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Acetylcholinesterase: New evidence for an acetyl-enzyme intermediate 

Elucidation of  tile kinetic parameters of ester hydrolysis catalyzed by acctyl- 
cholinesterase (Acetylcholine hydrolase, E.C..3-i-I-7) has been the object of numer- 
ous investigations in recent years. Most of these studies have been carried out using 
acetylcholine as a substrate 1- 4 or a variety of acetyl esters known to be poor substrates 
of acetvlcholinesterase 5-s. Some studies using carbamates as acetyleholinesterase 
substrates have also been carried out 3,9,10. The results can lye presented in the gener- 
alized Scheme I for both hydrolysis and inhil)ition set fi)rth bv WILSON AND ALEX- 
ANI)ER 3, where ES '  is an acetvl enzvnle intermediate (or carbamvl enzyme,  depend- 
ing on the substrate). 
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Tiffs mechanism predicts that  inhibitors may interact non-competi t ively if 
k 2 > k a, and K ' ,  is significant. (This is the case for the hydrolysis of aeetylcholine). 
It also implies that  for a series of  aeetyl ester substrates, Z'max should be the same in 
all eases where k z > ks' ,  trot differing Vmsx values would be expected for each sub- 
strate when k 2 < k s. The observation of  the former conditions would offer good 
evidence for an acetyl- enzyme intermediate. In view of the evidence indicating an 
ace ty l -enzyme intermediate for acetylcholinesterase~. 5- 7,9,n, it was of interest to 
synthesize several acetyl ester substrates of acetvlcholinesterase which contained all 
the properties of the natural substrate" An oxvacetvl  ester, a positively charged 
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quaternary  nitrogen atom, and a N + ~ C distance of 5 -~. If  several acetyl ester sub- 
strates of aeetvlcholinesterase with the above mentioned properties could lye prepared, 
they would allow for a comparison with acetylcholine and should result in a common 
intermediate being formed in Scheme I. In addition, such substrates should be in- 
hibited in the same fashion as the natural  substrate. Although hundreds of substrates 
have been prepared n, up to now, there have been almost none which have met these 
requirements. Finally, the synthesis of  the isoelectronic analogs of these specitic sub- 
strates would allow for some qualitative estimates of whether the charge require- 
ments were unique to binding or were also involved in the catalytic process. Results 
have now been obtained using sew~ral synthetic substrates of  acetvlcholinesterase 
which are consistent with Scheme I and which also indicate that  the presence of a 
charged group may be important  in catalysis as well as binding. These results will be 
discussed in detail below. 

Exper imenta l :  The preparation of  3- and 4-acetoxypyridine-z-oxide from the 
corresponding 3- or 4-hydroxypyridine was accomplished by t rea tment  with 3o"i, 
hydrogen peroxide fi)llowed by acetylation with acetic anhydride:  m.p. 98-q0 °, recta 
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derivative: ,Found: (', 55.o"i,; II, 4.46°,,; N, ~).I8()0. Calculated fl~r ('vllTN()a: (', 
54.9",, ; H, 4.57°. ; N, (i.15'Ii, i; m.p. 84. 5 85.5, /~ara derivative.'" The 3- and 4-acc- 
toxypyridine->methiodides were prepared from the respective hydroxypyrMmcs by 
treatment with methyl  iodide followed by acetvlation with acetic anhvdrich" m.p. 
~m-II2' ,  recta derivative :Found: C, 34.o2'),, ; H, 3.7o%; N, 5.o4",,, ('ah'ulated fiw 
('8H~oNO,,I: (', 34.40% ; H, 3.58". ; N, 5 . o 1 ° . .  

Finally, 3-(trimethylammoniunl iodidv)phenylacetatc (m.p. 175 175.5") and 4- 
(trimvthylamnloniun~ iodide)phenylacetate {m.p. "-'o<). 5 2IO-) were prepared by 
acetvlation of the corresponding trimethvlamnmnium iodide phenols using acctic 
;mhvdride (0, pH 0.o). The acetvlcholincsterase was fl.m b.vine t.rvthr(wxtcs 
(Mann Biochemicals, lm'.). 
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l"ig.  1. (a) l n h i b i t i c m  o f  3 - a c c t o x y l L v r i d i n c - A "  m c t h i o d i d c  a t  x ; m o u s  c o n c e n t r a t i o n s  o f  t r i m c t h y l -  

a n m m n m m i o n :  ~L. ( : , 9 , ~ ' l o - a M ; O  - 0 , 0 . 4  " m  a M ;  i " i " , 4 . o ' s ° - a M ; l ' - 1 1 , 4 " 7  " l °  a M ;  
x >'., - ' . 4 5 " 1 ~ ) a M ;  -: - , o . o M .  (b) I n h i b i t i o n  (ff  3 - a c c t o x y p y r i d i n e - l - o x i d e  b y  t r i m e t h y l -  

a m r n o n i t l m  i o n :  . , ) ,  z.f~. I() ~ M i n h i l f i t o r ;  . . . .  : , o . o  M i n h i b i t o r .  

°" T h e  [ ~ - a c c t o x y p y r i d i n e - l - o x i d c  a n d  l - m c t h i o d i d c  h y d r o l y z c d  s p o n t a n e o u s l y  ill ~ ; t t c r  , i t  
a r a t e  t o o  f u s t  t o  m e a s u r e .  P, c c a u s c  o f  t h i s ,  n e i t h e r  w a s  u s e d  s u b s e q u e n t l y  in  t h i s  s t u d y .  

Biochin , .  B iophys .  .4 eta, z . o  ( t97  o) 6 t 7 - 6 .  I 



SHORT COMMUNICATIONS ()I 9 

The acetylcholinesterase hydrolysis of  each of these acetyl esters was measured 
t)y s tandard pH-s ta t  techniques. "l'he observed kinetic constants in water at 25 ° 
(pH 7.o) in the presence of o.z 3I NaC1 are given in Table I. Control experimeuts 
measuring the rate of spontaneous hydrolysis of the substrates demonstrated that  in 
each ease, enzymatic  hydrolysis was dependent on enzvnle concentration. The results 
of inhibition of the acetylcholinesterase hydrolysis of  the m-pyridine aeetvlesters I)v 
t r imethvlammonium iodide are given in Fig. z. 

RF.SUI.TS AND 1)ISCUSSION 

A cctvlcholinc analogues: As can be seen in Table I both m-(trimethylamnmniuln) 
phenylacetate iodide and 3-acetoxypy'ridine-A'-inethiodide are hydrolyzed at a rate 
equal to or slightly less than aeetylcholine. These are the first two svnthetic sub- 
strates of acetvlcholinesterase to be hydrolyzed under conditions where deacylation 
is rate limiting and which contain all of the essential features of acetylcholine. These 
two substrates also have Km values smaller than acetylcholine, acetylthiocholine or 
phenyl aceta tO ° (5 to zo a times smaller (Table I)). The only previously reported sub- 
strates, in addition to acetylcholine, where k a is rate limiting in hydrolysis are phenyl- 
acetate and acetylthiocholine n, the fi)rmer of which does not have the charge simi- 
larity to acetvlcholine. In fact, as will be discussed below, phenylacetate may be an 
anomaly rather than a "good" substrate of acetvlcholinesterase. Acetvlthiocholine 
also seems to occupy a unique position. Recent results obtained by IIII.I..MAN AND 
MAVTXI':R aa place the hydrolysis of acetylthiocholine in a position between aeetvl- 
choline (]% rate limiting) and other substrates where k,~ is rate limiting. The two other 
substrates, ]5-(tr imethylammonium)phenylacetate iodide and 3-acetoxypyridine-,V- 
oxide are both hydrolyzed at rates much slower (Io a and io times, respectively) than 
acetvleholine. The low ;'mt~x for p-(trimethylamnaoniuna)phenylacetate iodide can be 

() 

understood upon examination of the N + - , C  distance, 0.29.~,, which exceeds the 
critical 5 -~ postulated as the distance between anionic and catalytic sites a. We con- 
clude that  while this substrate is clearh' bound to the enzyme, the ester linkage ix 
poorly oriented with regard to the catalytic site. Consistent with this result is the fact 
tha t  Kt for the corresponding phenol is IO 2 times poorer than for the recta isomer. This 
can be a t t r ibuted to the poor orientation of the para phenol t4. The results for the 
pyridine-N-oxide, which is isoelectronic at the nitrogen atom with the pyridine-N- 
methiodide, will be discussed in detail below. It should be noted though that  the N- 
oxide and N-methiodide are almost identical except for the presence of a partial 
charge in the foriner and a full formal charge in the latter on the quaternary  
nit rogen. 

The results reported here for m-( t r imethylamnmnium)phenylaceta te  iodide 
and 3-acetyxypyridine-A'-naethiodide clearly support the acetyl enzyme hypothysis.  
Both substrates are bound 5 3o times better  than acetylcholine, vet the rate of 
hydrolysis observed is equal to that  of acetvlcholine for m-( t r imethylamnmnium)-  
phenylacetate  iodide and slightly' less for 3-acetoxypy'ridine-,X'-nletlfiodide. \Vhile it 
might be expected that  the phenolic esters would hydrolyze faster than the choline 
ester (all other things being equal) in neither case is the enzymatic  rate of acetyl- 
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choline hydrolysis exceeded (although it ix equalled). If k a <.-. k~ (as is the ease fl)r 
these substrates) one would expect a common value for illTillx {tS ]'rflax ~ lea (since 
Et ix the same in all cases). In addit ion,  these substrates  have all the essential 

features of a good substrate  of acetylcholinesterase and they obey the kinetic Scheme 
I describing aeetvlcholine hydrolysis. The most direct conclusion from t]lese results is 
that  all three substrates  of aeetvk'holinesterase undergo hvdrolx'sis in a ~imilar 
manner ,  through a common intermediate,  that  being an acetvl-enzvme.  

I n h i b i t i o n  ",cith l r i m e t k y l a m m o n i u m  k v d r o c k l o r i d e :  In order t() ve r i l \  that 3- 
acet()xypyri(line-:\ ' -methiodide and N-oxide were true substrates  ()f acetvM~olines- 
terase and to further test the val idi ty of S('henle I, their hvdr . l \ ' s i s  in the presvm-(. 
of the known inhibitor,  t r imethy lan lmoniun l  ion, was studied (Fig. 1). Tr imethvl-  
ammonium ion was chosen, as the ('onlplex E S ' I  (Scheme l) does not break down to 
give products a,ll. The N-methiodide undergoes noncompet i t ive  inhibit ion whih' th(, 
.\ '-oxide shows competi t iw'  inhibi t ion (l:ig. i). The inhil)ition constant ,  K'i 4-7" 
I o  a .~l-X for the inhibi t ion of the N-methiodide by t r ime thy lammonium ion, is in g(n)d 
agreement with values obtained for this inhibitor  with acetvlcholine a,~. These results 
support  tile conclusion that  k a is rate l imit ing f()r the .V-methiodide amt le e is rate 
l imiting for the N-oxide. It ix clear that  these two compounds are acetylcholinest(,rasv 
substrates  and that  their hydrolysis ix catalyzed by tilt* enzyme. The Sl)()llt;.tlle()l.lS rate 
of hydrolysis for these two substrates  at pi t  7.o in water was at least IO times less 
than 7'max in both cases'. That  results of hvctrolvsis , f  the N-methiodide when in- 
hibited by t r ime th \ l ammcmium ion are ve.ry similar to acetv]choline lends further 
credence to Scheme 1. These results then give adclitional support  of a direct kinetic 
natllre t,) the acetvl -enzvnle  ]lyt)othesis. 

I( f iect  o f ( ' h a r g c  on ( ' a t a l v s i s :  Classically, acetxlcholinesterase has I)een (lepicted 
as containing an anicmic site concerned with binding and a catalytic site concerned 
with hvdroh'sis  of substrates  ~. These two centers of the active site have been depicted 
as acting in a manner  indel)endent ()f each other, alth()ugh b()th are deemed nec('ssarv 
l(,r full ( 'atahti(" a( ' t ivit \  ~. Recently, KRI)PKA a r c(mcluded that  phenvlacetate  is a 
substrate  where le a is rate limiting, anah)g(ms to the case for acetvh'h()line". It is 
interest ing that  in this case, n() qua te rnary  nitr()gen ix present m the substrat(.. 
Further,  KRt:PKA (~,r has sh()wn f()r neutral  substratcs,  that  charged inhibit()rs ('an, 
under  certain conditions, accelerate the catalvti(" steps ()f the reacti()n I)etw('en sub- 
s t ra le  and enzyme. The pres(,nt s tudy using 3-acet()xypyridine-N-nwthi()dide (k:) rate 
limiting) and 3-acetc)xyt)yridine-N-cxide (k.~ rate l imi t ing) fur ther  illustrates th(' fact 
that  the presen(e ()f a ('harged grout) may alter the catalytic stet>s ()f h\'dr()lvsis. In 
c()mparing these results t() th()se observed using phenylacetate  as a substrat( '~, it 
should l)e rememlwred that  the .Y-()xide ix l)(mnd as well as atcetxl('h()line and 5-Io 

times () 
I I 

better  than phenylacetate  (where k a < k.,) H ; the N ~ - :, (" distance in the .\'-()xide 
and N-methi()dide are identical and both agree well with this distan('e in acetvh'h()linv 

() 

Ii 
(Tabh" I). (There is n() N + --, C distance in phen.vlacetate). 

" Since Vmax i1~) le a and if we cstinmt(. [li~ at io ~M then I¢ a ~ vo a rain 1. lt)~ times 
faster than spontaneous hydrolysis. 
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In light of these results, the most logical conclusion is that a positively charged 
group aids in the catalytic as well as binding steps. Krupka ~ 7 has implicated a group 
of pKa 6.3 as important for binding and most recently 6 has suggested that this group 
may have a role in the acylation step of hydrolysis although its main function is to 
bind substrate 5,6. If this is correct, we propose that the uncharged N-oxide cannot 
orient the group of t)K 6.3 in its proper stcric position to assist in acylation, tlwrebv 
making this step rate limiting. A cnrollarv to this is that phenylacetate now app('ars 
to  be an anomaly as an  uncharged substrate where k s < l%, a n d  F e r h a p s  r e su l t s  with 
this substrate '~-7 should be examined more critically. This study demonstrates that 
the presence of a positively charged group is important in catalysis as well as binding, 
and the role charged groups have in acetvlcholinesterase catalvzed-hvdr()h'.,is will 
have to be examined with care in future studies. 
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