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Inhibition and reactivation of acetylcholinesterase modified by reaction 
with 1,1-dimethyl-2-phenylaziridinium ion* 

In a prevzous n()te 1, x~ e described the modification of the esteratlc activity ot 
acetylch()llnesterase by reaction wltll i , i -d lmethyl -z -phenylaz i r ld in ium um (DPA) 
An increased liydrolysls of lndophenyl  acetate by this lnodlfied cholinestera~e (DPA- 
enzyme) made it possible to examine its reaction ,aqth organophosphorus conIpounda 
and prehnimary  resulta x~ ere described This xx ('rk wa~ continued,  and the react lvatum 
of phosphorylated DPA-enzyme was invest igated 

The acetvlcholinestera~e u~ed was a purified bovine erythrocyte acetvlchohn- 
esterabe obtained commercmlly from Winthrop  Laboratories The contents  of a vial 
(nonimally 60o 80o I U )  were dissolved in physmlogical saline (5 ml) containing 
bovine serum a lbumin  (4 o mg/ml) To prepare DPA-enzvme,  an ahquot  (I inl) of the 
above s~)lutlon wa~ mixed with a ,~)lutmn of DPA (I rag) m o I M phoaphate buffer 
(pH 8, I ml) and diluted to I() ml with buffer The solution ua s  allowed to s tand 18 h 
before use Organophosphate solutlon~ were made up at the reqmred concentrat ions 
in d lmethyl formannde  These s()lutu)n~ are ~table Dmlethx lformainlde in equivalent  
amounta  was added to the b lank 

Inhib i t ion  wa~ stu&ed at 25" by di lut ing DPA-enzx me solution (o I ml) with 
distilled water (4 8 ml) and adding inhibi tor  solutmn (o i ml) In  most experiments,  
a solution ot zo/~M Tet ram (o I ml) was added z5 mm before the inhibi tor  t<) suppre~  
any residual acetvlch(,hnesterase actlvltx After the mtnbit ion,  a further di lut ion 
folloued with the pH 8 pho>phate buffer (4 0 ml) and mdophenyl  acetate (o z ml,  
o 04 M in alc(>hol) wa~ added The solutmn was a ~ a y e d  at 25'- against  an approprmte 
blank in a Carv Model 14 N~ectrophot()nieter using the method of KRAMER eND 
(~AMSON 2 

React ivat ion ~ as studied b 3 t reat ing 1-3 ml ()f a concentrated s<,lutu)n of DPA- 
enzyme of known act ivi ty  x~ ltli enough concentrated inhibi tor  solution to destroy all 
ac t lwtv  in 15 3 ° mm An ahquot  (o I ml) was diluted ~x~lth a o I M NaCl-o o 4 M 
MKC1 a solutum (8 q ml) and treated ~it t i  an aqueous oxune ~olutmn (I ml) to give a 
tt,tal oxlme concentratl(m betx~een I IO a and I IO 4 M Except  where otherwise 
lmphed, reac t iva tmn was allowed to proceed for 3o nun  at constant  pH, in a Metrohm 
3 ° comb~tltrator, and the solutum x~as assayed with lsoalnyl acetate (o i ml, IO°o 
('~/V) In ethanol) The corrected rate u a> conipared t¢> that  p rev louqy determined 
f(,r the same batch of enzynie before lnlI~b~tlon 

Quant i ta t ive  values < f the rate e(>nstants of inhibi t ion c(mld not  be obtained,  
apparent ly  because of the pre~ence of two or nIore forms of DPA-enzyme Graptucal 
anal3",> of the b~phasm reaetl( n curves (ba~ed on 3o 8o points  each) gave an order of 
niagni tude for the sh)u er rate constant  w~th te t raethyl  pyrophosphate of I zo ~M -1 
m m i  and z zo a M 1 nun  1 with tabun,  sarin, and boman The faater reacting con> 
ponent  usually represented about  one quar ter  of the enzymat ic  actlvlt3,  and ~ts rate 
constants  were an order of n iagmtude  greater, z c of the same order as for unmodified 

A b b r c x  l a t l o n s  D P A ,  i ,  I-dlmeth_~ l - z - p h e n x  l a z l m d m m m  i o n ,  1 M B -  4, i z - t m m c t h x  lene- tn~-  
p \  r l d l n l t l l l l - 4 - a l d o x l n e  d l b r o m l d t  

* I s s u e d  as  1)efence  Re~c , t r ch  E s t a b h s h m ~ n t  ( ) t t a w a  r e p o r t  N o  5c),', 
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acetylchollnesterase Neither component  it mtubl ted  b) I IO -5  ~1 Tetrain at an 
appreciable rate, excluding tile posslblhty tha t  unni(,dlfied enzyme l~ Involved 

Many efforts to affect the proport ion of the tx~ (, f( rnls present were unfrmtful  
These included the u~e of re~olved DPA, exannning  DPA-enzvme produced by  partial 
inhibi t ion and suppression of reqdual  acet\  lchollnesteiase with Terrain,  malnta lnln< 
the DPA concentra t ion roughly c(,n~tant during inhibit ion,  and t rea tn ient  to iemo\  e 
~me of the two DPA groups shown to be present by I~ I~ELLI'tAt, ANI) V DITu111o 
(private communica tum) Recently,  MAIN 3 has shoxxn that  such n iu l t@|as lc  reactum 
curves can be obtained with inlubltors  and acet\ lcholine~terase itself 

Other evlden(e has al~o been obtained for mhomogenelt  5 of the DPA prepa- 
ration, including differential reaction rates with neo~tlgmme, and degree of residual 
act lvl tv  of DPA-enzxme tox~ard acetyldlol lne (2-5°o of initial acetvlchohnesterase 
a~tlvltv remains m DPA-enzyme It  > refractory to Tetrani  ) 

Neostlginine broinlde reacted very slo~x ly, if at all, ~x lth DPA-enzx me at pH 7 4, 
but  at pH 8 and with I Io -s M neoshgmlne about  5o°o of the ac t lv l t \  ~xas inhibi ted 
within one hour after which there was little further change In  another  experlnient,  

Io a M neost lgnune solution (o 3 ml) was added each hour to a solution of DPA- 
enzyme (Io ml) The final constant  ac t lwty  after 8 h, corrected for dilution, was IOn's, 
of the original act ivi ty  Solutmns of DPA-enzyme Inhibited by neostigmine and 
dmlysed did not regain any" act ivi ty  over a t)erlod of 8 dav~ ()n the ~ont iarv  a~ et) l -  
chollnesterase, Inhibited by neobtigmme and subsequent ly  t reated ~x lth I)PA, acquired 
act ivl t \  >loulv o~ e r a  permd of ~everal day~, unti l  it reached at)proxlmatel 3 the lull 
act lvl ty  (to lndopl ien) l  acetate) expected of I )PA-enzxme It 1~ to be noted that  the 
final act ivi ty  > greater than that  xx hich \~ould hax e been expected of acetylcliolin- 
esterase itself and that  only aNmt  15'',, of the i e( ox ered ac t~  l tv can be Inhibited b\  
Te t ram This indicates that  the major part  of the ~ arbamvla ted  a(etx 1( hollne~terase 

has reacted u l t h  DPA 
Reacts\ a tum must  be a~sessed xxlth the very p~,or sub~trate >o,tmxl a~ crate, 

because of v~gorous tem tum of oxnnes xxlt|/ lndoplien31 acetate (Removal ,~f tht 
Oxlme by" dialysis or gel h l t ra t lon wa~ unrehable  ) It  u as sl~()x~ n that  the um harged 
OXllne> nlonolsonltrosoacetone and dlacet}l luonoxln]e did not ieactlxate Dt 'A-  
enzynle, nor did the t u o  common acetylch~lInestera~e reactlx ators, ~-meth\ l  pytl- 
d lnmm-z-aldoxi ine lnethanesulfonate and I-methylpyrldInlUm-4-aldoxIlne u~(hde 
However L~-trm~ethylene-bIs-pyrldmluln-4-aldoxnne d~bromlde (TMB-4) ( on~istenth 
react ivated DPA-enzvlne Inhibited with sarln, soman or t abun  to an extent  ranging 
froIn 25 to 35°o of the original act ivi ty  The torrespondlng &meth~ lene analogue ol 
TMB- 4 also rea(t lvated,  but  more qowl\  than  TMB-4, u lnle ,-(3-trm~ethylanlm~,mo- 
propyl)pyr~dinluin-4-aldoxime &b~omlde, and ~-benzylp3 rldmIunI--~-aldoxm~e chlor- 
Ide gax e small but  niea,urable react ivatmns under  slnidar condmon ,  .\b~mt ~8 2~)"o 
of the material  > react ivated in IO rain, after whu h there l~ a further gain in a~ tl~ ~t\ 
to about  40°,, of the original xalue, \~itll m ( u b a t m n  fl,r ~ 5 2 h, aftc~ x~luch ht th '  

¢ hange is noted 
The recovered a~t~x~tv ~ould not  be removed by mcubahon  x~tli Terrain rod> 

caring tha t  the re~tored act ivi ty  ha~ the d m r a c t e n s t u  ~ of DPA-enz\  me Also, again 
in sharp (ont ras t  to the behaxlour of acet}lclIohnesterase, there is no h>s of re- 
act~vatablll tv with t ime for either satin- or soman-treated D P A < n z v m e  

Tetraethyl  pyropho~phate-lnhlbl ted DPA-enzyme gave only about  4°o re- 
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activation under the same conditions Tins might be due to reactivation of small 
amounts of unreacted acetylchollnesterase 

Reactivation was studied over the pH range 7 8 in steps of o 2 pH umts The 
results were rather erratic but m the range of 23-28 °,, reactivation and mdmate that 
pH hat no marked effect on reactivation m ttus range 

There is abundant evidence for the lnhoulogenelty of DPA-enzyme preparations 
which precludes obtaining quantitative measurementb of its characteristics The 
component~ could consist of forms with different numbers of DPA molecule% m either 
()f the dlastereomerlc form~ or could be due to lnhoinogenelty of the mltml acetyl- 
chohnesterase as postulated by MAIN 3 

The failure of pho~phonylated DPA-enzyme to show the "aging" phenomenon 
(development of resistance to reactivation by oxm~es) is very lnterestlng BERENDS 
et al 4 have shoun that "aging" results from dealkylatlon of the organopho~phorus 
residue, a reaction which occurs very rapidly with soman, at a moderate rate with 
sarin, and hardly at all with tetraethyl pyropho~phate It is known to be acid cata- 
lvsedS, 6 The reactmn with DPA has probably added a dunethylammo group near the 
active centre of the enzymes, which would be protonated at physiological pH Our 
results could be explained by assuming that a very rapid dealkvlatlon has occurred 
for one of the sarm- and soman-lnhlblted species, catalysed by the protonated anune 
group, and that it is the dealkvlated fl>rm which is reactivated by TMB- 4, assisted bv 
the effective neutralization of the charged oxygen by hydrogen bonding with the ~ame 
group The undealkylated species are hindered from reactivation by sterlc Mueldmg 
of the phosphorus b} the alkyl group The pH independence would be ascnbed to the 
approxmmte equality of the pK's  of the oxime, u hleh must be m the anlomc form, 
and the dnnethylamlno group which must be m the cationic form 

An alternative explanation is that protonatlon of the amonlc site of the active 
centre is responsible for the dealkylation phenomenon Since this site is thought to 
have been blocked by DPA, aging would not be expected to occur, but one might also 
expect a difference m reaetlvatablllty between soman and sarm fl~r sterlc reasons 
Ttns is not observed 

Although these speculatmns could be readily verified bx tracer experiments, 
changing programs make it nnposs~ble to continue with these studies in our laboratories 

I wish to thank Dr R M Heggle for ins interest m this problem and ins many 
helpful suggestions I would alto like to thank Professor B Belleau for helpful dls- 
cussionb, and for a gift of (+)-  and (--)-DPA I am also indebted to Messrs G Caron, 
K Gillette, J Robinson, J MaguIre, and R Blanchfield for techmcal assistance 
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