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HESTRIN 1,2 has shown that purified acetylcholinesterase (ACHE) from the electric 
eel, Electrophorus electricus, can mediate the reversible hydrolysis of acetylcholine (ACh) 
and of propionyl choline. Catalysis by this enzyme of acethydroxamic acid (AHA) for- 
mation in the presence of hydroxylamine was also demonstrated, by HESTRIN'S photo- 
metric method a. WILSON, BERGMANN, AND NACHMANSOHN 4 also obtained AHA for- 
mation by AChE from Gymnotorpedo occidentalis. Thus it is evident that the AChE of 
nerve tissue can catalyze acylation of O (as in ACh synthesis) and of N (as in AHA 
formation). 

HESTRIN 2 found that in the pH range 5.1-7.o a lower pH favored ACh formation and 
a higher pH promoted its hydrolysis. This might be expected from the nature of the 
reversible reaction : 

(CHa)aN+CH2CH~OAc + HOH ~- (CHa)aN+CH~CH~OH + Ac-  + H + 

HESTRIN suggested that synthesis ot ACh by this mechanism might take place at the 
neuronal membrane. BERGMANN ~ND SHIMONI 5 proposed that the AChE system in 
nerve might act as a buffer: the reverse reaction could neutralize the H + that is produced 
during the conductive process in the nerve membrane. 

Mammalian erythrocytes contain an active AChE that is associated with the cell 
stroma. We have found that this enzyme can catalyze the formation of ACh and also 
the acetylation of hydroxylamine.  

METHODS 

E r y t h r o c y t e s  f rom blood suppl ied  by  tile Red  Cross Blood Transfus ion  Service were used as 
the  source of A C h E . T h e  cells were washed  3 t imes  in the cent r i fuge  wi th  i % NaC1 and  were hemotyzed  
by  the  add i t ion  of Lo t imes  the i r  vo lume  of water .  After  12 hours  a t  8 ° C the  " g h o s t s "  or s t r o m a t a  
se t t l ed  out  read i ly  w i t h o u t  acidif icat ion.  The s u p e r n a t a n t  was r emoved  by  d e c a n t a t i o n  and  the  
s t r o m a t a  were washed  a t o t a l  of 4-5 t imes  by  se t t l i ng  and decan ta t ion .  F i na l l y  the  suspens ion  was 
cen t r i fuged  and the  packed  s t r o m a t a  were resuspended  in 5 t imes  the i r  vo lume  of water .  This sus- 
pension was  k e p t  frozen as " s tock  e n z y m e "  and  t h a w e d  jus t  before use. Var ious  p r epa ra t i ons  were 
used dur ing  the  course of the  work,  so t h a t  enzyme  ac t iv i t i e s  are no t  a lways  comparab le .  

The app rop r i a t e  s u b s t r a t e  was p repa red  fresh each t ime,  and  enzyme  was added  in the  form 
of the  suspens ion  of s t r oma ta ,  d i lu ted  as required.  W h e n  buffer ing was necessary,  t r i s (hydroxy-  
m e t h y l ) a m i n o m e t h a n e  (TRIS) + HC1 was used. All  i ncuba t ions  were car r ied  out  a t  25 ° C. Simul- 
t aneous  cont ro ls  con t a ined  enzyme  t h a t  had  been i n a c t i v a t e d  by  boi l ing a b o u t  2 min.  Dur ing  incu- 
ba t ion  the  reac t ion  m i x t u r e s  con ta in ing  the  suspens ions  of s t r o m a t a  were a g i t a t e d  con t inuous ly  
in smal l  f lasks a t t a c h e d  to  a W a r b u r g  shaker .  

* Suppor t ed  in p a r t  by  Gran t  no. 352 from the  Defence Research  Board  of Canada.  
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A c e t h y d r o x a m i c  ac id  (AHA)  in the  r e a c t i o n  m i x t u r e s  was  e s t i m a t e d  b y  the  p h o t o m e t r i c  m e t h o d  
of HESTRIN a. To I .o ml  of a n  a l i q u o t  was  added  2.0 ml  of a so lu t ion  of HC1 c o n t a i n i n g  7.5 % t r i ch lo ro -  
ace t ic  ac id  as p r o t e i n  p r e c i p i t a n t .  The  s t r e n g t h  of t h e  HC1 was  such  as to  resul t  in a f inal  p H  of 
1 .o-1.  4 in each  case.  T h e n  2.0 ml  of 5 %  FeCla in o . i  N HC1 was  added  and after f i l trat ion the  
a b s o r b a n c y  of t he  p u r p l e - b r o w n  f e r r i c - A H A  c o m p l e x  was  m e a s u r e d  in the  B e c k m a n  D U  s p e c t r o -  
p h o t o m e t e r  a t  54 ° m/z. 

A c e t y l c h o l i n e  t rea ted  w i t h  excess  N H 2 O H  was  used to  o b t a i n  the  s tandard  curve ,  as it  is 
c o n v e r t e d  q u a n t i t a t i v e l y  into  A H A  under  these  cond i t ions .  A b s o r b a n c y  var i ed  d irec t ly  wi th  A H A  
c o n c e n t r a t i o n  w i t h i n  the  range  of o - 5  /~moles/ml of sample .  

RESULTS 

Effect o~ pH on synthesis and hydrolysis o[ ACh 

The procedure of HESTRIN 2 was followed in examining the effect of pH upon 
synthesis and hydrolysis of ACh in the presence of erythrocyte ACHE, within the range of 
pH 5.1-7.o. For the study of ACh synthesis the reaction mixture contained 0. 7 M Na 
acetate and 0.7 M choline chloride (replaced by o. 7 M NaC1 in the controls). To 6.0 ml 
of this solution was added 0. 5 ml of the stock enzyme suspension. Aliquots were removed 
at various time intervals and the ACh concentration was determined by the acethy- 
droxamic acid method 3. 

To follow the hydrolysis of ACh, the substrate was added (initial concentration = 
30 /zmoles/ml) to solutions containing 0.7 M NaC1 in 0.25 M TRIS buffer at pH 5.1, 
5.9, and 7.0. The same amount of enzyme suspension was added as in the experiment on 
synthesis, and ACh in the mixture was determined at the same time intervals. 

The results of these experiments are recorded in Table I where it is seen that 
erythrocyte AChE can catalyze the formation of ACh from acetate and choline, and that 
the rate of formation is increased as the pH is lowered. The rate of hydrolysis, on the 
other hand, increases as the pH is raised. These results are similar to those obtained by 
HESTRIN 2 with the Electrophorus enzyme. 

T A B L E  I 

T H E  E F F E C T  O F  p H  ON S Y N T H E S I S  A N D  H Y D R O L Y S I S  O F  A C E T Y L C H O L I N E  

F o r  syn the s i s :  o. 7 M N a  a c e t a t e  and 0. 7 M chol ine  chlor ide  (replaced b y  o. 7 M NaC1 in t h e  b lanks) ,  
F o r  h y d r o l y s i s :  0. 7 M NaC1, o.o 3 M ACh, o.25 M T R I S  buffer. 

0. 5 ml  of s t o c k  e n z y m e  + 6.0 ml  of reac t ion  m i x t u r e .  

Acetylcholine (Hmoles /ml) 

Time (hours) Synthesis Hydrolysis 

p H  = 5 . I  5.9 7 .0 5 . z  5.9 7.0 

o o o o 30.0 30.0 30.0 
o. 5 o.o8 o.o2 o .o i  22.o 12.o 6.65 
t . o  o.o9 o.o6 o.02 14. 3 1.63 0.33 
2.0 0.22 o.13 0.06 4.7 ° 0.26 o.22 
3 . 0  0 . 2 5  O . i  5 0 . 0 7  1 . 1 3  0 . 2 2  0 . 2 2  

4.0 0.35 o.17 o.15 o.4o o.I  7 o.17 

A cethydroxamic acid ]ormation 
The acylation of NH~OH to form AHA in the presence of the red-cell enzyme was 

followed photometrically. The mixtures were incubated at pH 6.3 and 25 ° C. Experi- 
ments with stromata inactivated by boiling indicated that in no case was there non- 

Rc/~,rt'mes p. 586 '. 



V O L .  16 (I955) ACYLATION IN PRESENCE OF ACETYLCHOLINESTERASE 585 

enzymic format ion of AHA.  Table  I I  i l lustrates the relat ionship be tween concent ra t ion  

of the  enzyme and A H A  synthesis  from Na acetate  and NH2OH.  The stock enzyme in 

this case was di lu ted I : 4 and vary ing  amounts  of this suspension were d i lu ted  to I.O ml 

wi th  wate r  before addi t ion  to the  2.o ml of subs t ra te  solution. The degree of A H A  for- 
mat ion  in 2 hours var ied  direct ly  wi th  the enzyme concentra t ion.  

E t h y l  ace ta te  could also be used as a substra te  for A H A  format ion,  as shown in 

Table I I I .  One ml of stock enzyme suspension was added to 5 ml of the substra te  

solution, and again the rate  of A H A  format ion var ied  di rec t ly  wi th  enzyme concentra-  

t ion. The veloci ty  of acyla t ion  is appreciably  greater  wi th  e thyl  aceta te  than  with  Na  

aceta te ,  as WILSON e t  a l A  had also found. 

HESTRIN ~ observed tha t  choline inhibi ted  A H A  format ion f rom Na acetate ,  and 

our results in Table IV show tha t  0.5 M choline decreased the ra te  of A H A  format ion  

by about  one-half  in the  presence of the red-cell  ACHE. 

TABLE II 

E N Z Y M E  C O N C E N T R A T I O N  A N D  ANN S Y N T H E S I S  F R O M  S O D I U M  A C E T A T E  

Tile reaction mixture contained 0. 7 M Na acetate and 0. 7 M NH2OH. Stock enzyme was diluted i :4. 
Two hours incubation at pH 6. 3 and 25 °. 

Enzyme AHA 
(ml) (pmoles/ml) 

0.25 o.13 
0.50 0.25 
0.75 0.37 
I .OO o . 5 o  

TABLE III 

E N Z Y M E  C O N C E N T R A T I O N  A N D  AHA S Y N T H E S I S  F R O M  E T H Y L  A C E T A T E  

The reaction mixture contained o.14 2V/ ethyl acetate and 0. 7 M NH2OH. The pH was adjusted 
to 6.3 with 0.25 M TRIS. i.o nil enzyme in 6.0 ml total volume. 

Enzyme A HA ( IJmeles /ml) 

(ml) z5" 3o" 6o" 

O.25 O. II 0.23 0.44 
0-50 0.23 0.47 0.94 
I.O0 0.46 0.90 I,SI 

TABLE IV 

T H E  E F F E C T  OF C H O L I N E  ON AHA F O R M A T I O N  F R O M  S O D I U M  A C E T A T E  

The reaction mixture contained: o. 5 M Na acetate, 0. 5 M NH~OH, 0. 5 M choline chloride (replaced 
by 0. 5 M SaC1 in the controls), pH 6. 3. 

I.O ml stock enzyme in 2.o ml total volume. 

Time AlIA (l~moles/ml) 

(hours) - -  choline + choline 

0. 5 o.z8 0.06 
I.O o.36 o . I  3 
3.0 I .o6  o.4a 
5.0 L 2 6  0.63 

Re le rences  p .  588 .  

4 ° 



5 8 6  H.  1;. C t I L L I E R ,  t'. V. 5 O I . V t I N U K  VOL.  l 0  ( I ( 1 5 5 l  

To test the effect of various enzyme inhibitors upon AHA formation, ethyl acetaa: 
was used as the substrate. The results of this experiment, as summarized in Table V, 
indicate that the activity was inhibited almost completely by eserine and not at all by 
/5-chloromercuribenzoate or by CuSO,. MOUNTER .\ND WHITTAKER 6 and MARKW.kRDT 7 
have concluded that AChE is probably not a thiol enzyme; this would explain the lack 
of effect of the thiol inhibitors. 

Ethyl acetate was also used in testing the effect of various cations on AHA forma- 
tion. Na +, K +, NH~ +, Mg + ~, and Ca + ~ were added, individually, at o.oi M concentration, 
but none showed any effect on the rate of AHA formation. 

T A I ~ [ . F  V 

EFFECT OF ENZYME INHIBITORS ON , \ l [ . \  FORMATION FROM ]"FttYI. ACEIATE 

T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d :  o.2 31 e t h y l  a c e t a t e ,  0. 7 .17 N H o O H ,  o.-, 5 M T R I , ' :  bu f f e r ,  p l l  t~-3. 
6 o '  i n c u b a t i o n .  

1.0 llll s t o c k  c l lZyl l le  ill 10 Illl t o t a l  vo[tl l l lC. 

('onc. .1 fL4 Inhibitor (M) (l*moles :ml) 

N o n e  o.3O 
E s e r i n e  o . o o o i  5 o . o l  
p - c h l o r o m e r c u r i b e n z o a t c  o . o o o  I o. ~ S 
C u S O  4 o . o o  t o . 3 o  

Estimation o/choline acetylase activity 

HOLLAND AND GREIG 8 reported that they had demonstrated choline acetylase 
activity of human erythrocytes, but MATHIAS :\ND SHEPPARD 9 failed to observe any 
measurable activity in their preparations. We have been unable to detect choline 
acetylase in acetone powder of human erythrocytes, by a method that does show activity 
in rat-brain acetone powder. 

Acetone powders of human erythrocytes from fresh blood were prepared and 
extracted by the method of HOLLAND ~\ND GREIG. These extracts were added to a 
reaction mixture containing the following (final concentration as given): KC1 (o.o8 M), 
K acetate (o.o5 3I), adenosine triphosphate (o.oo5 ill), cysteine (o.o2 M), coenzyme A 
concentrate (Krishell Laboratories, 5% CoA, 2 nlg/ml), NH2OH (o.o 5 M), and TRIS 
buffer, pH 7.2 (o.o2 M). Incubation for 4 hours at 37 ° resulted in no detectable AHA 
formation, whereas an extract of rat-brain acetone powder produced o.84 /,moles of 
AHA/ml reaction mixture. 

It was found that addition of eserine, as employed by HOLI.~kXD AND GREIC to 
inhibit ACHE, permitted formation of rubroeserine and that this gave rise to high blanks 
in the determination of AHA. 

D I S C U S S I O N  

Our experiments indicate that the AChE of the human erythrocyte is able to catalyze 
certain acylation reactions: acylation of the O atom as in ACh formation, and of the N 
atom as in hydroxamic acid formation. The results were essentially similar to those 
obtained by HESTRIN 1,2 with AChE of nerve tissue. No evidence of a separate choline 
acetylase in erythrocytes was obtained. 

l¢cic~',,,<<.,; /~. 5s8. 
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I t  is not  clear whether  the reversal  of the usual hydrolyt ic  role of AChE in the 

e ry th rocy te  is of any physiological  significance. Since there  is no definite evidence tha t  

the  e ry th rocy tes  can synthesize ACh in vivo, the  function of the esterase remains obscure. 

However ,  BER6MA~N AND SHIMONI 5 have  suggested tha t  the AChE system acts as a 
buffer in the nerve  membrane ,  ca ta lyz ing  the format ion  of ACI~ as H-ions accumula te  

dur ing the conduct ive  process. I t  is possible tha t  AChE plays a s imilar  role in the 

e ry th rocy te :  it may  thus p reven t  a local accumula t ion  of H-ions (such as would result  

f rom glycolysis), which in turn would al ter  the pe rmeab i l i ty  of the membrane .  

GREIG AND HOLLAND 1° suggested tha t  the e ry th rocy te  AChE sys tem might  be 

necessary for the in tegr i ty  of the cell, but  the i r  in teres t ing exper iments  were carried out 

in the presence of re la t ive ly  high concentra t ions  of ACh, which were cer ta inly  un- 

physiological.  I t  seems more l ikely tha t  the red-cell  AChE m a y  catalyze synthesis  ot 

ACh, ra ther  t han  its hydrolysis  (if it can be assumed tha t  aceta te  and choline are 

available) .  
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SUMMARY 

i. The acetylcholinesterase of human erythrocytes was shown to catalyze certain acylation 
reactions. 

2. In the range of pH 5.1-7.o, a lower pit  favored synthesis, while a high pH promoted hy- 
drolysis of acetylcholine. 

3. The enzyme catalyzed acethydroxamic acid formation from sodium acetate or from ethyl 
acetate at pH 6. 3. 

4- Enzymic formation of acethydroxamic acid was inhibited by eserine and by choline, but 
not by p-chloromercuribenzoate or by cupric ions. 

5- Acethydroxamic acid formation was not influenced by the presence of the following ions: 
Na~, K~, NH4+ ' Ca++, or Mg ++. 

6. Choline aeetylase activity could not be demonstrated in human erythrocytes. 

Rt~SUMt~ 

I. L'acdtylcholinestdrase des drythrocytes humains est capable de catalyser certaines rdactions 
d'acdtylation. 

2. Entre pH 5.1 et pH 7, l'abaissement du pH favorise la synth6se, tandis que son 61dvation 
active l'hydrolyse de l'acdtylcholine. 

3. L'enzyme catalyse la formation d'acide acdtohydroxamique ft. partir d'acdtate de sodium 
ou d'acdtate d'dthyle ~ pH 6.3. 

4. La formation enzymatique d'acide acdtohydroxamique est inhibde par l'dsdrine et par la 
choline, mais ne l'est pas par le p-chloromercuribenzoate ou les ions cuivriques. 

5-La formation d'acide acdtohydroxamique n'est pas influencde par la pr6sence des ions 
suivants: Na+, 1K+, NH4+, Ca++ ou Mg ++. 

6. On ne trouve pas d'activit6 choline acdtylasique dans les drythrocytes humains. 

ZUSAMMENFASSUNG 

I. Acetylcholinesterase aus menschlichen Erythrocyten ist imstande, gewisse Acylations- 
reaktionen zu beschleunigen. 
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2. hn  pH-Bere ich  5.1 7.0 f6rdert  ein niederor p t t - \Ver t  (tie Synthesc ,  ein hShercr  pH-\Veri  
die S p a l t u n g  von Acetylchol in .  

3. Bei e inem p H - W e r t  yon 0. 3 f6rder te  das E n z y m  die B i ldung  yon Acethydroxams~iure  aus 
Na t r ium-  oder E t h y l a c e t a t .  

4. E n z y m a t i s c h e  Bi ldung von Acethydroxams~Lure wird durch Eser in  und Cholin, n ich t  abm 
durch  p-Chloronlercur ibeizzoat  und Cu ++ l o n e n  gehemmt .  

5. A c e t h y d r o x a m s a u r e b i l d u n g  b le ib t  durch folgende Ionen unbee inf luss t :  Na I , K I , NH4~, 
Ca +~ und  Mg +~. 

6. Cho l i lmce tv l a seak t iv i t t i t  k o n n t e  in menschl ichen  E r y t h r o c y t e n  n ich t  fes tges te l l t  werden.  
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