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Nerve agents (sarin, tabun, soman and VX) are class of military important substances able to cause many severe

intoxications during few minutes. Currently, the threat of misuse of these agents is daily discussed.

Unfortunately, there is no single antidote able to treat intoxication caused by all of these agents. Owing to this

fact, new generation of antidotes, especially acetylcholinesterase (AChE; EC 3.1.1.7) reactivators, is still

developed. In this study, we have tested four newly developed AChE reactivators: 1-(4-hydroxyimino-

methylpyridinium)-5-(4-carbamoylpyridinium)-3-oxa-pentane dibromide (1), 1-(3-hydroxyiminomethylpyri-

dinium)-5-(4-carbamoylpyridinium)-3-oxa-pentane dibromide (2), 1,5-bis(2-hydroxyiminomethylpyridinium)-

3-oxa-pentane dichloride (3) and 1,5-bis(4-hydroxyiminomethylpyridinium)-3-oxa-pentane dibromide (4) for

their potency to reactivate in vitro tabun and cyclosarin-inhibited AChE. Their reactivation efficacy was

compared with currently the most promising oxime HI-6 (1-(2-hydroxyiminomethylpyridinium)-3-(4-

carbamoylpyridinium)-2-oxa-propane dichloride). According to obtained results, two AChE reactivators 1 and

4 were able to reactivate tabun-inhibited AChE. On the contrary, there was no better AChE reactivator than HI-

6 able to reactivate cyclosarin-inhibited AChE.
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Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) is a crucial

enzyme in the human body. AChE catalyzes the hydrolysis

of the neurotransmitter acetylcholine - it terminates impulse

transmission at cholinergic synapses. Nerve agents and

pesticides are organophosphorus compounds with moderate

(pesticides) and high (nerve agents) toxicity.1 Their acute

toxicity is based on the irreversible inhibition of the enzyme

AChE and subsequent accumulation of the neuromediator

acetylcholine at peripheral and central cholinergic sites.2 The

inhibitory effect of organophosphorus compounds is based

on phosphorylation or phosphonylation of serine hydroxy

group at the active site of the enzyme.3

Protection against organophosphorus intoxication consists

of prophylaxis4 and decontamination.5 After the intoxi-

cation, there is need of immediate and appropriate treatment.

For this purpose, antidotal mean consisting of anticho-

linergics (atropine mainly) and AChE reactivators (called

oximes) is used. Pralidoxime (2-PAM, 1-methyl-2-hydroxy-

iminomethylpyridinium chloride), obidoxime (Toxogo-

nine®; 1,3-bis(4-hydroxyiminomethylpyridinium)-2-oxa-

propane dichloride) and HI-6 (1-(2-hydroxyiminomethyl-

pyridinium)-3-(4-carbamoylpyridinium)-2-oxa-propane di-

chloride) are worldwide currently the most used AChE

reactivators.6 Unfortunately, none of these oximes is able to

reactivate AChE inhibited by all nerve agents used. For this

reason, structures of new AChE reactivators are predicted

and then synthesized using standard or new synthetic

approaches.7 In this study, we were interested in evaluation

of the reactivation potency of four newly synthesized AChE

reactivators 1-(4-hydroxyiminomethylpyridinium)-5-(4-

carbamoylpyridinium)-3-oxa-pentane dibromide (1), 1-(3-

hydroxyiminomethylpyridinium)-5-(4-carbamoylpyridinium)-

3-oxa-pentane dibromide (2), 1,5-bis(2-hydroxyimino-

methylpyridinium)-3-oxa-pentane dichloride (3) and 1,5-

bis(4-hydroxyiminomethylpyridinium)-3-oxa-pentane di-

bromide (4), which were synthesized earlier.7d Newly

developed substances differ from the currently used oximes

in the length of connecting chain between two pyridinium

rings. We were interested in the difference of the reactivation

potency of these reactivators (five atoms membered con-

necting chain) versus currently used oxime HI-6 (three

atoms membered connection chain) because the length of

the connecting chain is very important factor influencing the

reactivation process and their specifity.7b,8 Our preliminary

screening test showed that all these above mentioned oximes

are able to reactivate cyclosarin-inhibited AChE, however

not enough in comparison with currently used reactivator

HI-6.7d

In order to obtain some new information about the

reactivation potency of our new AChE reactivators, in this

work, we have tested their abilities to reactivate rat-brain

AChE inhibited by tabun (GA) and cyclosarin (GF). Their

reactivation potencies were compared with commonly used

AChE reactivator - HI-6. Afterwards, we have discussed the

relationship between the structure of AChE reactivators and

their biological affinity.
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Material and Methods

Chemicals. All tested compounds (1, 2, 3, 4) were

prepared earlier.7d HI-6 (1-(2-hydroxyiminomethylpyridi-

nium)-3-(4-carbamoylpyridinium)-2-oxa-propane dichlo-

ride) purchased by Merck (Germany) was used for com-

parison as the currently used AChE reactivator. Purities of

the tested AChE reactivators were estimated using 1H-NMR

spectra. Nerve agents (cyclosarin and tabun) were obtained

from the Military Facility Brno (94% and 96% purity). All

other chemicals used were of reagent grade (Sigma-Aldrich,

Czech Republic).

Enzyme. Rat brain AChE was chosen as the appropriate

source of the enzyme. Its preparation was as follows. Lightly

ether-narcotized animals were killed by bleeding from a

carotid artery and the brains were removed, washed with

saline and homogenized in an Ultra-Turrax homogenizer in

distilled water to make a 10% homogenate.

In vitro measurement. Reactivation efficacy of the

oximes was tested in vitro on the model of AChE inhibited

by cyclosarin or tabun using standard reactivation test with

electrometric instrumentation.8 The AChE homogenate (0.5

mL) was mixed with 0.5 mL solution of cyclosarin or

tabun (to obtain 95% inhibition) in dry isopropanol and

incubated for 30 min (25 °C). Then 2.5 mL of 3 M NaCl was

added and supplied by distilled water to a volume of 23 mL.

After that, 2 mL of 0.02 M acetylcholine bromide was added

and enzyme activity was assayed titrimetrically at pH 8.0

and 25 °C on the Autotitrator RTS 822 (Radiometer, Denmark).

The activities of intact (ao) and GA or GF-inhibited (ai)

AChE were determined. When cyclosarin- or tabun-inhibit-

ed AChE was incubated 10 min with solution of reactivator,

the activity of reactivated AChE (ar) was obtained. The

activity values a0, ai and ar were calculated from the slopes

of the initial part of titration curves. Each value represents

arithmetic mean from two independent measurements.

Results

The kinetics of the reactivation process follows second-

order kinetics and can be described schematically by the

followed equation:

where EI is the phospohrylated enzyme, R the reactivator,

EIR is the intermediary complex, P is the reaction product,

and E is the enzyme. KR is the dissociation constant of

complex EIR and kR is the decomposition rate of this

complex. All results obtained are summarized in Table 1 and

in Figures 2-3.

Tabun. Oxime HI-6 has the highest affinity (characterized

by the dissociation constant KR) towards the tabun-inhibited

AChE (Table 1). Oximes 3 and 4 have almost similar

affinities, and 1 has the lowest affinity towards the tabun-

inhibited AChE. Unfortunately, we were not able to

calculate this constant for 2 because of no ability of this

oxime to reactivate tabun-inhibited AChE. Values of the first

order rate constants characterizing splitting of the bond

between inhibitor and enzyme (kR) favour oximes 1 and 4

Figure 1. Structures of tested AChE reactivators.

Table 1. Parameters characterizing the reactivation process

AChE 

reactivator

Nerve

agent

KR ± s.d.

[μM]

kR ± s.d.

[min−1]

kr

[min−1 Μ−1]

HI-6 Tabun 27 ± 5 0.020 ± 0.001 740

1 Tabun 209 ± 20 0.032 ± 0.001 153

2 Tabun −* −* −*

3 Tabun 47 ± 7 0.017 ± 0.001 362

4 Tabun 41 ± 4 0.037 ± 0.001 787

HI-6 Cyclosarin 45 ± 6 0.141 ± 0.010 3133

1 Cyclosarin −* −* −*

2 Cyclosarin 2692 ± 340 0.013 ± 0.000 5

3 Cyclosarin 66 ± 2 0.023 ± 0.000 348

4 Cyclosarin −* −* −*

KR, dissociation constant of inhibited enzyme-reactivator complex; kR,
the first order rate constant of reactivation; kr, the second order rate
constant of reactivation. *we were not able to calculate the appropriate
constant due to the very low potency of the reactivator to reactivate nerve
agent-inhibited AChE
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prior other oximes tested. However, constants kr (the second

order rate constant, characterizing the whole reactivation

process) show that the most potent AChE reactivator tested

in this work is 4. This result is also confirmed in Figure 2. As

it can be seen in this figure, 4 seems to be the most potent

tabun-inhibited AChE reactivator with the maximum

reactivation potency at the concentration 10−3 M. This

reactivator is able to reactivate tabun-inhibited AChE also at

low concentrations 10−4 M (28%) and 10−5 M (13%), which

favours this oxime for further investigation. Also 1 seems to

be potent reactivator of tabun-inhibited AChE. However, its

highest reactivation potency was achieved at the concen-

tration 10−2 M, which is not physiologically attainable.

Cyclosarin. The highest affinity towards cyclosarin-

inhibited AChE was measured for HI-6 followed by 3.

Oxime 2 had the highest value of the dissociation constant

KR and due to this fact the lowest affinity towards cyclo-

sarin-inhibited AChE. Unfortunately, we were not able to

calculate kinetic parameters for oximes 1 and 4 due to their

poor ability to reactivate cyclosarin-inhibited AChE. Also

constant kR favours oxime HI-6 prior all other oximes tested.

The second order rate constant kr also confirms the highest

ability of oxime HI-6 to reactivate cyclosarin-inhibited

AChE.

In Figure 3, there is shown the dependence of the

reactivation potency of tested oximes on their concentration.

HI-6 is superior from all tested oximes. Its potency to

reactivate cyclosarin-inhibited AChE is over 80% at

concentration 10−4 M. Just 3 is able to reactivate cyclosarin-

inhibited AChE over 20%. None from the other oximes

surpassed 10% level of reactivation.

Discussion

Current development of prophylaxis and treatment of

nerve agent intoxications is focused on cholinesterases used

as scavengers.3,4,9 Unfortunately, this approach is able to

protect against just few LD50 of nerve agent.9d If the amount

of nerve agent exceeds the tolerable dose, the need of AChE

reactivators as the casual antidotes is still required. That is

the reason that the development of new more potent AChE

reactivators continues.7,10

In this work, we have compared in vitro potency of four

new AChE reactivators (1, 2, 3, 4) to reactivate tabun and

cyclosarin-inhibited AChE. Currently the most promising

oxime HI-6 was taken as appropriate AChE reactivator for

comparison.

None from the oximes tested was able to reactivate both

nerve agent used. Our results confirm the general rule that

there is no single AChE reactivator able to sufficiently

reactivate AChE inhibited by all possible nerve agents.3b,6

Even oxime HI-6 - so potent AChE reactivator in the case of

sarin, cyclosarin, VX and soman (if administered before

aging) - could not be designated as broad spectrum AChE

reactivator. Our present data are in a good agreement with

our previous results.9,10,11

On the other hand, 4 seems to be the most potent

reactivator of tabun-inhibited AChE. Its promising reactiva-

tion ability was achieved at the concentration 10−3 M.

Moreover, its ability to reactivatre tabun-inhibited AChE

was over 20% at concentration 10−4.5 M. This concentration

could be physiologically attainable. Another promising

oxime usable for treatment of tabun intoxications could be

also oxime 1. Its course of reactivation curve is almost

similar to our former oximes K027 and K048.8,10b Although

1 has maximum reactivation potency at the concentrations

10−3 and 10−2 M (similar to oximes K027 and K048), it could

be as potent reactivator in vivo as both oximes K027 and

K048 are. To find out if this statement is true, in vivo

investigation using standard reactivation tests should be

done.9,12

In the case of cyclosarin reactivation, different oximes in

comparison to tabun reactivation were active. HI-6 was

superior to all newly synthesized oximes. This result is

similar to those presented by Kassa and Cabal,11c and Kuca

and Patocka.13 Only 3 achived reactivation potency around

20% at relatively low, for human use achiveable concen-

trations. 

It is known that reactivation potency of AChE reactivators

depends on their chemical structure. There are several

structural factors, which influence the reactivation potency-

presence and number of quaternary pyridinium rings

(needed for affinity towards AChE), length and rigidity of

Figure 3. Concentration-reactivation relationship of oximes to
cyclosarin-inhibited AChE.

Figure 2. Concentration-reactivation relationship of oximes to
tabun-inhibited AChE.
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connecting chain between two pyridinium rings, and

presence and number of oxime groups (nucleophilic agent

for splitting the bond between nerve agent and enzyme).14

Our results confirm the general rule that cyclosarin inhibited

AChE is very good reactivated with reactivators with oxime

group at the position two and tabun-inhibited enzyme is

better to reactivate with oxime group at the position four.14

Because reactivators with oxime group at the position four

are very good in reactivation of pesticides-inhibited AChE,15

we could recommend oximes 1 and 4 for further experi-

ments as antidotes against pesticide poisoning. Both of these

oximes will be also tested in near future in vivo for their

potency to reactivate tabun-inhibited AChE. 
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