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Carbamylated acetylcholinesterase: Acceleration of decarbamylation by
bispyridinium oximes

(Received 18 December 1984; accepted 16 July 1985)

Experimental animals can be protected against the lethal
effects of organophosphorus anticholinesterase compounds
by pretreatment with a carbamate (e.g. pyridostigmine)
and therapy with atropine [1, 2}. The theory is that com-
paratively little phosphorylation of acetylcholinesterase
(AChE*; EC 3.1.1.7) occurs, since the enzyme is already
partially carbamylated by the carbamate. Rapid elimination
of the organophosphate from the body is accompanied
by spontaneous decarbamylation of the enzyme, so that
sufficient active enzyme to maintain normal function is
soon present [3]. In the meantime, atropine blocks the
muscarinic receptor from the adverse effects of the elevated
concentration of acetylcholine [3]. The level of protection
afforded by carbamate prophylaxis can be enhanced by
including an oxime in the therapy {1]. Presumably the oxime
rapidly reactivates any phosphorylated AChE present to
regenerate active AChE. However, it is conceivable that
the oxime might also accelerate the spontaneous decar-
bamylation of carbamylated enzyme. with consequent
beneficial effects on the outcome of the intoxication. It
is therefore surprising that this question of accelerated
decarbamylation has received little attention to date. Wil-
son et al. reported in 1960 [4] that 1 mM pyridine-2-aldox-
ime methyl iodide (2-PAM) had no effect on the rate
of decarbamylation of dimethylcarbamyl-AChE from the
electric eel. Since then there have been some suggestions
that oximes can affect the rate of decarbamylation. but
these are based on indirect evidence [5-7]. We have deter-
mined the effects of four oximes on the rate of decar-

* Abbreviations: AChE. acetylcholinesterase; 2-PAM,
pvridine-2-aldoxime methyl iodide; TMB-4, pyridinium.
1,1’ - (1,3 - propanediyl)bis[4 - (hydroxyimino)methyl]di-
bromide; HS-6. pyridinium. 1-[[[3-(aminocarbonyl)pyri-
dinioJmethoxy]methyl]-2-[(hydroxyimino)methyl}diiodide;
HI-6, pyridinium, 1-[[[4-(aminocarbonyl)pyridinio|meth-
oxy]methyl]-2-[(hydroxyimino)methyl]dichloride; SAD-

128, pyridinium, 1,1’-{oxybis(methylene)]bis[4-(1,1-
dimethylethyl)]dichloride; and DMB, 3.3-dimethyl-1-
butanol.

bamylation of AChE from four sources, and report our
results below. The four oximes are the monopyridinium
oxime 2-PAM, the bispyridinium bis-oxime TMB-4 and
two isomeric H-oximes, HS-6 and HI-6 [8]. The sources of
AChE were electric eel, bovine erythrocytes (both com-
mercial water-soluble powders), human erythrocytes (com-
mercial membrane-bound enzyme) and rabbit brain (Tri-
ton-solubilised enzyme). Most experiments were done with
dimethylcarbamyl-AChE, but some studies were made of
methylcarbamyl-AChE. Both dimethylcarbamates (e.g.
pyridostigmine) and methylcarbamates (e.g. physo-
stigmine) are effective prophylactically in vivo. Some
experiments were also done with two bispyridinium com-
pounds lacking an oxime group. One of these, 1,1'-(1,3-
propanediyl) bispyridinium dibromide, is an analogue of
TMB-4 with hydrogen atoms instead of oxime groups.
The other, SAD-128, is a compound which can protect
experimental animals against some toxic effects of the
organophosphate Soman, and which appears to interact
allosterically with AChE [9].

Methods

Methods for studying the decarbamylation of AChE
inhibited by neostigmine (a dimethylcarbamate) have been
reported previously [10]. Similar methods were used for
physostigmine. Decarbamylation was found to be relatively
rapid in the case of eel AChE, and for this enzyme the
reactivation was followed to near completion and the rate
constant was determined by non-linear regression analysis
of the data [11]. Most experiments were done in 2mM
phosphate-150 mM NaCl, pH 7.0, at 25°; in some cases
NaCl was omitted. Corrections were made for non-enzymic
hydrolysis of substrate.

Eel AChE was obtained from the Worthington Bio-
chemical Corp. and stabilised in solution with gelatin
(0.1%, w/v). Soluble bovine erythrocyte AChE (Type XII)
and membrane-bound human erythrocyte AChE (Type
XIIT) were obtained from the Sigma Chemical Co. Whole
rabbit brains were homogenised in 10 vol. 0.32 M sucrose
at 4°, and the homogenate was centrifuged at 19,000 g for
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1hr at 4°. The pellet was homogenised in 10vol. 0.32M
sucrose—1% Triton X-100 and centrifuged at 110,000 g for
1hr at 5° after 30 min in the cold room. The Triton-
solubilised AChE in the supernatant fraction was partially
purified by affinity chromatography [12]. Triton X-100
(0.01% or 0.05%. w/v) was included in the buffer for all
decarbamylation experiments with rabbit brain AChE.

The oximes 2-PAM and TMB-4 (pyridinium, 1,1’-(1,3-
propanediyl)bis{4-(hydroxyimino)methyl]dibromide) were
obtained from K&K Laboratories. The H-oximes HS-6
(pyridinium,  1-[[[3-(aminocarbonyl)pyridinio|methoxy]
methyl]-2-[(hydroximino)methyl]diiodide; lot 1-7362) and
HI-6 (4-(aminocarbonyl) isomer of HS-6. dichloride salt:
batch DRES-32) were gifts from Drs. P. A. Lockwood and
J. G. Clement, Defence Research Establishment Suffield,
Alberta, Canada. The two non-oxime bispyridinium com-
pounds were gifts from the Chemical Defence Estab-
lishment, Porton Down, U.K.

Statistical tests of significance were performed using Stu-
dent’s t-test, with P < 0.05 as the criterion of difference.

Results and discussion

The oximes were tested at a concentration of 0.1 mM;
higher concentrations caused an unacceptably high non-
enzymic hydrolysis of the substrate acetylthiocholine
[13,14]. Table 1 lists the rate constants obtained from
the decarbamylation experiments. 2-PAM did not affect
significantly the rate of decarbamylation of dimethyl-
carbamyl-AChE from eel, consistent with the results of
Wilson er al. [4]. It slightly increased the corresponding
rate constant for bovine erythrocyte AChE, by 17%, but
otherwise was without effect in all systems studied. HS-6
had no effect on the rate constant for eel and human
erythrocyte AChE, but increased the rate constant for
bovine erythrocyte AChE, by 21%. and rabbit brain AChE
(67% increase for dimethylcarbamyl-AChE, 65% for
methylcarbamyl-AChE). TMB-4 and HI-6 were the most
effective of the four oximes tested. TMB-4 accelerated
decarbamylation in all cases, as did HI-6 with one excep-
tion, namely eel AChE. However, the magnitude of the
acceleration produced by HI-6 (1.8- to 3.9-fold at normal
ionic strength) exceeded that produced by TMB-4 (1.3- to
1.6-fold). Because of its effectiveness at a concentration of
0.1 mM, HI-6 was also tested at 0.01 mM for three inhibited
enzymes—dimethylcarbamyl-bovine erythrocyte AChE,
dimethylcarbamyl-rabbit brain AChE, and methyl-
carbamyl-rabbit brain AChE. Significant increases (39, 33
and 71% respectively) in the rate constant were observed
at this concentration (Table 1). The two non-oxime com-
pounds, SAD-128 and the TMB-4 analogue, had no sig-
nificant effects on decarbamylation for rabbit brain AChE
(dimethylcarbamyl-enzyme) but accelerated decarbamyl-
ation for bovine erythrocyte AChE at both low and normal
ionic strength.

Further experiments were done in which the buffer also
included the alcohols choline or 3.3-dimethyl-1-butanol
(DMB). for comparison with earlier experiments in this
laboratory in which the influence of allosteric effectors of
AChHE on the rate of decarbamylation of dimethylcarbamyl-
AChE from bovine erythrocytes was studied [10, 15-17].
The present results show (Table 1) that TMB-4 or HI-6
reduced the acceleration of decarbamylation produced by
choline in all cases. However, TMB-4 or HI-6 potentiated
the acceleration of decarbamylation produced by DMB in
all cases, with one exception, namely HI-6 + DMB/eel
AChHE. It will be recalled that HI-6 alone had no effect
on eel AChE. The potentiating effect was additive or
synergistic in most cases.

The acceleration of decarbamylation in the presence of
an oxime could be due either to nucleophilic attack by the

* Address all correspondence to: Dr. R. M. Dawson,
Materials Research Laboratories, P.O. Box 50. Ascot Vale,
Vic.3032. Australia.
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oxime group on the carbamyl-enzyme bond, analogous to
oxime-catalysed dephosphorylation, or to the compound
binding to a peripheral. allosteric site on the enzyme,.
thereby bringing about a conformational change at the
active site with a consequent increase in the rate of spon-
taneous hydrolysis of the carbamyl group. It is difficult to
distinguish between nucleophilic attack and indirect allo-
steric effects [15]. Nevertheless, the occurrence of allosteric
effects in the present case is suggested by two observations.
First, acceleration of decarbamylation can be seen in the
presence of compounds having structural similarity to
TMB-4 but lacking the nucleophilic oxime group. Second,
the influence of ionic strength on the rate of decar-
bamylation in the presence of an oxime, and the effects of
acombination of an oxime with choline or DMB, are typical
of allosteric effectors of AChE [10, 15-17].

The results in Table 1 suggest that ecl AChE, despite its
ready availability as a cheap, commercial preparation, is
not a suitable model for mammalian erythrocyte and brain
AChE. Not only was the control rate of decarbamylation
much higher for the eel enzyme than for the other prep-
arations of AChE (row 1 of Table 1), but the studies
on eel AChE did not reveal the substantial accelerating
properties of HI-6. A similar conclusion concerning eel
AChE was reached by de Jong and Wolring in their study
on the reactivation of Soman-inhibited AChE by H-oximes
(8].

The phenomenon of successful carbamate prophylaxis
has yet to be explained fully. For example, it would be
expected that pretreatment with a carbamate anticholin-
esterase would sensitise animals to poisoning by an organo-
phosphate anticholinesterase, in the absence of atropine
and/or oxime. Such is not the case [1]. Evidently many
factors operate in addition to the temporary inhibition
of AChE and the oxime-catalysed dephosphorylation of
phosphorylated enzyme [1]. Acceleration of decarba-
mylation by oximes may well be one of these factors, since
there is evidence that therapeutically-effective levels of H-
oximes in vivo can be as high as 107° M to 107* M, and that
such oximes can cross the blood-brain barrier {9]. The
results above show that some oximes, particularly HI-6,
have an appreciable effect on the rate of decarbamylation
in this concentration range in blood and brain.
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