c h o l i n e  h y d r o l y s i s  has  been  

s t u d i e d  in d e t a i l  b y  AUGUSTINSSON 10. I t  s e e m e d  of i n t e r e s t  to  a s c e r t a i n  w h e t h e r  PR 

inf luences  t h e  role  p l a y e d  b y  t h e  h y d r o l y s i s  p r o d u c t s .  I n  an  e x p e r i m e n t  r e p o r t e d  in 

T a b l e  I I I  t h e  effect  of  cho l ine  ch lor ide  (I2.5 # M / m l )  on t h e  h y d r o l y s i s  of a c e t y l c h o l i n e  
(4 /~M/ml) a t  t h r e e  se l ec t ed  PH v a l u e s  is shown.  Chol ine  p r o v e d  to  be  a b o u t  e q u a l l y  
i n h i b i t i n g  a t  PH 7.7 a n d  6.8;  t h e  cho l ine  was  o n l y  a b o u t  one -ha l f  as  a c t i v e  an  i n h i b i t o r  
a t  PH 5.9. A c e t a t e  e v e n  in h i g h  c o n c e n t r a t i o n s  (o.I  M) fa i led  to  i nh ib i t  a c e t y l c h o l i n e  

h y d r o l y s i s  b y  e lec t r ic  t i s sue  e s t e rase  in p h o s p h a t e  so lu t ion  e i t h e r  a t  PH 5.5 or  7"7" Since  

Re/erenees p. 3~I. 
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moderation of the action of esterase inhibitors by way of regulation of PH might be 
a matter of some practical as well as theoretical interest, further study of the PH- 
dependence of esterase-inhibitor inter-~I~ 
actions appears desirable. 

Fig. 2. Acetylchol ine  hydro lys i s  as a func t ion  
of PH. Curve  I :  Hydro lys i s  of ace ty lchol ine  
in t he  presence of enzyme.  Re la t ive  ini t ial  
reac t ion  ra tes  corrected for e n z y m a t i c  hydro -  
lysis  are  p lo t ted  on t he  ordinate .  The  curve  
is a compos i t e  of d a t a  g iven  in Tables  I a n d  
II .  Values  for PH 7 .8 in  phospha te ,  a n d  PH 
8.1 and  8. 5 in bora te  a re  t a k e n  equal  to io. 
Curve  2: Hydro lys i s  of  ace ty lchol ine  in ab-  
sence of enzyme .  Acetylchol ine  concen t ra t ion  
4 ~M/ml .  PH was  r egu la t ed  wi th  bora te  buffer.  
In i t ia l  r eac t ion  ra tes  are  p lo t t ed  on t h e  ordi- 
na te .  The  va lue  for PH lO.6 is t a k e n  equal  

to  io.  The  t e m p e r a t u r e  was  21 ° C. 
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T A B L E  I I I  

INFLUENCE OF CHOLINE ON ACETYLCHOLINE HYDROLYSIS AT DIFFERENT PH VALUES 

Reac t ion  m i x t u r e s  con ta ined  a c o n s t a n t  a m o u n t  of enzyme,  ace ty lchol ine  chloride 4 / ,M/n i l ,  chol ine  
chloride (or s o d i u m  chloride) I2 .5/~M/ml,  p o t a s s i u m  p h o s p h a t e  o . i  M, s o d i u m  chloride o.o 5 M, m a g n e -  
s i u m  chloride o.o2 M, gela t in  0 .o7% a n d  different  a m o u n t s  of  s o d i u m  hydrox ide .  T e m p e r a t u r e  37 ° C. 

PH Choline 

7.7 
7.7 + 
6.8 
6.8 + 
5.9 
5.9 + 

I lO t 

20 

20 

Percen t  hyd ro lys i s  a t t imes  (min) 

2o'  I 3o '  I 4o '  [ 5o '  [ 

4 ° 58 71 - -  
15 22 32 39 
38 53 65 - -  
15 21 - -  39 

22 - -  38 
I6 - -  26 

7 o' 

49 
38 

B. SYNTHESIS OF A C E T Y L - A N D  PROPIONYLCHOLINE BY THE ACTION OF PURIFIED 

ACI~TYLCHOLINE ESTERASE 

The equilibrium constant of esterification reactions favours strongly the reaction 
direction of hydrolysis 12. Earlier investigators TM observed that the pharmacological 
activity of choline is enhanced by incubation with acetate in the presence of crude 
tissue preparations of esterase. Demonstration of this synthesis and measurement of 
the equilibrium was greatly facilitated in the present work by the availability of the 
hydroxylamine method which could be applied to the deter~lination of the ester in the 
presence of a large excess of the products of the hydrolysis. 

Figs 3 and 4 analyse the effect of PH on the equilibrium position of the hydrolysis 
of acetylcholine and propionylcholine respectively by the purified esterase. The approach 
to equilibrium at three selected pHwas realized in each case from both reaction directions. 
Re/sr~es  p. 3~z. 
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I t  is apparent  that  acid shift of PH within the range studied displaces the equilibrium 
in the direction of synthesis. In the experiments of Figs 3 and 4 the speed of the 
approach to the equilibrium was found to be dependent upon the esterase concen- 
tration. To insure a close approach to the equilibrium in a conveniently short time, 
a much greater enzyme concentration than is conveniently used in a hydrolysis assay 
was taken. 

a6 

'=} PH 5.1 

\ 
f 

,____,____,_,,,,,___., . . . .  

0 30 90 ¢50 210 
Minute5 

5.9 

Fig. 3. Synthesis  of acetylcholine as a function of PH. Solutions were made with i . i  5 g each of choline 
chloride and sodium acetate t r ihydra te  at  PH 5 -1 in a total  volume of 6.0 ml, and wi th  1.21 g each of 
these subs t ra tes  in the same total  volume at  PH 5.9 and 7.0. PH was  set with hydrochloric acid and 
measured wi th  a glass electrode in samples diluted for the purpose  wi th  three volumes of water.  In  
one control  mixture  at  each PH, 8 #M of acetylcholine per  ml was added at  the outset.  Enzyme was  
added in an a m o u n t  per  ml sufficient to effect hydrolysis  of 2 g of acetylcholine chloride per h r  in 
o p t i m u m  conditions. Tempera ture  23 ° C. Es ter  was determined on al iquots of o. 5 ml. A s tandard  
curve was const ructed wi th  known acetylcholine amoun t s  in the same medium. Care is taken in the 
ester determinat ion to bring the PH of the sample to 1.o-1.2 at  the step prior to ferric chloride addi- 
t ion in order to avoid interfering colour by  reaction between fa t ty  acid and ferric chloride. In  several 
cases, water  was  added to a reaction mix ture  in which the s3rnthesis had come to a rest. A rapid 
shif t  of the equil ibr ium in the reaction direction of hydrolysis  could then be observed. In  the absence 

of either acetate, choline, or esterase, no ester formation was observed. 

PH 

5 . I  

5.9 

wate r  

(a) 

4 I 

39 

Concentrat ion at  equil ibr ium (molarity) 

choline acetic acid I acetic acetyl- 
ip lus  acetate acid choline 

(b) " (c) (d) (e) 

1.35 

i .45 

1.4 

1. 5 

0.45 

O . I  

3 . 7 '  l O - 3  

i . o .  I O  - 3  

K 

(a.e) 
(b. d) 

o.2 5 

0.27 

A F  

= - - 4 . 5  8 T log 55~5 
£k 

- -  3 1 6 o  

- - 3 1 4 °  

Re[erences p. 32I.  
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The effect of pa on the dtuilibrium might be interpreted as follows. On general 
grounds, it seems reasonable to suppose that the immediate product of ester hydrolysis 
is the undissociated acid niolecule rather than its ion: 

RCOOR' + H20 ~ RCOOH + R'OH (I) 

RCOOH ~ RCO0- + H+ (2) 

where RCOOR' represents the ester and RCOOH and R'OH the acid and alcoholproducts 
of hydrolysis. Equilibrium in the synthesis will then be defined by the relationship: 

K = [H20] [RC00R'] 
[R'0H] [RC00H] 

where K is the NERNST equilibrium constant calculated from concentrations in molarity. 
As PH is decreased, the concentration of the undissociated acid rises and an accompanying 

~8 
*b 

~6 
\ 

.><. 421 *-_f~----.---xtP~~=__ .---~ s.8 
/ /  

0 40 60 80 100 120. 140 
Minutes 

Fig.  4- Syn thes i s  of  propionylchol ine  as a func t ion  of PH. Solut ions  were m a d e  wi th  1.21 g of choline 
chlor ide  a n d  o.85 g of s o d i u m  prop iona te  a t  PH 7 and  5.8 in a to ta l  v o l u m e  of 6.o ml ,  a n d  w i th  1.Ol g 
of  choline chloride a n d  o.71 g of s o d i u m  prop iona te  a t  PH 5 .o in t he  s ame  to ta l  vo lume .  T e m p e r a t u r e  

18 ° C. P rocedure  o therwise  as descr ibed unde r  Fig. 3. 

PH wa te r  

(a) 

5.0 41 

5 .8 39 

Concen t r a t ion  a t  equ i l ib r ium (molari ty)  

choline 

(b) 

1.2 

1.45 

propionic  acid 
p lus  p rop iona te  

(c) 

1.2 5 

1.5 

propionic  
acid 
(d) 

0.52 

o.15 

propionyl -  
choline 

(e) 

2.6- IO -'~ 

1.26" lO -`3 

K 

(a-e) 
(b.d)  

o.I 7 

0.23 

A F  

- -  4.58 T log 55.5 
K 

335 ° 

- - 3  z7o 
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increase of ester concentration at equilibrium may  be 'expected. The values found f~r 
the K of the choline esterifications approximated 0.2 within the limits of the experi- 
mental  error*. The reasonably good constancy of the values for K despite the large 
variation of the absolute concentration of ester at equilibrium in the investigated PH 
range supports the suggestion that  undissociated acid rather than the anion enters int~ 
the equilibrium of the esterification. 

A value for the d F of choline ester hydrolysis may  be calculated from K with 
the aid of the relationship 

- - A F  = RT in 55.5 
K 

whose derivation has been discussed recently by MEYERHOF AND GREEN 14. - - / 1  F calcu- 
lated in this manner  was found to approximate  32oo cals. Although molarities rather  
than activities are used above to calculate K, it is believed likely tha t  error from this 
cause in the value for A F does not exceed 10%**. I t  is noteworthy that  the value for 
A F of hydrolysis of two choline esters is of an order similar to the observed in the case 
of several anionic esters ~4. 

The amount  of the acetylcholine at equilibrium is minute in comparison to the 
concentration of the other participants of the system. However, it seems desirable in 
view of the great biological potency of acetylcholine to consider the possibility that  
esterase functions as an agent of acetylcholine synthesis in vivo, supplementing in this 
respect the role of choline acetylase. I t  has been demonstrated that  acetylcholine 
esterase in the nerve axon is localized in the neuronal surface membranes ~5. The con- 
centration of esterase substrates and the p~ prevailing in the membrane are unknown, 
but  there is reason to believe that  H + and choline + may be significantly higher at  the 
membrane interface than in the surrounding milieu TM. Specific binding of ester and 
sudden variation in PH at the membrane with resulting shift of equilibrium are con- 
ceivable. For a local choline concentration of o.oi M and a similar concentration of 
undissociated acetic acid, the value o.2 for K leads to an equilibrium acetylcholine 
concentration of o.o6 micrograms per ml. An ester concentration of this order would 
be sufficient to produce major biological effects. 

C. FORMATION 'OF HYDROXAMIC ACIDS 

The ability of proteolytic enzymes to catalyse ester hydrolyses has been demon- 
strated by  NEURATH and his coworkerslL The ability of O-acyl hydrolases-lipase TM and 
esterase ~ to form hydroxamic acids by  the condensation of fa t ty  acid with hydroxyl-  
amine is an interesting counterpart  to this situation in which a group of hydrolases 
catalyses both O- and N-acylation. 

The effect of reac tan t  concentrations on the rate of the formation of hydroxamic 
acid in the presence of the electric tissue esterase is shown by  experiments summarized 
in Fig. 5- Within a wide range of reactant  concentration the relation between reaction 
rate and reactant  concentration remains almost linear. Reactant  concentrations up to 
o.75 M or higher failed to saturate the enzyme. I ts  ~ffinity for acetate, propionate, and 

* I n a c c u r a c y  i n t h e  m e a s u r e m e n t  of PH would  exe r t  a r e l a t i ve ly  large  effect on the  v a l u e  of K. 
The  c o m p u t a t i o n  of K for PH above  6 suffers f rom an  a d d i t i o n a l  i naccu racy  because  t he  concen t r a t ion  
of es te r  app roached  the  l i m i t  of the  es ter  d e t e r m i n a t i o n  as the  PH increased above  6. 

** I a m  m u c h  i n d e b t e d  to  Professor  O. MEYERHOF for the  discuss ion of th i s  ques t ion .  

Re/erences p. 32I. 
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hydroxylamine may be concluded, therefore, to 
be of a ~nuch lower order than the affinity of 
the enzyme for acetylcholine. This conclusion 
has been further supported by the demonstra- 
tion that  neither acetate nor hydroxylamine 
significantly affect the rate of acetylcholine 
hydrolysis by the esterase. The substrate con- 
centration-activity relationship observed in 
bydroxylamine acylation resembles that of 
neutral ester hydrolysis by the enzyme 3, 5. 

The rate of reaction of acetate with hydr- 
oxylamine in the presence of esterase is very 
small as compared to the rate of hydrolysis of 
acetylcholine by a similar concentration of the 
enzyme, the relative magnitude of the rates 
being in the proportion of one to one or two 
thousand. The rate of hydroxamic acid forma- 
tion, like the hydrolysis of acetylcholine, varied 
in a direct manner with the esterase concentra- 
tion (see Fig. 6). 

The specificity of electric tissue esterase in 
regard to the fa t ty  acids which it can cause to 
condense with hydroxylamine is rather sharply 
defined (see Table IV). As in choline ester 
hydrolysis 3, a maximum is observed with 
acetic acid. A lower rate is found with propionic 
acid. The enzyme-catalyzed reaction observed 
with butyric acid was almost negligible. The 
findings with formic acid reveal a relatively 
large spontaneous reaction between formate and 

! 

f.Gr 

/,,.  

50 fO0 150 200 250 300 350 
Minutes 

Fig. 5. F o r m a t i o n  of h y d r o x a m i c  ac id  as  
a func t ion  of r e a c t a n t  concen t ra t ion .  The  
reac t ion  m i x t u r e s  are  o. 5 M as  to  s o d i u m  
ace t a t e  a n d  I.o M as  to s o d i u m  chloride. 
pH 6 .8 .37°C.  [~ ,  T ,  x,  {~, - - c o r r e s p o n d  
to  m i x t u r e s  wi th  o . i ,  o.2, 0.5, a n d  I.O M 
h y d r o x y l a m i n e  respect ively .  Curves  I to 3 
of  t h e  inse t  are  no t  m u t u a l l y  comparab le  
since t h e y  were ob ta ined  wi th  different  
ba t ches  of  t h e  enzyme.  Re la t ive  reac t ion  
ra tes  are  p lo t t ed  on t h e  o rd ina t e s  a n d  
r eac t an t  concen t ra t ions  in mo la r i t y  on t he  
abscissae.  Curve  I s u m m a r i z e s  t he  detai l  
of  t he  m a i n  p a r t  of t he  figure showing  t he  
effect of  va r i a t ion  of h y d r o x y l a m i n e  con- 
cent ra t ion .  Curves  2 a n d  3 show the  effect 
of va r i a t ion  of ace t a t e  and  p rop iona te  con- 
cen t r a t ion  respec t ive ly  in t he  presence  of 

I.O M h y d r o x y l a m i n e .  

T A B L E  IV 

SUBSTRATE SPECIFICITY OF ELECTRIC TISSUE ESTERASE IN FORMATION OF HYDROXAMIC ACID 

The reaction mixtures are i.o M as to hydroxylamine and 0.75 IV[ as to the sodium salt of the fatty 
acid in 0. 9 M solution of sodium chloride at PH 6.2--6.4. Temperature 37 ° C. Propionhydroxamic, 
butyrhydroxamic, and acethydroxamic acid yield equivalent amounts of colour per mole with fen/c 

chloride. The  a m o u n t  of t he  f o r m h y d r o x a m i c  acid is ca lcula ted  on t he  s ame  basis.  

H y d r o x a m i c  ac id , /~M/ml ,  
E n z y m e  add i t ion  F a t t y  acid a t  t imes  in m i n u t e s  

+ fo rma te  
- -  f o rma t e  
+ ace t a t e  
- -  ace t a t e  
+ p rop iona te  
-- prop iona te  
+ b u t y r a t e  
-- b u t y r a t e  

5 ° 

1.3 
o.7 
3.0 
0 . 0  

I . I  

0 . 0  

IOO 200 

2. 4 

I. 3 

6.0 9.9 
O.O O.I 

2.3 
O.O 

0. 3 0.6 
0.2 0.5 

Re/erences p. 3~r. 
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Fig. 6. Formation of hydroxamic acid as 
a function of esterase concentration. Re- 
action mixtures were i.o M as to hydroxyl- 
amine and sodium acetate in i.o molar 
sodium chloride. PH 6.8. 37 ° C. Curves 
i to 3 correspond to relative enzyme 
concentrations io, 6, and 3. In the inset 
the relative reaction rate is plotted on 
the ordinate and the relative enzyme 

concentration on the abscissa. 

hydroxylamine ,  and  some enzymat ic  catalysis 
of this reaction. Subs t i tu t ion  of an a-amino 
group into acetate or propionate  caused com- 
plete loss of their abi l i ty  to condense with 
hydroxylamine  in the presence of the enzyme. 

The abil i ty of the esterase to effect hydro-  
lysis of acethydroxamic acid was examined  at  a 
subst ra te  concent ra t ion  of 3 #M/ml  in phosphate 

buffer at PH 7.4. Even  with a great concentra t ion  
of enzyme no hydrolysis  of acethydroxamic 
acid was found, a l though acetylcholine added to 
the same reaction mixture  was hydrolysed 
rapidly.  An acyl transfer reaction between acet- 
hydroxamic  acid and  choline with resu l tan t  
in te rmediary  formation of hydrolysable acetyl- 
choline could be excluded, since addi t ion of 
choline to the same reaction mix ture  failed to  
evoke a disappearance of acethydroxamic acid. 

The PH dependence of hydroxylamine  
acylat ion by  electric tissue esterase is illus- 
t ra ted  by  the exper iment  given in Table V. 
The react ion between acetate and  hydroxyl-  
amine showed a peak in a range near  PH 6.3. 
The PH funct ion of hydroxylamine  acylat ion 

by  the esterase is thus  very  different from the PH funct ion of acetylcholine hydrolysis  
by  the enzyme. The finding tha t  the PH dependence of hydroxylamine  acylat ion and  
choline ester hydrolysis  are qui te  different is consistent  with an assumption,  discussed 
later, concerning the mechanism of these two reactions. 

TABLE V 
FORMATION OF HYDROXAMIC ACID IN PRESENCE AND ABSENCE OF CHOLINE AT DIFFERENT P H  

Reaction mixtures are o.5 M as to acetate and i.o M as to hydroxylamine in 0.9 M solution of sodium 
chloride at PH specified with or without addition of o. 5 M choline chloride. In absence of choline 
addition, an equivalent amount of sodium chloride was added. The PH was determined in aliquots 
with a glass electrode after four-fold dilution with water. Temperature 37 ° C. The formation of 
hydroxamic acid in absence of enzyme was negligible at PH 6.3 and 5.3 and none was detected at 
PH 7 a n d  h i g h e r .  T h e  r e a c t i o n  t i m e  w a s  h o u r s .  

PH 

7.9 
7.5 
7.1 
7.1 
6.3 
6-3 
5.3 
5.3 

Choline 

+ 

+ 

+ 

+ 

Hydroxamic 
a c i d ,  /*1~{/1Ill 

0 .2  

1. 5 
0.2 
1.6 

0. 7 
2. 4 
0.4 
0.2  

In  the presence of choline, the rate  of the acetyla t ion of hydroxylamine  b y  esterase 

R.o[~'~'~£~Y; ~b_ ?2 / ' .  
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acting at  p~ 7.1 was reduced markedly (Fig. 7). The 
effect of p~ on the choline inhibition is illustrated 
by  the experiment shown in Table V. As in the 
case of acetylcholine hydrolysis, the lowering of p~ 
reduced the inhibi tory effect of choline. At  Pi~ 5.3, 
a region in which the enzyme act ivi ty  was ra ther  
low but  still measurable, an act ivat ing effect by  
choline on hydroxamic  acid formation was observed. 
The inhibi tory effect of choline can be ascribed to 
its ability to combine with the enzyme at an active 
site 1°. An explanation of act ivat ion by  choline m a y  
be found in the fact tha t  at  acid PH the concentra-  
t ion of acetylcholine in the system is increased. 
I t  has been shown 7 tha t  acetylcholine acetylates 
hydroxylamine  rapidly at alkaline p~ and slowly 
at  acid PH, the rate being dependent on the concen- 
t rat ion of the acetylcholine at constant  hydroxyl-  
amine concentrat ion.  At PH 7 the concentrat ion 
of acetylcholine in the acetate-hydroxylamine-  
choline-system is negligible. The ability of choline 
to serve as an acetyl  carrier at  this PH must  therefore 
become very  small. 

The inhibitory effect of choline on hydroxyl -  
amine acylation and the finding s tha t  incubation of 
the enzyme with specific inhibi tors--prost igmine 
and te t rae thylpyrophosphate- -abol ishes  the abi- 

15 

/ 
/ 

'2 40 60 80 t00 
Minutes 

Fig. 7. Effect of choline on formation 
of hydroxamic acid. The reaction mix- 
tures are I.o M as to hydroxylamine 
and o.75 M as to sodium acetate in 
o.9 M solution of sodium chloride at 
PH 7. I. Temperature 37 ° C. O, mixture 
without choline; X, mixture with o.9M 
choline chloride. The reaction in ab- 
sence of enzyme is negligible in both 
cases. The inhibitory effect of choline 
was unaffected by the choline concen- 
tration in the range of o.I to 0.9 M. 

l i ty to catalyse hydroxamic  acid formation support  the view tha t  the same enzyme ,and 
possibly the same prosthetic group, effects both  acetylcholine hydrolysis  and hydrox-  
amic acid formation.  But  the reaction of hydrolysis of acetylcholine is reversible, while 
tha t  of hydroxylamine  acylation appears to be irreversible. Choline shows a fairly 
marked affinity for the enzyme, whereas hydroxylamine  shows little or no affinity. The 
possibility has therefore to be considered tha t  the role of esterase in hydroxylamine  
acylat ion is confined to the act ivat ion of the carboxylic acid reactant ,  and tha t  a 
terminal reaction between act ivated carboxylic acid and hydroxylamine  is spontaneous 
and irreversible. In  the case of choline acylation it is assumed tha t  the esterase m a y  
act ivate the two reactants.  '. 

The writer is deeply indebted to Professor D. NACHMANSOHN for encouragement  
and  for m a n y  suggestions. Thanks  are expressed to Mrs EMILY FELD HEDAL and Miss 
L o u i s e  D'ALEsSIO for their assistance in the performance of the experiments. 

SUMMARY 

i. Some general properties of ester hydrolysis and synthesis by the purified acetylcholine 
esterase of the electric tissue of Electrophorus electricus have been investigated with the aid of a 
simple colorimetric technique for the determination of an ester in the presence of its hydrolysis 
products. 
Re/erences p. 32. r. 
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2. The  hydro lys i s  of acetyl -  and  propionylchol ine  by  the  es terase  have  been shown  to be rever-  
sible. The  equ i l ib r ium of the  reac t ion  was  found  to be charac te r ized  b y  the  rat io  : 

[acetylchol inel  [water]  = K 
[choline] [RCOOH]  

where  R C O O H  represen t s  t he  und i ssoc ia ted  form of the  carboxyl ic  acid. 
3. The  poss ibi l i ty  t h a t  es te rase  p l ays  a pa r t  in syn t he s i s  of ace ty lchol ine  a t  the  neu rona l  m e m -  

b r ane  sur face  ha s  been discussed.  
4. The  condensa t ion  of f a t t y  acids  wi th  h y d r o x y l a m i n e  by  the  ac t ion  of t he  es terase  ha s  been 

i nves t i ga t ed  in respec t  to i ts  dependence  on r e a c t a n t  concen t ra t ion ,  e n z y m e  concen t ra t ion ,  carboxyl ic  
acid s t ruc tu re ,  a n d  PH. 

5- A c e t h y d r o x a m i c  acid was  no t  h y d r o l y s e d  by  t h e  es te rase  e i ther  in t he  presence  or absence  
of choline. The  reac t ion  of h y d r o x a m i c  acid fo rmat ion ,  un l ike  es ter  hydro lys i s  by  t he  enzyme ,  t h u s  
appea r  to be irreversible.  

6. Condensa t ion  of ace ta te  wi th  h y d r o x y l a m i n e  in t he  presence  of es terase  ac t ing  a t  PH 6.3 
a n d  above  was  m a r k e d l y  inh ib i t ed  b y  choline.  

7. A reac t ion  m e c h a n i s m  which  could exp la in  some  of the  differences observed  be tween  t he  
ca ta lys i s  of choline es ter  hydro lys i s  a n d  t h a t  of h y d r o x a m i c  acid fo rma t ion  by  t he  s ame  es terase  
ha s  been discussed.  

RI~SUMI~ 

I. Que lques  propri6t~s g6n~rales de l ' hydro lyse  et  de la syn th~se  des es ters  pa r  l ' ac6tylchol ine  
es t6rase  purifi6 du  t i ssu  61ectrique de Electrophorus electricus on t  dt6 6tudi~es ~ l 'a ide d ' u n e t e c h n i q u e  
co lor im6t r ique  pou r  la d6 t e rmi na t i on  d ' u n  es ter  en  pr6sence de ses p r o d u i t s  d 'hydro lyse .  

2. On  a mon t r~  que  l ' hydro lyse  de l ' ac6tylchol ine  et  de la p rop iony lcho l ine  pa r  l ' es t6rase  es t  
r6versible.  L '~qui l ibre  de la r6act ion es t  caract6r is6 pa r  le quo t i en t :  

[ac6tylcholine]  [eau] = I(  
[choline] [RCOOH]  

off K reprdsente  la forme non  dissoci~e de l 'ac ide carboxyl ique .  
3- La  possibil i t6 que  l 'es tSrase joue  un  r61e dans  la syn th~se  de l 'ac6tylchol ine ~ la sur face  de la 

m e m b r a n e  neurona le  a 6td discut~e.  
4- La  condensa t i on  des acides gras  avec  l ' h y d r o x y l a m i n e  sous  Fact ion de l 'es t~rase  a 6t~ Studi6e 

en ce qu i  concerne  sa  ddpendance  de la concen t r a t ion  de la s u b s t a n c e  r6ag issan te  et  de l ' enzyme,  de 
la s t r uc tu r e  de l 'ac ide ca rboxy l ique  et  du PH. 

5- L ' ac ide  a c 6 t y l h y d r o x a m i q u e  n ' a  pa s  6t6 hydro lys6  pa r  l ' es t6rase  ni  en  presence ni  en  absence  
de choline. Ains i  la fo rma t ion  de l 'acide h y d r o x a m i q u e ,  c o n t r a i r e m e n t  ~ l ' hydro lyse  d ' u n  ester  pa r  
l ' enzyme,  semble  ~tre irr6versible.  

6. La  condensa t ion  d ' ac6 ta t e  avec  l ' h y d r o x y l a m i n e  en pr6sence d 'es t6rase  ~ un  PH de 6. 3, es t  
c o n s i d 6 r a b l e m e n t  inhib6e pa r  la choline. 

7. Un  m 6 c a n i s m e  de r6act ion a 6t6 discut6 qui  pou r r a i t  exp l iquer  ce r ta ines  diff6rences observ6es  
en t re  l ' hydro lyse  d ' u n  es ter  chol in ique  e t  la fo rma t ion  d 'ac ide  h y d r o x a m i q u e  ca ta lys6es  pa r  la m ~ m e  
.est6rase. 

Z U S A M M E N F A S S U N G  

I. Ein ige  a l lgemeine  E igenscha f t en  der  E s t e rhyd ro l y se  u n d  - syn these  du rch  gereinigte Ace ty l -  
cho l ines te rase  a u s  d e m  e lekt r i schen Gewebe yon  Electrophorus electricus wurden  u n t e r s u c h t  u n d  
zwar  m i t  Hilfe  einer  e infachen  ko lor imet r i schen  Arbe i t s t echn ik  zur  B e s t i m m u n g  eines Es t e r s  in 
G e g e n w a r t  seiner  H y d r o l y s e p r o d u k t e .  

2. Es  wurde  gezeigt  dass  d ie  H y d r o l y s e  von  Acety l -  u n d  Prop ionylchol in  du rch  die Es t e ra se  
revers ibel  is t  u n d  dass  das  Reak t ionsg le ichgewich t  du rch  den Quo t i en t en  

[Acetylchol in]  [Wasser l  = K 
[Cholin] [RCOOH]  

,charakter is ier t  ist,  wo R C O O H  die n i ch t  dissoziierte F o r m  der Carbons~ure  darstel l t .  
3. Die M6glichkei t  wurde  er6r ter t ,  dass  Esterase.  bei  der  Ace ty lcho l in -Syn these  an  der  Ober-  

fli~che der  N e u r o n m e m b r a n e  eine Rolle spielen k6nnte .  
4. Die K o n d e n s a t i o n  y o n  Fe t t s i iu ren  m i t  H y d r o x y l a m i n  u n t e r  der  E i n w i r k u n g  der  Es te rase  

wurde  in Bezug  au f  die Abhi~ngigkeit  dieser  R e a k t i o n  yon  der K o n z e n t r a t i o n  der  reag ierenden  Sub-  
s t a n z  u n d  des  E n z y m s ,  sowie yon  der  S t r u k t u r  der CarbonsAure u n d  d e m  PH u n t e r s u c h t .  
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5. Acetylhydroxams~ure wurde durch die Esterase weder in Gegenwart noch in Abwesenheit 
yon Cholin hydrolysiert. Es scheint also, dass die durch das Enzym katalysierte Hydroxams~ure- 
bildung zum Unterschied yon der Esterhydrolyse irreversibel sei. 

6. Die Kondensation yon Acetat mit  Hydroxylamin in Gegenwart von Esterase bei PH 6.3 wurde 
durch Cholin stark gehemmt. 

7. Ein Reaktionsmechanismus, welcher einige Unterschiede zwischen der katalytischen Cholin- 
esterhydrolyse und der Hydroxams~urebildung unter Einwirkung derselben Esterase erkl~ren 
k6nnte, wurde er6rtert. 
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