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The paper deals with the reactivating effect of oximes on rat brain acetylcholinesterase inhibited 
by isopropyl-methylphosphonofluoridate ill vitro. As reactivators the following compounds were 
used: I-methyl-2-pyridiniumaldoxime iodide (pralidoxime), N,N'-trimethylene-bis( 4-pyridini um
aldoxime)dibromide (trimedoxime), 1,3-bis(4-pyridiniumaldoxime)-2-oxapropane dichloride 
(obidoxime) and 1-(4-pyridiniumaldoxime)-3-diethylmethylammoniumpropane dibromide. The 
time characteristic of the reactivation process and its dependence on the reactivator concentra
tion are described. 

The interaction of cholinesterases with organic phosphorus compounds results 
in the formation of inactive phosphorylated enzymes l

. The enzymes thus phosphoryl
ated are irreversibly inhibited but their activity can be restored by treatment with 
nucleophilic agents, the most potent of these being quaternary derivatives of 2-
and 4-pyridinaldoxime2 ,3. 

Literature reports contain a number of data on the kinetics of reactivation of phosphorylated 
cholinesterases by the action of oximes4 - 10 . As the source of the enzyme, in most cases human 
or horse plasma but yrylcholinesterase8,11 , 12 or human or bovine erythrocyte acetylcholinester
ase5 - 7 ,9,lO,l2 ,l3 are used. Only few authors have used brain acetylcholinesterase14 - l6 since 
its properties are not fully identical with those of the erythrocyte enzymel 7. Since the brain acetyl
cholinesterase is a key enzyme during organophosphorus intoxications and the degree of its 
damage is directly related to the clinical state of the organism17,l8 it is important to understand 
the kinetic parameters of reactivation of this phosphorylated enzyme for a possible confrontation 
with therapeutic results. 

The present work is concerned with the study of the reactivating effect of four 
oximes of the pyridine series on rat brain acetylcholinesterase inhibited by isopropyl-
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methylphosphonofluoridate. As reactivators, the following compounds were used: 
I-methyl-2-pyridiniumaldoxime iodide (pralidoxime, 1), N,N'-trimethylene-bis(4~py
ridinumaldoxime) dibromide (trimedoxime, II), 1,3-bis-(4-pyridiniumaldoxime)-
2-oxapropane dichloride (obidoxime, III) and 1-(4-pyridiniumaldoxime)-3-diethyl
methylammoniumpropane dibromide (BI-IOO, IV). The first three oximes are the best 
understood reactivators which found their application even in human therapy of orga
nophosphorus intoxications 1 9 

- 23. Compound IV was found to be an efficient re
activator of isopropyl-methylphosphonylated bovine erythrocyte acetylcholinester
ase24

• 

EXPERIMENTAL 

Enzyme preparation. As a source of the enzyme we used a homogenate of whole rat brain 
(rats of Wistar strain) without sex preference, of individuals weighing 180-220 g. The animals 
were killed by cutting the carotids and the brains were excised, rinsed in physiological saline 
and stored at -18°C. Directly before use they were homogenized in an Ultra-Turrax (Germany) 
homogenizer in a veronal-phosphate (1 : 9) buffer of pH 8·0 made isotonic with sodium chloride25 . 

Reagents. Compound I, m.p. 219°C (decomp.), ref.26 gives a m.p. of 218-219°C (decomp.); 
compound II, m.p. 241°C (decomp.), ref.27 gives a m.p. of 238- 241°C (decomp.). Both were 
made by Leciva, Prague. Compound III was prepared according to Liittringhaus and Hagedorn23 

and melted at 212°C (decomp.), ref.28 gives a m.p. of 212°C (decomp.). Reactivator IV was 
prepared according to a previously described procedure29 and melted at 209-211°C (decomp.), 
ref?O gives a m.p. of 180-192°C (decomp.). The oximes were dissolved in a veronal-phosphate 
buffer of pH 8·0 to O·OIM solutions and were processed on the same day. The other chemicals were 
of analytical purity. 

Preparation 0/ phosphonylated acetylcholinesterase and its reactivation. One ml 10% brain homo
genate was mixed with 1 milO- 8M isopropyl-methylphosphonofluoridate in a veronal- phosphate 
buffer and the mixture was incubated at 25°C for 30 min (about 90% inhibition). Then 1 ml of a re
activator solution at a suitable concentration was added and, after time t, the reaction mixture 
was made up to the final volume of 20 ml with the veronal- phosphate buffer25 • After adding 
1 ml O·lM acetylcholine iodide the enzyme activity was assayed. 

Activity 0/ acetylcholinesterase was determined by the electro metric method25 using a semi
automatic equipment with direct registration31 . The measurement took place at 25°C. using 
acetylcholine iodide at a final concentration of 4·76 mM as substrate. In each series, both the 
activity of the reactivated enzyme (ar) and of the uninhibited enzyme (ao) when 1 m! of the buffer 
was added instead of the isopropyl-methylphosphonofluoridate, as well as that of the inhibited 
enzyme (a) when 1 ml buffer was added instead of the reactivator, was estimated. The percentage 
of the reactivated enzyme was estimated from the following formula: 

% reactivation = 100 - 100(ao - ar)/(ao - a) (1) 
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and the fraction of reactiva tion r from the formula: 

(2) 

Calculation of the kinetic cOllstants: The mathematical processing of the results was done on 
a Minsk-22 computer. Regression analysis was used for constructing straight lines through the 
experimental points. 

RESULTS 

In a series of measurements we followed the dependence of fractional reactivation /' 
on the time of preincubation of the reactivator with the phosphonylated enzyme. 
The final value /' which did not change with prolonged preincubation was designated 
as r[ . By plotting the value of log (rc - r) against t r • series of straight lines were 
obtained (Figs 1- 4) from which the monomolecular rate constants k. were calculated 
according to 

kI = -2·303 tg 1:1., (3) 

where tg 1:1. is the slope of the regression line. By dividing the monomolecular rate 

TABLE I 

Monomolecular (kI) and Bimolecular (kII) Rate Constants of Reactivation of Isopropyl-methyl
phosphonylated Rat Brain Acetylcholinesterase by Oximes ill vitro 

Oxime Concentration kI ku 
M min- 1 I mol- 1 min- 1 

3. 10- 4 1·66 5·55 . 103 

2·5. 10- 4 1·29 5'16.103 

1'5.10- 4 0·99 6,60.103 

1.10- 4 0·66 6'60.103 

J[ 5.10- 5 1·17 2·35. 104 

2'5.10- 5 1·15 4,60 . 104 

1.10- 5 1·01 1'01.105 

5.10- 6 0·80 1'60.105 

III 5.10-4 4·85 9.70.103 

1 . 10- 4 1·86 1,86.104 

5.10- 5 1·08 2'16.104 

1.10- 5 0·70 9,90.104 

IV 2.5. 10- 4 1·55 6'20.103 

1.10-4 1·06 1,06.104 

2'5.10- 5 0·89 3·55 . 104 
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TABLE II 

Kinetic Parameters of Reactivation of Isopropyl-methylphosphonylated Rat Brain Acetyl
cholinesterase by Oximes in vitro 

RIO' Rso, R90 are the concentrations of the reactivator capable of restoring 10, 50 and 90% 
of the inhibited enzyme within 5 min, nH Hill coefficient. 

Oxime R lO M R50 M R90 M R 90/ R IO nH
a 

2'10.10- 5 1'40.10- 4 1'10.10- 4 52·5 1·08 
11 2'80.10- 7 3'55.10- 6 4·00.1O- s 144·0 0·89 
III 5'40.10- 6 4,00 . 10- 5 2·80. 10- 4 52·0 1·08 
IV 3'50 . 10- 6 5'50.10 - 5 8,60.10- 4 245·0 0·81 

a In view of the fact that the source of the enzyme is a crude homogenate of rat brain one cannot 
exclude a nonspecific binding of the reactivator to ballast protein. This may affect the magnitude 
of nH' 

constants by the corresponding reactivator concentration the bimolecular rate con
stants klI were obtained (kIl = kJ/[ RJ). 

The computed values of the two rate constants are shown in Table 1. The values 
of klI are not independent of the reactivator concentration [RJ as would correspond 
to second-order kinetics but rise with decreasing concentration of the reactivator. 

Dependence of the degree of reactivation on the reactivator concentration. The 
reactivator was preincubated for 5 min with the phosphonylated enzyme which is 
long enough for attaining dynamic equilibrium. The dependence of fractional 
reactivation on [RJ is a sigmoid function which gives a straight line in a probit
logarithmic transformation (Fig. 5). From the regression line the reactivator con
centrations producing 10%, 50% and 90% reactivation effect were estimated and 
designated with RIO, Rso and R 90 . The values of these constants are shown in Table II, 
together with the values of the ratio R90/R IO and with the values of the Hill coefficient 
nH which was obtained from the ratio R90/RlO using a nomogram constructed 
on the basis of published data32. The construction of the nomogram is based on the 
fact that 1/log (R90 / RIO) is directly proportional to the Hill coefficient nH' 

DISCUSSION 

It follows from the data obtained that the most efficient reactivator of isopropyl
methylphosphonylated rat brain acetylcholinesterase is trimedoxime and the least 
efficient reactivator is pralidoxime. The efficiency of III and IV is about the same and 
lies between that of II and I. The results are in agreement with the finding of Back16 

who found a greater reactivation effect of obidoxime as compared with pralidoxime 
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o min 
FIG. 1 

Time Dependence of Reactivation of Isopro
pyl-methylphosphonylated Rat Brain Acetyl
cholinesterase with Pralidoxime 

1 3.10- 4 , 2 2'5. 10- 4 , 3 1'5.10-4 , 

4 lO-4M reactivator. t r Duration of reactiva
tion, log (rr - r) logarithm of the loss of 
inhibited enzyme. 

min 

FIG. 3 

Time Dependence of Reactivation of Isopro
pyl-methylphosphonylated Rat Brain Acetyl
cholinesterase with Obidoxime 

15.10-4,2 lO-4, 35 .lO-5, 410- 5M 

reactivator. Ir Duration of reactivation, 
log (rr - r) logarithm of the decrease of in
hibited enzyme. 
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I 2 3 

o min 

FIG . 2 

Time Dependence of Reactivation of Iso
propyl-methylphosphonylated Rat Brain 
Acetylcholinesterase with Trimedoxime 

1 5.10 - 5, 2 2· 5.10 - 5, 3 10 - 5, 45.10 - 6M 

reactivator. Ir Duration of reactivation, 
log (rr - r) logarithm of the decrease of in
hibited enzyme. 

2 3 

o min 
FIG. 4 

Time Dependence of Reactivation of Iso
propyl-methylphosphonylated Rat Brain 
Acetylcholinesterase with IV 

1 2·5 . lO-4, 2 lO-4, 3 2'5 . 1O- 5M, 

reactivator. Ir Duration · of reactivation, 
log (rr - r) logarithm of the decrease of in
hibited enzyme. 
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if rat brain acetylcholinesterase inhibited with isopropyl-methylphosphonofluoride 
was used as the phosphonylated enzyme . 

. The magnitude of the bimolecular rate constant kll depends on the reactivator concentration 
as was observed several times befores,7,33 . As the reactivator concentration decreases the value 
of klI approaches the limit of kr which is the bimolecular rate constant for [R] ~ KR where KR 

is the dissociation constant of the transition complex phosphorylated enzyme-reactivator given 
by8 KR = [EP] . [R]/[EPR] where EP is the phosphorylated enzyme, R is the reactivator and 
EPR the transition complex. This complex then breaks down to the regenerated enzyme E and 
to the reaction product P so that the overall reactivation scheme can be written ass,s 

EP + R EPR E + P 

Under these conditions the bimolecular rate constant kr is given by the ratio kRi KR. 

In the present case the kll constant depends on the reactivator concentration 
and increases with its decreasing concentration which is in full agreement with what 
has been said above. A certain exception to this case is formed by pralidoxime 
with which the kll is practically independent of reactivator concentration. Its 
mean value is 5·98 ± 1·04. 103 1 mol- 1 min -1 (mean ± confidence interval for 
P = 0'95). The react iva tor concentrations used are probably lower than the dissocia
tion constant KR so that kll approaches the value of k r • In contrast with the other 
reactivators studied pralidoxime shows a high value of KR which indicates a low 
affinity of this reactivator for isopropyl-methylphosphonylated acetylcholinesterase. 
Similar results were obtained during reactivation of isopropyl-methylphosphonylated 
bovine erythrocyte acetylcholinesterase (unpublished) where for pralidoxime a value 

90 

% 

70 

50 

30 

10 

1.10- 1.10-3 

M 

FIG. 5 
Dependence of Reactivation of Isopropyl-methylphosphonylated Rat Brain Acetylcholinesterase 
on Reactivator Concentration 

1 Trimedoxime, 2 IV, 3 obidoxime, 4 pralidoxime. % reactivation in pro bit scale, M mola
rity of reactivator. 
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of KR of 1·00. 1O-3M was obtained while for the other reactivators the values of KR 

were much lower (6'40. 1O-5M for II; 5·00. 1O-5M for III and 4'35. 1O-5M 

for IV). 
A comparison of the efficiencies of reactivators on the basis of concentrations 

bringing about the desired effect depends to a certain extent on the magnitude of the 
selected effect if the regression lines of the dependence of the per cent reactivation 
on reactivator concentration are not parallel as the case is here. Most convenient 
for the comparison appears to be a concentration bringing about 10% reactivation 
(Ria)' It is believed that the value of RiO might be in best correlation with the thera
peutical efficiency of the compounds since reactivator doses bringing about a 10% 
increase in activity of certain brain regions of intoxicated animals are therapeutically 
fully active. According to J. Bajgar the drop of activity below this limit results 
in intoxication symptoms of all animals. 

The magnitude of Ria appears to be more suitable for estimating the reactivation 
efficiency than the value R50 which was used e.g. by Nishimura and coworkers34

. 

The relative efficiency of the reactivators referred to pralidoxime and expressed 
by the ratio of Ria may be expressed as follows: I 1, II 75, III 3·9 and IV6. 

The author is indebted to Dr J. Bielavsky for the preparation of the reactivators and to Mr O. 
Ochrymovic for technical cooperation. 
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