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Abstract

The wide-spread use of organophosphorus compounds (OP) as pesticides and the availability of highly toxic OP-type chemical warfare
agents (nerve agents) underlines the necessity for an effective medical treatment. Acute OP toxicity is primarily caused by inhibition of
acetylcholinesterase (AChE, EC 3.1.1.7). Reactivators (oximes) of inhibited AChE are a mainstay of treatment, however, the
commercially available compounds, obidoxime and pralidoxime, are considered to be rather ineffective against various nerve agents.
The antidotal efficacy of new oximes is primarily tested in animals for ethical reasons. However, the various interactions between AChE,
OP and oximes can be investigated with human AChE which enables the direct assessment of oxime potency, thus excluding species
differences. The kinetics of inhibition, reactivation and aging were investigated with human erythrocyte AChE, various structurally
different OP (organophosphates, -phosphonates and phosphoramidates) and oximes (obidoxime, pralidoxime, HI 6, HL6 7). The
inhibitory potency of OPs, reactivating potency of oximes and spontaneous reactivation and aging were strongly affected by the structural
characteristics of the OPs and of the phosphyl-AChE-complex. The kinetic data emphasize the superior inhibitory potency of
organophosphonates. AChE inhibited by various phosphoramidates was mostly resistant towards reactivation by oximes while
phosphonylated AChE was easily reactivated. HLO 7 was most potent with phosphonylated AChE and obidoxime with AChE inhibited
by organophosphates and phosphoramidates. With the exception of soman, OP-inhibited AChE aged rather slowly (¢, 3-231 h) and
reactivated spontaneously with some compounds. These results indicate that there is obviously no direct structure-activity relationship for
the various interactions of human AChE, OPs and oximes.
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Abbreviations: AChE, acetylcholinesterase (E.C. 3.1.1.7); BChE, butyr-
ylcholinesterase (E.C. 3.1.1.8); ATCh, acetylthiocholine iodide; BTCh, S-
butyrylthiocholine iodide; DTNB, 35,5'-dithio-bis(-2-nitrobenzoic acid);
DFP, diisopropylfluorophosphate; tabun, ethyl N-dimethylphosphoramido-
cyanidate; diethyltabun, ethyl N-diethylphosphoramido cyanidate; soman,
pinacolylmethylphosphonofluoridate; sarin, isopropylmethyl phosphono-
fluoridate; butylsarin, n-butylmethylphosphonofluoridate; cyclosarin,
cyclohexylmethylphosphonofluoridate; VX, O-ethyl S-[2-(diisopropylami-
no)ethyl) methylphosphonothioate; VR, S-[2-(diethylamino)isobutyl)
methylphosphonothioate; paraoxon-ethyl, diethyl-O-4-nitrophenylpho-
sphate; paraoxon-methyl, dimethyl-O-4-nitrophenylphosphate; fenami-
phos, ethyl 3-methyl-4-(methylthio) phenyl isopropylphoshoramidate;

1. Introduction

The extensive use of organophosphorus pesticides for
pest control and for attempting suicide causes worldwide
huge numbers of intoxications and several hundreds of
thousands of fatalities per year [1,2]. Besides, great stocks
of highly toxic organophosphate-based chemical warfare
agents (‘nerve agents’) are still available and present a real
threat to the population. The use of nerve agents during
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methyl]pyridinium dichloride monohydrate; HLO; 7, 1-[[[4-(aminocarbo-
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military conflicts [3] and by terrorists [4] underlines the
necessity to develop an effective medical treatment regi-
men for the whole range of nerve agents. The toxic effects
of organophosphates (OPs) are mainly due to a progressive
inhibition of cholinesterases by phosphylation (denotes
phosphorylation and phosphonylation) of their active cen-
ter serine leading to an inactive enzyme species [5,6]. The
inability of inhibited AChE to hydrolyze acetylcholine
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results in accumulation of the transmitter and subsequently
in over-stimulation of cholinergic receptors followed by
paralysis of neuromuscular function.

Standard treatment of OP poisoning includes a muscari-
nic antagonist, e.g. atropine, and an AChE reactivator
(oxime). Presently, the oximes obidoxime and pralidoxime
are approved as antidotes against OP poisoning but are
considered to be rather ineffective against different nerve
agents, which led to the synthesis of numerous new
compounds [7]. For ethical reasons, the efficacy of nerve
agent antidotes cannot be investigated in humans in vivo.
Therefore, testing is primarily performed with animals in
vitro and in vivo [8]. However, substantial species differ-
ences in the toxicokinetics of inhibitors [9], pharmacoki-
netics, dosing of antidotes [8,10,11] and reactivating
potency of oximes [12,13] hamper the extrapolation of
animal data to humans.

Removal of the phosphyl moiety from the AChE active
site serine (reactivation) is considered to be the primary
mechanism of oxime action [14]. Recent clinical data from
OP pesticide poisoned patients provide strong evidence for
the validity of this assumption [15]. Moreover, it was
shown that kinetic data generated with human erythrocyte
AChE in vitro [16,17] correlated well with the in vivo
cholinesterase status in these patients and could be used to
optimize oxime treatment [15,18].

Phosphylated AChE underlies post-inhibitory processes
which may affect oxime effectiveness [19]. According to
Scheme 1 a phosphyl-AChE-complex may undergo spon-
taneous dealkylation through alkyl-oxygen bond scission
(‘aging’), resulting in an irreversibly inactivated enzyme,
or spontaneous dephosphylation (‘spontaneous reactiva-
tion’), a process which can be accelerated by several orders
of magnitude by the addition of a strong nucleophile such
as an oxime. Oxime-induced reactivation inevitably leads
to the formation of highly reactive phosphylated oximes
[20,21] which may re-inhibit reactivated AChE [22-24].

The different reactions of AChE with organophosphates
were investigated in the past by using different compounds,
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enzyme sources and experimental conditions, making a
proper assessment of oxime effects difficult. In addition,
recent data indicate substantial species differences in
oxime potency [13]. In order to provide a kinetic basis
for the various interactions between human AChE, differ-
ent OPs and oximes we initiated this study using standar-
dized conditions for all experiments. The conventional
oximes obidoxime and pralidoxime and the experimental
compounds HI 6 and HL6 7, which showed to be promising
antidotes against nerve agents [8,25-28], were selected as
test compounds. Determination of the various kinetic
constants of these oximes, nerve agents and pesticides
should enable a proper assessment of the reactivating
potency of oximes. By using different OPs, i.e. organopho-
sphonates, organophosphates and phosphoramidates, a
basis for the analysis of structure-activity relationship
should be provided for a closer understanding of the great
differences in oxime potency (Fig. 1).

2. Materials and methods
2.1. Materials

Acetylthiocholine iodide (ATCh), S-butyrylthiocholine
iodide (BTCh), 5,5'-dithio-bis-2-nitrobenzoic  acid
(DTNB), diisopropylfluorophosphate (DFP) and pralidox-
ime chloride (2-PAM) were obtained from Sigma and
obidoxime dichloride (obidoxime) was purchased from
Duphar. HI 6 was kindly provided by Dr. Clement
(Defence Research Establishment Suffield, Ralston,
Alberta, Canada) and HL6 7 was a custom synthesis by
J. Braxmeier. Sarin, butylsarin, cyclosarin, soman, tabun,
diethyltabun, VX and VR (>98% by GC-MS, '"H NMR
and *'P NMR) were made available by the German Min-
istry of Defence. Paraoxon—ethyl, paraoxon-methyl,
methamidophos and fenamiphos were from Labor Dr.
Ehrenstorfer, all other chemicals from Merck Eurolab
GmbH.

o-E
H,c—P=0 + ROH + H¢
o

Spontaneous
Hydrolysis

Scheme 1.
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Fig. 1. Structures of organophosphorus compounds and oximes used in this study.

Stock solutions of sarin, butylsarin, cyclosarin, soman,
tabun, diethyltabun, VX and VR (0.1% v/v), paraoxon—
ethyl and —methyl (1% v/v) and methamidophos and
fenamiphos (10% v/v) were prepared weekly in 2-propa-
nol, stored at 4 °C and appropriately diluted in distilled
water just before the experiment. Oximes (50 and 200 mM)
were prepared in distilled water, stored at —60 °C and
diluted daily as required in distilled water at the day of the
experiment. All solutions were kept on ice until the experi-
ment.

Hemoglobin-free erythrocyte ghosts were prepared
according to Dodge et al. [29] with minor modifications
[13]. In brief, heparinized human blood was centrifuged
(3000 x g, 10 min) and the plasma removed. The ery-
throcytes were washed three times with 2 volumes of
phosphate buffer (0.1 M, pH 7.4). Then, the packed ery-

throcytes were diluted in 20 volumes of hypotonic phos-
phate buffer (6.7 mM, pH 7.4) to facilitate hemolysis
followed by centrifugation at 50,000 x g (30 min, 4 °C).
The supernatant was removed and the pellet re-suspended
in hypotonic phosphate buffer. After two additional wash-
ing cycles the pellet was re-suspended in phosphate buffer
(0.1 M, pH 7.4) and the virtually hemoglobin-free erythro-
cyte ghosts were concentrated by centrifugation at 100,000
% g (30 min, 4 °C). Finally, the AChE activity was adjusted
to the original activity (i.e. 4-5 U/ml) by appropriate
dilution with phosphate buffer (0.1 M, pH 7.4). Aliquots
of the erythrocyte ghosts were stored at —60 °C until use.
Prior to use, aliquots were homogenized on ice with a
Sonoplus HD 2070 ultrasonic homogenator (Bandelin
electronic, Berlin, Germany), three times for 5s with
30 s intervals, to achieve a homogeneous matrix for the
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kinetic studies. The hemoglobin content of the samples
was determined by a modified cyanmethemoglobin
method [30].

In order to prevent AChE denaturation during long-term
experiments at 37 °C AChE was stabilized by addition of
plasma with totally blocked BChE [16]. Plasma was
obtained as described above and inhibited by soman
(100 nM) for 30 min at 37 °C to ensure complete inhibition
and aging of BChE. The inhibited plasma was dialyzed
(phosphate buffer, 0.1 M, pH 7.4) overnight at 4 °C to
adjust pH and to remove residual inhibitor.

2.2. Enzyme assays

AChE and BChE activities were measured spectropho-
tometrically (Cary 3Bio, Varian, Darmstadt) with a mod-
ified Ellman assay [30,31]. The assay mixture (3.16 ml)
contained 0.45 mM ATCh (AChE) or 1.0 mM BTCh
(BChE) as substrate and 0.3 mM DTNB as chromogen
in 0.1 M phosphate buffer (pH 7.4). Assays were run at
37 °C.

2.3. Determination of inhibition rate constants (k;)

At t = 0, appropriately diluted OP was added to tem-
perature-equilibrated (37 °C) human erythrocyte ghosts, an
aliquot was removed after specified time intervals (5 s—
20 min) and transferred to a cuvette for the determination
of residual AChE activity. In case of highly reactive OP’s
(soman, sarin, cyclosarin, butylsarin, VX, VR), ghosts
were pre-diluted 1:40 in phosphate buffer (0.1 M, pH
7.4). The final concentrations of the inhibitors were suffi-
ciently high to establish pseudo-first-order reaction con-
ditions. k; was calculated from Eq. (1)

where [OP] is the initial concentration of the tested OP, v,
and v, are the reaction rates at time zero and at time ?,
respectively.

2.4. Determination of rate constants for aging (k,) and
spontaneous reactivation (k)

OP-inhibited AChE was prepared by incubating erythro-
cytes and ghosts with appropriate OP concentrations for
15 min at 37 °C resulting in an inhibition of 95-98% of
control activity. In case of excess OP after inhibition (VX,
VR, tabun, diethyltabun, fenamiphos, methamidophos) the
samples were dialyzed and the absence of inhibitory
activity was tested by incubation of treated and control
enzyme (15 min, 37 °C). OP-treated samples were stored
in aliquots at —60 °C until use.

OP-treated erythrocytes and ghosts were mixed with
equal volumes of soman-treated human plasma to prevent
denaturation of AChE during long-term experiments at
37 °C. Aliquots were taken after various time intervals for
determination of AChE activity (spontaneous reactivation)
and of the decrease of oxime-induced reactivation (aging,
Table 1). Data were referred to control activities and the
percentage reactivation (% react) was calculated [32]. The
pseudo first-order rate constants k, (spontaneous reactiva-
tion) and k, (aging) were calculated by a non-linear
regression model [16,33,34], where [E,] is the control
AChHE activity, [E] and [EA] are the activities of sponta-
neously reactivated and aged AChE, respectively.

k[E ks
1 = 20— etherhy @
EA] ::Ef(;js(l _ o (kthary 3)

ki = 1 n>° ) [EA] can only be determined indirectly by the decrease in
[OP]r v, reactivatability of inhibited AChE. According to [EA] =
Table 1
Experimental conditions for the determination of aging kinetics of inhibited AChE
oP Matrix® Oxime [Oxime] (LM)" treae (min) fobs ()
Tabun Erythrocytes TMB-4 1000 60 0-63
Sarin Erythrocytes HL6 7 1000 10 0-10
Cyclosarin Erythrocytes HL6 7 1000 10 0-24
VX Erythrocytes HL6 7 1000 30 0-44
VR Erythrocytes HL6 7 100 10 0-53
Butylsarin Ghosts HL6 7 1000 10 0-28
Paraoxon-ethyl® - Erythrocytes Obidoxime 100 30 0-72
Paraoxon-methyl’ Erythrocytes Obidoxime 20 30 0-4
DFP Ghosts Obidoxime 2000 30 0-30
Methamidophos Ghosts HL6 7 500 10 0-8
Fenamiphos Ghosts Obidoxime 1000 35 0-96

# Erythrocytes and ghosts were mixed with an equal volume of soman-treated human plasma for stabilizing AChE activity.

" Oxime concentration used for testing maximum reactivatability.
¢ Reactivation time.

4 Total observation time.

¢ From [17].

" From [16].
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[Eo]l—[Ereac), Eq. (3) may be rearranged to Eq. (4)

[Ereac] = [Eo] M(] _ e*(k>+ka)t) @)

ky ks

2.5. Oxime reactivation of OP-inhibited AChE

The ability of oximes to reactivate OP-inhibited
AChE was tested in pilot experiments by adding oxime
(10, 100, 1000 wM) to enzyme samples and measuring
the residual activity at specified time intervals (1-30 min).
In case of expected high reactivating potency the reactiva-
tion kinetics were determined with the continuous proce-
dure presented by Kitz et al. [13,35]. Hereby, 10 ul OP-
inhibited AChE was added to a cuvette containing phos-
phate buffer, DTNB, ATCh and specified oxime concen-
trations (final volume 3.16 ml). ATCh hydrolysis was
continuously monitored over 5 min (Fig. 2A). Activities
were individually corrected for oxime-induced hydrolysis
of ATCh. In order to reduce the effect of oxime-induced
ACHhE inhibition the maximum concentration was 30 pM
(HI 6, HL6 7) and 100 puM (obidoxime, pralidoxime),
respectively.

In case of low reactivating potency a discontinuous
procedure was applied (Fig. 2C) [16,36] which allowed
use of higher oxime concentrations (up to 5 mM). 60 .l
OP-inhibited AChE was incubated with 2 pl oxime solu-
tion (different concentrations) and 1 wl ATCh (450 pM
final concentration) and 10 wl aliquots were transferred to
cuvettes after specified time intervals (1-9 min).

30,
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Scheme 2.

2.6. Kinetics of oxime reactivation

Oxime reactivation of OP-inhibited AChE proceeds
according to Scheme 2. In this scheme [EP] is the phos-
phylated AChE, [EPOX] the Michaelis-type phosphyl-
AChE-oxime complex, [OX] the reactivator, [E] the reac-
tivated enzyme and [POX] the phosphylated oxime. Kp, is
equal to the ratio [EP][OX]/[EPOX]) and approximates the
dissociation constant which is inversely proportional to the
affinity of the oxime to [EP], and &, the rate constant for the
displacement of the phosphyl residue from [EPOX] by the
oxime, indicating the reactivity.

In case of complete reactivation and with [OX] » [EP], a
pseudo-first-order rate equation can be derived for the
reactivation process [37]

k:[OX]

Kp + [OX] )

kobs =

kobs 18 the observed first-order rate constant of reactivation
at any given oxime concentration.

The value of k,,s is not proportional to the oxime
concentration but underlies a saturation kinetics [38]
and k, and Kp follow Michaelis—Menten kinetics [39].

0.3
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Fig. 2. Reactivation kinetics of VX- (A, B) and tabun-inhibited human AChE (C, D) by HL6 7. (A) Continuous recording of absorption change in the Ellman
assay after addition of HL6 7 (1-30 wM, indicated by numbers). (C) Single data points indicate calculated AChE activities by Eq. (8) after the designated time of
reactivation with 50 (@), 100 (O), 200 (¢ ), 300 (I ), 400 (1), 600 (A ), and 800 wM HLS 7 (W). ko1, Was calculated using Eq. (10). Secondary plot of kg vs.

[HLO 7] and the line fitted using Eq. (5) for VX (B) and tabun (D).
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When [OX] « Kp, Eq. (5) simplifies to
ke
kobs = <K) [OX] ©)
D
wherefrom the second order reactivation rate constant k,,,
describing the specific reactivity, can be derived
2 T KD
From experiments with discontinuous determination of
enzyme activity after different reactivation times, Kkgps

values were calculated at each oxime concentration by
linear regression analysis, applying Eq. (8)

In <V° - Vf) — kgt 8)

Vo — Vi

ke )

Alternatively, ko, was calculated from the continuous
recording of d[S]/ds. Hereby, the concentration of the
reactivated AChE is proportional to the enzyme activity,
i.e. the velocity of substrate hydrolysis (v) and may be
expressed as pseudo-first-order process of reactivation

v = vo(1 — e~Fonl) )

with v, velocity at time t and vy,: maximum velocity
(control)
Integration of (9) results in

t
—d[S] = / vdt = vyt —I—V—O(e_k"bst -1) (10)
0 kobs
which was used for non-linear regression analysis of the
data points from individual oxime concentrations.
k. and Kp were obtained by the nonlinear fit of the
relationship between k., versus [OX] (Fig. 2B and D), k;»
was calculated from Eq. (7).

3. Results
3.1. Inhibition kinetics of OPs with human AChE

The bimolecular rate constants for the inhibition of
human AChE in the absence of substrate are summarized
in Table 2. Accordingly, organophosphonates were sub-
stantially more potent inhibitors than organophosphates.
For example, the rate constants of sarin, VX and cyclosarin
were 12-, 55- and 222-fold higher, respectively, when
compared to paraoxon-ethyl. The most potent compound
tested in this study was butylsarin with a k; of 6.1 X
103 M~ min~". Notably, the size of the O-alkyl substitu-
ent of organofluorophosphonates had a great effect on the
k;. The replacement of the isopropyl group (sarin) by an n-
butyl (butylsarin) or cyclohexyl group (cyclosarin) resulted
in an 18- and 22-fold higher k;, respectively.

Phosphoramidates showed marked differences in their
inhibitory potencies, which were lower compared to those
of organophosphonates. Again, small changes in the

N-alkyl group had a great impact on the k;, i.e. an eight-
fold lower value of the diethyl analogue of tabun when
compared to the parent compound.

3.2. Aging and spontaneous reactivation of
OP-inhibited AChE

Phosphylated AChE is susceptible to spontaneous
hydrolysis of an alkyl-ester bond, resulting in a negatively
charged residue which is resistant towards nucleophilic
attack [19]. The kinetics of aging and spontaneous reacti-
vation of human AChE inhibited by different OPs followed
first-order kinetics (Table 2). No essential qualitative dif-
ferences between organophosphates, organophosphonates
and phosphoramidates could be observed. Aging half-
times between 3 (sarin) and 231 h (butylsarin) were deter-
mined. Small structural variations of the alkoxy residue
had a dramatic impact on the aging half-time. Changing the
ethyl group (VX) by a butyl group (butylsarin) resulted in a
six-fold increase of aging half-time, and the replacement of
an isopropyl (sarin) by an isobutyl group (VR) increased
the half-time by a factor of 46. A comparable effect was
observed with dimethyl- and diethyl-phosphoryl-AChE
(t12 3.7 versus 32 h).

The kinetics of spontaneous reactivation of OP-inhibited
AChE showed a different pattern (Table 2). With several
compounds (sarin, cyclosarin, tabun, diethyltabun, DFP,
fenamiphos) no spontaneous reactivation could be
observed. The half-times of aging and spontaneous reacti-
vation were almost identical with paraoxon—ethyl- and
VX-inhibited AChE. Interestingly, the kinetics were
also very similar for both compounds, despite structural
differences of the phosphylated enzyme, diethylpho-
sphoryl versus ethylmethylphosphonyl. In case of metha-
midophos-, paraoxon—methyl-, VR- and butylsarin-
inhibited AChE the velocity of spontaneous reactivation
outweighed aging, resulting in a substantial recovery of
AChE activity. For example, the AChE activity increased
to approximately 90% with VR- and butylsarin-inhibited
AChE.

The comparison of the dealkylation and dephosphyla-
tion kinetics of all tested compounds gave no correlation
between k, and k, (R> = 0.1159).

3.3. Reactivation kinetics of OP-inhibited AChE by
oximes

The determination of reactivation rate constants of
oximes with human AChE inhibited by a number of
structurally different OP resulted in marked differences
of affinity (Table 3) and reactivity (Table 4) depending on
the OP and the oxime. HLO 7 was the most effective
reactivator of phosphonylated AChE while obidoxime
was roughly equipotent to HLO 7 with AChE inhibited
by organophosphates and phosphoramidates. In general,
phosphonylated AChE was far more susceptible towards
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(0]
Table 2 Il
Rate constants for the inhibition of AChE by OP (k;) and for the spontaneous dealkylation (k,) and reactivation of OP-inhibited AChE (k)* H1O_||:_X
RZ
OoP R, R, X k M ' min")® k, (A H° kg (h™H°
VX C,Hs CH; SC,H4N(CH(CHs),)» 12 £0.002 x 10 0.019 + 0.001  0.021 £ 0.001
Butylsarin C4Ho CH; F 6.1 £0.02 x 108 0.003 + 0.001 0.079 + 0.003
Sarin CH(CH,), CH, F 2.7 £0.1 x 107 0.228 e
VR CH,CH(CH3;), CH; SC,H4N(C,Hs), 44 +0.006 x 10°  0.005 £ 0.001  0.039 + 0.002
Soman CH(CH;)C(CH3); CH; F 92 + 04 x 107 6.6° 1]
Cyclosarin Cyclohexyl CH; F 4.9 £ 0.006 x 10°  0.099 + 0.003 1]
Methamidophos CH; NH, SCH; 1.9 £0.1 x 10° 0.071 £ 0.009  0.239 + 0.011
Fenamiphos C,Hs NHCH(CH3),  O-3-methyl-4-methylthiophenyl ~ 0.2 £ 0.01 x 107 0.005 £ 0.002 @
Tabun C,Hs N(CH3)» CN 74+ 02 x 10° 0.036 £ 0.001 @
Diethyltabun C,Hs N(C,Hs), CN 8.8 +0.2 x 10° N.D.f (%)
Paraoxon-methyl®  CHj; OCH; O-4-nitrophenyl 1.2 x 10° 0.186 1.01
Paraoxon-ethyl" C,Hs OC,Hs O-4-nitrophenyl 22 x 10° 0.022 0.022
DFP CH(CHj;), OCH(CHs;), F 1.3 + 0.04 x 10° 0.221 £ 0.002 O

 For structural details see Fig. 1.

® Mean =+ S.E. of 2-5 determinations.
¢ From [16].

4 From [17].

¢ At pH 8.0 and 24 °C [50].

 Aging kinetics could not be tested due to failure of oximes to reactivate diethyltabun-inhibited AChE.
€ No spontaneous reactivation of AChE activity during the observation period.

reactivation by oximes than enzyme inhibited by phos-
phoramidates (Fig. 3), methamidophos being an exception.
Diethyl- and dimethylphosphoryl-AChE was moderately
reactivatable, while diisopropylphosphoryl-AChE showed
to be rather resistant.

The affinity of oximes towards OP-inhibited AChE,
reflected by Kp, was of huge difference (Table 3). With
pralidoxime, Kp values between 2 puM (methamidophos)
and more than 3 mM (cyclosarin) were observed. The
affinity was especially low with fenamiphos-inhibited
AChE. In addition, the ratio of oxime Kp, (highest/lowest
Kp) for individual OPs showed great variability. Values
between 1.2 (paraoxon—methyl) and 176.5 (cyclosarin)
were calculated.

The ability of oximes to remove the phosphyl residue
from the active site of the enzyme, reflected by the
reactivity constant k., showed also marked differences
(Table 4). The range of k. was between 0.01 min~! (tabun)
and 4.24 min~' (paraoxon—methyl). A remarkably low
reactivity was recorded with AChE inhibited by tabun,
DFP and fenamiphos. The differences between oximes,
indicated by the ratio highest/lowest k,, were less promi-
nent when compared to affinity. A ratio between 2.7
(methamidophos) and 47.1 (paraoxon—-methyl) was calcu-
lated.

The specific reactivity of oximes, quantified by the
second-order reactivation rate constant k., is dependent
on affinity and reactivity. Therefore, &, also reflects the

Table 3

Dissociation constants (Kp) for the oxime-induced reactivation of OP-inhibited AChE*

oP R, R, Obidoxime® Pralidoxime® HI 6° HL6 7° Ratio®
Vx4 C,H; CH,4 27.4 28.1 11.5 7.8 3.6
Butylsarin C4Hy CH; 433+ 54 138 + 65 25.6 £2.6 153 +£25 9.0
Sarin? CH(CHs), CH; 31.3 27.6 50.1 24.2 2.0
VR CH,CH(CH3), CH; 106 + 20 30.7 + 3.4 92+ 1.2 53+ 1.1 20.0
Cyclosarin® Cyclohexyl CH; 945.6 3159 47.2 17.9 176.5
Methamidophos CH; NH, 75+ 1.1 2.1+03 9.1 + 1.6 33+04 43
Fenamiphos C,Hs NHCH(CHj3), 615 £+ 272 695 + 127 889 + 383 240 + 64 3.7
Tabun C,H; N(CH3), 97.3 £ 10.6 706 £ 76 o' 106.5 £ 15 7.3
Paraoxon—methyl® CH; OCH; 163 164 155 141 1.2
Paraoxon—ethyl C,Hs OC,H; 322+ 69 187.3 £ 19 548.4 + 46 478 £69 17.0
DFP CH(CH3), OCH(CHj3), 63.8 +£ 9.6 847 £+ 117 1935 £ 335 83.7 + 13.9 30.3

 For structural details see Fig. 1.

® Mean + S.E., Kp in pM, 6-10 different concentrations were used for each oxime.

¢ Ratio of highest and lowest Kp, values.

4 From [13].

¢ From [16].

 No reactivation of tabun-inhibited AChE up to 5 mM HI 6.
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Table 4

Reaction rate constants (k,) for the oxime-induced reactivation of OP-inhibited AChE*

OoP R, R, Obidoxime” Pralidoxime® HI 6° HL6 7° Ratio®
vx¢ C,H; CH; 0.893 0.215 0.242 0.49 4.1
Butylsarin C4Hy CH; 0.24 + 0.01 0.08 £ 0.02 0.72 £ 0.04 0.7 £ 0.06 9.0
Sarin® CH(CHj3), CH; 0.937 0.25 0.677 0.849 3.7
VR CH,CH(CH3), CH; 0.63 + 0.09 0.06 £ 0.002 0.71 £ 0.03 0.84 £+ 0.06 135
Cyclosarin® Cyclohexyl CH; 0.395 0.182 1.3 1.663 9.1
Methamidophos CH; NH, 0.84 + 0.06 0.31 £ 0.01 0.39 £+ 0.03 0.49 £+ 0.02 2.7
Fenamiphos C,H; NHCH(CHz;), 0.09 £+ 0.02 0.02 + 0.001 0.02 £ 0.003 0.03 £ 0.002 4.5
Tabun C,Hs N(CHs;), 0.04 + 0.001 0.01 £ 0.0005 o' 0.02 £ 0.0007 4.0
Paraoxon—methyl® CH; OCH; 4.24 0.48 0.09 1.28 47.1
Paraoxon—ethyl C,Hs OC,H;5 0.81 + 0.08 0.17 £ 0.007 0.2 £ 0.009 0.34 £ 0.02 4.0
DFP CH(CHs), OCH(CHz), 0.06 + 0.003 0.05 £ 0.003 0.02 £ 0.002 0.02 + 0.0006 3.0

# For structural details see Fig. 1.

® Mean + S.E., k, in min~!, 6-10 different concentrations were used for each oxime.

¢ Ratio of highest and lowest &, values.

4 From [13].

¢ From [16].

 No reactivation of tabun-inhibited AChE up to 5 mM HI 6.
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Fig. 3. Second-order rate constants k,, (mM ™' min~") for the reactivation of OP-inhibited AChE by oximes.

inhibitor- and oxime-related differences of Kp and k,
(Fig. 3). The range of k, was between 0.01 (DFP) and
158.7 mM ' min~! (VR) and the ratio of the most versus
least potent oxime for individual OP’s was between 3.5
(methamidophos) and 927 (cyclosarin).

Diethyltabun-inhibited AChE was completely resistant
towards reactivation by the oximes tested. No increase in
AChE activity could be observed even after addition of
5 mM oxime.

Nucleophilic attack at the phosphorus atom is the com-
mon mechanism of oximes and H,O for the dephosphyla-
tion of OP-inhibited AChE. However, a comparison of the
kinetics of spontaneous hydrolysis (k) and oxime-induced
reactivation k,, gave no correlation of the data (R*=0.002,
plotting k, versus k,, gave a R? of 0.007).

4. Discussion
4.1. Inhibition of AChE by OPs

The determination of inhibition kinetics of OPs with
human AChE showed a superior inhibitory potency of
organophosphonates compared to organophosphates and
phosphoramidates. These marked differences are in
agreement with previous studies using electric eel, fetal
bovine serum, bovine erythrocyte and brain AChE
[40-42]. Hereby, small structural modifications of the
alkyl residue had a substantial impact on the k;, as was
demonstrated before for tabun analogues [43] and V-
compounds [44]. Several organophosphonates (butyl-
sarin, cyclosarin, VR) showed to be more potent inhibitors
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of human AChE than the classical nerve agents soman,
sarin and VX.

A common feature of the organophosphonates and
phosphoramidates used in this study is the presence of a
stereogenic phosphorus atom (Fig. 1), resulting in equal
amounts of enantiomers in the racemic product. Biochem-
ical and toxicological studies gave evidence that such
stereoisomers have different toxicological properties
[40,45-47]. For example, the ratio of inhibition rate con-
stants of P(—) versus P(+) stereoisomers and P(—)C(%)
versus P(+)C(#4) in case of soman was found to be 200
(VX), 4200 (sarin) and >40,000 (soman) [40]. This dif-
ference may explain the mono-phasic inhibition kinetics of
AChE which was observed in the present study with the
racemic OPs.

4.2. Aging and spontaneous reactivation of
OP-inhibited AChE

Phosphylated AChE underlies secondary reactions, i.e.
spontaneous dealkylation (aging) and dephosphylation
(reactivation) [19]. Aging proceeds through P-O bond
scission (P-N bond scission in case of tabun [48,49]). This
acid-catalyzed process results in formation of a negatively
charged phosphyl-AChE-complex [50,51], thwarting
nucleophilic attack by an oxime. Aging proceeds extre-
mely rapid with soman-inhibited human AChE [50,52], the
half-time being in the range of 2-3 min. The aging velocity
was substantially slower with the OP’s used in the present
study, ranging from 3-231h (Table 2), with the aging
kinetics of organophosphonates being dependent on the
structure of the alkoxy group. Previous studies suggested
that aging is most pronounced with branched alkyl groups
[50,53]. In agreement with this assumption, aging occurred
much faster with sarin-inhibited AChE compared to VX-
and butylsarin-inhibited enzyme. On the other hand, VR-
inhibited AChE had a remarkably long aging half-time,
indicating that the aging kinetics cannot be predicted
univocally from the structure of the alkoxy group. In case
of organophosphates (DFP, paraoxon—methyl and —ethyl)
and phosphoramidates (tabun, fenamiphos) further factors
may contribute to the differences in aging kinetics.

Spontaneous reactivation of OP-inhibited AChE was
dependent on the structure of the phosphyl moiety but
showed a different pattern compared to aging (Table 2).
Spontaneous hydrolysis of dimethyl- and diethylpho-
sphoryl-AChE as well as methamidophos-inhibited AChE
was observed in vitro and in vivo [16,33,54,55] but its
kinetics was not sufficiently investigated with phosphony-
lated AChE [53]. The data of the present study indicate that
there is no real structure-activity relationship for the
kinetics of spontaneous reactivation. AChE inhibited by
sarin, cyclosarin, DFP, tabun and fenamiphos showed no
increase in enzyme activity whereas a remarkable recovery
of AChE activity was observed with VX, VR, butylsarin,
methamidophos and both paraoxon analogues. Sponta-

neous reactivation proceeded even faster than aging with
these agents (with the exception of paraoxon—ethyl having
equal aging and reactivation half-times). Spontaneous
dephosphylation of inhibited AChE may mimic the ther-
apeutic effect of oximes in vivo in case of small OP doses,
short residence times and rapid spontaneous reactivation.
AChE inhibited by dimethyl-OPs or methamidophos may
serve as an example [16,55]. The favourable ratio of ky/k,
of VR-inhibited AChE, resulting in almost 90% reactivated
AChE, may be of minor importance in vivo. Only a small
portion of inhibited AChE may recover in the initial phase
of poisoning due to a half-time of spontaneous reactivation
of approx. 18 h and the expected long systemic persistence
of toxicologically relevant VR concentrations [56] may re-
inhibit reactivated enzyme.

4.3. Oxime-induced reactivation of OP-inhibited AChE

The reactivation of OP-inhibited AChE by oximes was
strongly dependent on the structure of the phosphyl moiety
(Tables 3 and 4, Fig. 3). Phosphonylated as well as
dimethyl- and diethylphosphoryl-AChE were highly sus-
ceptible towards reactivation by oximes while diisopro-
pylphosphoryl-, tabun- and fenamiphos-inhibited AChE
were rather resistant. HLO 7 showed to be superior with
phosphonylated AChE and obidoxime with AChE inhib-
ited by organophosphates.

Various explanations have been presented for the dif-
ferent reactivating effectiveness of oximes. Some authors
stressed the influence of the acidity of the oxime group
[57,58] since the removal of the phosphyl moiety from the
active site is caused by the oximate anion [59]. Accord-
ingly, oximes with lower pK, values should have a higher
reactivity. A comparison of the pK, values [25,57] of
pralidoxime (7.68), HI 6 (7.28) and HL6 7 (7.04 for the
2-aldoxime function) seems to support this concept. How-
ever, the substantially higher pK, values [60] of obidoxime
(7.9) and TMB-4 (8.2), being effective reactivators of
phosphorylated AChE, indicates that the acidity of the
methin proton of the oxime group, which induces the rapid
decay of the phosphyloxime [57], is of importance, too.

De Jong emphasized the importance of the position of
the oxime group in the pyridinium ring and suggested that
an oxime group in position 2 is important for the reactiva-
tion of soman-inhibited AChE whereas an oxime group in
position 4 may be favorable for the reactivation of tabun-
inhibited AChE [61]. This view was supported by the
comparison of the reactivating potency of obidoxime,
HI 6 and HL6 7 with soman- and tabun-inhibited AChE
[61]. In fact, the present study showed 4-oximes to be
superior to 2-oximes with organophosphates (paraoxon,
DFP) and with phosphoramidates with substituted amido
groups (fenamiphos). However, recent data indicate that
obidoxime may be also an effective reactivator of non-aged
human phosphonylated AChE under conditions where re-
inhibition by phosphonylated oxime is prevented [62].
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Finally, the present study demonstrates that the assumption
of the relationship between the position of the oxime group
and the reactivation of soman-inhibited AChE cannot be
generalized for all organophosphonates (Fig. 3).

The resolution of the three-dimensional structure of
AChE [63], realizing that the catalytic triad, Ser—His—
Glu, is at the bottom of a 20 A deep and narrow gorge,
was the starting point for detailed structural studies. By
using site-directed mutagenesis and molecular modeling, a
number of studies were undertaken in order to unravel the
underlying mechanisms for inhibition and reactivation of
the enzyme [64]. Experiments with recombinant mouse
AChE and mutant enzymes using paraoxon and methyl-
phosphonates as inhibitors and HI 6 and pralidoxime as
nucleophiles gave further insight into the structural com-
ponents involved in the interactions between the active
center gorge, the inhibitor and the oxime [65-67]. These
studies indicate that the orientation of the phosphyl moiety
in the active center as well as spatial constraints and steric
limitations affect the oxime entry to the point of optimal
reaction and its ability for nucleophilic attack. Formerly, it
was suggested that inhibitors with larger alkyl residues
may be less amenable to oxime reactivation [67]. This
assumption cannot be supported by the now available data.
The higher reactivating potency of HI 6, compared to
pralidoxime, was attributed to an interaction of the second
pyridinium ring with the peripheral anionic site of AChE,
facilitating the orientation of the oxime during reactivation
[68]. Luo et al. suggested that HI 6 may take two different
orientations in the reactivation of AChE inhibited by
methylphosphonates and paraoxon [66]. Taken together,
these studies provide new insight into the mechanisms of
reactivation but do not present a convincing concept for a
wider range of OPs and oximes. In view of substantial
species differences in the reactivatability of OP-inhibited
ACHhE [13] the presented data need to be verified by further
studies with human AChE.

Tabun-inhibited AChE is notoriously resistant towards
reactivation by oximes [69]. A comparison of the reacti-
vatability of phosphoramidate-inhibited AChE may shed
light upon the possible reasons. AChE inhibited by metha-
midophos, bearing an unsubstituted amido group [48], was
highly susceptible towards reactivation. This may not be
attributed to spontaneous reactivation (¢, 2.9 h) but was
due to a high affinity and reactivity of the tested oximes. In
contrast, oximes had an extremely low reactivity with
AChE inhibited by phosphoramidates with substituted
amido groups, i.e. tabun (dimethylamido), diethyltabun
(diethylamido) and fenamiphos (isopropylamido). It can
be assumed that substituted amido groups reduce the
electrophilicity of the phosphorus atom, thus preventing
a nucleophilic attack by an oxime function. Further struc-
tural studies will eventually elucidate whether a differential
orientation of methamidophos and tabun in the active
center gorge may additionally affect the accessibility of
oximes.

4.4. Conclusions

The investigation of interactions between human AChE,
oximes and a variety of nerve agents and pesticides pro-
vides a kinetic basis for the evaluation of oxime efficacy
and for the estimation of effective oxime concentrations in
humans. The suitability of such in vitro data for optimizing
oxime treatment was demonstrated in human pesticide
poisoning [18,31,70]. The determined inhibition rate con-
stants emphasize the substantial differences in the inhibi-
tory potency of organophosphonates, organophosphates
and phosphoramidates. No qualitative differences in aging
kinetics were observed with these OP classes and aging
half-times in the range of hours are not expected to impair
initial oxime treatment. Marked differences in reactivating
potency of the tested oximes were found, HL6 7 and
obidoxime being the most potent reactivators of phospho-
nylated and phosphorylated AChE, respectively. Accord-
ing to the proposed mechanism of resistance of
phosphoramidate-inhibited AChE towards oxime-induced
reactivation it remains uncertain whether oximes can be
developed being able to serve as effective reactivators. The
available data on aging and reactivation kinetics indicate
that further kinetic and structural studies are required for a
better understanding of the underlying mechanisms of
oxime-induced reactivation and for the development of
potent and effective broad-spectrum oximes. Finally, the
marked differences in the specific reactivity of the various
oximes underline once more that the erroneously used
concept of the effective oxime plasma concentration
(4 mg/1) should be dismissed.

Acknowledgements

The authors are grateful to K. Aumiiller, J. Inwich, L.
Lindemann, P. Littig, R. Widmann for their skilful and
engaged technical assistance.

References

[1] Gunnell D, Eddleston M. Suicide by intentional ingestion of pesti-
cides: a continuing tragedy in developing countries. Int J Epidemiol
2003;32:902-9.

[2] Kwong TC. Organophosphate pesticides: biochemistry and clinical
toxicology. Ther Drug Monit 2002;24:144-9.

[3] Macllwain C. Study proves Iraq used nerve gas. Nature 1993;363:3.

[4] Nagao M, Takatori T, Matsuda Y, Nakajima M, Iwase H, Iwadate K.
Definitive evidence for the acute sarin poisoning diagnosis in the
Tokyo subway. Toxicol Appl Pharmacol 1997;144:198-203.

[5] Taylor P, Radic Z, Hosca NA, Camp S, Marchot P, Berman HA.
Structural basis for the specificity of cholinesterase catalysis and
inhibition. Toxicol Lett 1995;82-83:453-8.

[6] MacPhee-Quigley K, Taylor P, Taylor S. Primary structures of the
catalytic subunits from two molecular forms of acetylcholinesterase—
a comparison of NH,-terminal and active center sequences. J Biol
Chem 1985;260:12185-9.



F. Worek et al./Biochemical Pharmacology 68 (2004) 2237-2248 2247

[7] Bismuth C, Inns RH, Marrs TC. Efficacy toxicity and clinical use of
oximes in anticholinesterase poisoning. In: Ballantyne B, Marrs TC,
editors. Clinical and experimental toxicology of organophosphates
and carbamates.. Oxford: Butterworth & Heinemann; 1992 p. 555-77.

[8] Dawson RM. Review of oximes available for treatment of nerve agent
poisoning. J Appl Toxicol 1994;14:317-31.

[9] Benschop HP, de Jong LPA. Toxicokinetics of nerve agents. In:
Somani SM, Romano JA, editors. Chemical warfare agents: toxicity at
low levels. Boca Raton: CRC Press; 2001. p. 25-81.

[10] Clement JG, Bailey DG, Madill HD, Tran LT, Spence JD. The
acetylcholinesterase oxime reactivator HI-6 in man: pharmacokinetics
and tolerability in combination with atropine. Biopharm Drug Dispos
1995;16:415-25.

[11] Baggot JD. Application of interspecies scaling to the bispyridinium
oxime HI-6. Am J Vet Res 1994;55:689-91.

[12] Clement JG, Erhardt N. In vitro oxime-induced reactivation of various
molecular forms of soman-inhibited acetylcholinesterase in striated
muscle from rat, monkey and human. Arch Toxicol 1994;68:648-55.

[13] Worek F, Reiter G, Eyer P, Szinicz L. Reactivation kinetics of
acetylcholinesterase from different species inhibited by highly toxic
organophosphates. Arch Toxicol 2002;76:523-9.

[14] Hobbiger F. Reactivation of phosphorylated acetylcholinesterase. In:
Koelle GB, editor. Cholinesterases and anticholinesterase agents..
Berlin: Springer-Verlag; 1963. p. 921-88.

[15] Eyer P. The role of oximes in the management of organophosphorus
pesticide poisoning. Toxicol Rev 2003;22:165-90.

[16] Worek F, Diepold C, Eyer P. Dimethylphosphoryl-inhibited human
cholinesterases: inhibition, reactivation, and aging kinetics. Arch
Toxicol 1999;73:7-14.

[17] Worek F, Backer M, Thiermann H, Szinicz L, Mast U, Klimmek R, et
al. Reappraisal of indications and limitations of oxime therapy in
organophosphate poisoning. Hum Exp Toxicol 1997;16:466-72.

[18] Thiermann H, Szinicz L, Eyer F, Worek F, Eyer P, Felgenhauer N, et
al. Modern strategies in therapy of organophosphate poisoning. Tox-
icol Lett 1999;107:233-9.

[19] Aldridge WN, Reiner E. Enzyme inhibitors as substrates—Interac-
tions of esterases with esters of organophosphorus and carbamic
acids. Amsterdam, London: North-Holland Publishing Company;
1972.

[20] Ashani Y, Bhattacharjee AK, Leader H, Saxena A, Doctor BP.
Inhibition of cholinesterases with cationic phosphonyl oximes high-
lights distinctive properties of the charged pyridine groups of qua-
ternary oxime reactivators. Biochem Pharmacol 2003;66:191-202.

[21] Leader H, Vincze A, Manisterski B, Rothschild N, Dosoretz C, Ashani
Y. Characterization of O,0-diethylphosphoryl oximes as inhibitors of
cholinesterases and substrates of phosphotriesterases. Biochem Phar-
macol 1999;58:503-15.

[22] Scaife JF. Oxime reactivation studies of inhibited true and pseudo
cholinesterase. Can J Biochem Physiol 1959;37:1301-11.

[23] Worek F, Eyer P, Kiderlen D, Thiermann H, Szinicz L. Effect of human
plasma on the reactivation of sarin-inhibited human erythrocyte
acetylcholinesterase. Arch Toxicol 2000;74:21-6.

[24] de Jong LPA, Ceulen DI. Anticholinesterase activity and rate of
decomposition of some phosphylated oximes. Biochem Pharmacol
1978;27:857-63.

[25] Eyer P, Hagedorn I, Klimmek R, Lippstreu P, Loffler M, Oldiges H, et
al. HL6 7 dimethanesulfonate, a potent bispyridinium—dioxime
against anticholinesterases. Arch Toxicol 1992;66:603-21.

[26] Van Helden HPM, Van Der Wiel HJ, Zijlstra JJ, Melchers BPC, Busker
RW. Comparison of the therapeutic effects and pharmacokinetics
of HI-6, HL6-7, HGG-12, HGG-42 and obidoxime following non-
reactivatable acetylcholinesterase inhibition in rats. Arch Toxicol
1994;68:224-30.

[27] Lundy PM, Hansen AS, Hand BT, Boulet CA. Comparison of several
oximes against poisoning by soman, tabun and GF. Toxicology
1992;72:99-105.

[28] Clement JG. Efficacy of various oximes against GF (cyclohexyl-
methylphosphonofluoridate) poisoning in mice. Arch Toxicol
1992;66:143-4.

[29] Dodge JT, Mitchell C, Hanahan DJ. The preparation and chemical
characteristics of hemoglobin-free ghosts of human erythrocytes. Arch
Biochem Biophys 1963;100:119-30.

[30] Worek F, Mast U, Kiderlen D, Diepold C, Eyer P. Improved determi-
nation of acetylcholinesterase activity in human whole blood. Clin
Chim Acta 1999;288:73-90.

[31] Eyer P, Worek F, Kiderlen D, Sinko G, Stuglin A, Simeon-Rudolf'V, et
al. Molar absorption coefficients for the reduced Ellman reagent:
reassessment. Anal Biochem 2003;312:224-7.

[32] de Jong LPA, Wolring GZ. Effect of 1-(ar)-alkyl-hydroxyimino-
methyl-pyridinium salts on reactivation and aging of acetylcholines-
terase inhibited ethyldimethylphosphoramidocyanidate (tabun).
Biochem Pharmacol 1978;27:2229-35.

[33] Skrinjaric-Spoljar M, Simeon V, Reiner E. Spontaneous reactivation
and aging of dimethylphosphorylated acetylcholinesterase and choli-
nesterase. Biochim Biophys Acta 1973;315:363-9.

[34] Mast U. Reaktivierung der Erythrozyten—Acetylcholinesterase durch
Oxime, Miinchen:Thesis;1997.

[35] Kitz RJ, Ginsburg S, Wilson IB. Activity-structure relationships in the
reactivation of diethylphosphoryl acetylcholinesterase by phenyl-1-
methyl pyridinium ketoximes. Biochem Pharmacol 1965;14:1471-7.

[36] Wang EIC, Braid PE. Oxime reactivation of diethylphosphoryl human
serum cholinesterase. J Biol Chem 1967;242:2683-7.

[37] Su CT, Wang PH, Lui RF, Shih JH, Ma C, Lin CH, et al. Kinetic
studies and structure-activity relationships of bispyridinium oximes as
reactivators of acetylcholinesterase inhibited by organophosphorus
compounds. Fundam Appl Toxicol 1986;6:506—14.

[38] Green AL, Smith HJ. The reactivation of cholinesterase inhibited with
organophosphorus compounds. 2. Reactivation by pyridinealdoxime
methiodides. Biochem J 1958;68:32-5.

[39] Worek F, Eyer P, Szinicz L. Inhibition, reactivation and aging kinetics

of cyclohexylmethylphosphonofluoridate-inhibited human cholines-

terases. Arch Toxicol 1998;72:580-7.

Benschop HP, de Jong LPA. Nerve agent stereoisomers: analysis,

isolation, and toxicology. Acc Chem Res 1988;21:368-74.

[41] Gray PJ, Dawson RM. Kinetic constants for the inhibition of eel and

rabbit brain acetylcholinesterase by some organophosphates and

carbamates of military significance. Toxicol Appl Pharmacol
1987;91:140-4.

Hanke DW, Overton MA. Phosphylation kinetic constants and oxime-

induced reactivation in acetylcholinesterase from fetal bovine serum,

bovine caudate nucleus, and electric eel. J Toxicol Environ Health
1991;34:141-56.

[43] Augustinsson KB. Biochemical studies with tabun and allied com-
pounds. Ark Kemi 1953;6:331-50.

[44] Kabachnik MI, Brestkin AP, Godovikov NN, Michelson MJ, Rozen-
gart EV, Rozengart VI. Hydrophobic areas on the active surface of
cholinesterases. Pharmacol Rev 1970;22:355-88.

[45] de Jong LPA, Benschop HP. Biochemeical and toxicological implica-
tions of chirality in anticholinesterase or ganophosphates. In: Ariens
EJ, van Rensen JJS, Welling W, editors. Stereoselectivity of pesti-
cides—biological and chemical problems. Amsterdam: Elsevier; 1988.
p. 109-49.

[46] Berman HA, Decker MM. Chiral nature of covalent methylphospho-
nyl conjugates of acetylcholinesterase. J Biol Chem 1989;264:3951-6.

[47] Berman HA, Leonard K. Chiral reactions of acetylcholinesterase
probed with enantiomeric methylphosphonothioates—noncovalent
determinants of enzyme chirality. J Biol Chem 1989;264:3942-50.

[48] Elhanany E, Ordentlich A, Dgany O, Kaplan D, Segall Y, Barak R, et
al. Resolving pathways of interaction of covalent inhibitors with the
active site of acetylcholinesterases: MALDI-TOF/MS analysis of
various nerve agent phosphyl adducts. Chem Res Toxicol 2001;14:
912-8.

[40

[42



2248

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

F. Worek et al./Biochemical Pharmacology 68 (2004) 2237-2248

Barak D, Ordentlich A, Kaplan D, Barak R, Mizrahi D, Kronman C,
et al. Evidence for P-N bond scission in phosphoroamidate nerve
agent adducts of human acetylcholinesterase. Biochemistry 2000;39:
1156-61.

Shafferman A, Ordentlich A, Barak D, Stein D, Ariel N, Velan B.
Aging of phosphylated human acetylcholinesterase: catalytic pro-
cesses mediated by aromatic and polar residues of the active centre.
Biochem J 1996;318:833-40.

Saxena A, Viragh C, Frazier DS, Kovach IM, Maxwell DM, Lockridge
O, et al. The pH dependence of dealkylation in soman-inhibited
cholinesterases and their mutants: further evidence for a push-pull
mechanism. Biochemistry 1998;37:15086-96.

de Jong LPA, Wolring GZ. Stereospecific reactivation by some
Hagedorn-oximes of acetycholinesterases from various species
including man inhibited by soman. Biochem Pharmacol 1984;33:
1119-25.

Berry WK, Davies DR. Factors influencing the rate of aging in a series
of alkyl methylphosphonyl-acetylcholinesterases. Biochem J
1966;100:572-6.

Davison AN. Return of cholinesterase activity in the rat after inhibi-
tion by organophosphorus compounds—1. Diethyl p-nitrophenyl phos-
phate (E600, paraoxon). Biochem J 1953;54:583-90.

Langenberg JP, de Jong LPA, Otto MF, Benschop HP. Spontaneous and
oxime-induced reactivation of acetylcholinesterase inhibited by phos-
phoramidates. Arch Toxicol 1988;62:305-10.

van der Schans MJ, Lander BJ, van der Wiel H, Langenberg JP,
Benschop HP. Toxicokinetics of the nerve agent (£)-VX in anesthe-
tized and atropinized hairless guinea pigs and marmosets after intra-
venous and percutaneous administration. Toxicol Appl Pharmacol
2003;191:48-62.

Hagedorn I, Stark I, Lorenz HP. Reaktivierung phosphorylierter
Acetylcholinesterase—Abhéngigkeit von der Aktivator-Aciditit.
Angew Chem 1972;84:354-6.

Cakar MM, Vasic VM, Petkovska LT, Stojic DL, Avramov-Ivic M,
Milanovic GA. Spectrophotometric and electrochemical study of
protolytic equilibria of some oximes-acetylcholinesterase reactivators.
J Pharm Biomed Anal 1999;20:655-62.

Wilson IB, Ginsburg S. Reactivation of alkylphosphate inhibited
acetylcholinesterase by bis quaternary derivatives of 2-PAM and 4-
PAM. Biochem Pharmacol 1958;1:200-6.

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Engelhard N, Erdmann WD. Beziehungen zwischen chemischer
Struktur und Cholinesterase reaktivierender Wirksamkeit bei einer
Reihe neuer bis-quartdrer Pyridin-4-aldoxime. Drug Res 1964;14:
870-5.

de Jong LPA, Verhagen AAV, Langenberg JP, Hagedorn I, Loffler M.
The bispyridinium-dioxime HL6-7: A potent reactivator for acetyl-
cholinesterase inhibited by the stereoisomers of tabun and soman.
Biochem Pharmacol 1989;38:633—40.

Herkenhoff S, Szinicz L, Rastogi VK, Cheng TC, DeFrank JJ, Worek
F. Effect of organophosphorus hydrolysing enzymes on obidoxime-
induced reactivation of organophosphate-inhibited human acetylcho-
linesterase. Arch Toxicol 2004;78:338—43.

Sussman JL, Harel M, Frolow F, Oefner C, Goldman A, Toker L, et al.
Atomic structure of acetylcholinesterase from Torpedo californica: a
prototypic acetylcholine-binding protein. Science 1991;253:872-9.
Taylor P, Wong L, Radic Z, Tsigelny I, Briiggemann R, Hosea N, et al.
Analysis of cholinesterase inactivation and reactivation by systematic
structural modification and enantiomeric selectivity. Chem Biol Inter-
act 1999;119-120:3-15.

Kovarik Z, Radic Z, Berman HA, Simeon-Rudolf V, Reiner E,
Taylor P. Mutant cholinesterases possessing enhanced capacity for
reactivation of their phosphonylated conjugates. Biochemistry
2004;43:3222-9.

Luo C, Leader H, Radic Z, Maxwell DM, Taylor P, Doctor BP, et al.
Two possible orientations of the HI-6 molecule in the reactivation of
organophosphate-inhibited acetylcholinesterase. Biochem Pharmacol
2003;66:387-92.

Wong L, Radic Z, Briiggemann JM, Hosea N, Berman HA, Taylor P.
Mechanism of oxime reactivation of acetylcholinesterase analyzed by
chirality and mutagenesis. Biochemistry 2000;39:5750-7.

Ashani Y, Radic Z, Tsigelny I, Vellom DC, Pickering NA, Quinn DM,
et al. Amino acid residues controlling reactivation of organopho-
sphonyl conjugates of acetylcholinesterase by mono- and bisquatern-
ary oximes. J Biol Chem 1995;270:6370-80.

Heilbronn E. In vitro reactivation and ageing of tabun-inhibited blood
cholinesterase. Biochem Pharmacol 1963;12:25-36.

Thiermann H, Mast U, Klimmek R, Eyer P, Hibler A, Pfab R, et al.
Cholinesterase status, pharmacokinetics and laboratory findings dur-
ing obidoxime therapy in organophosphate poisoned patients. Hum
Exp Toxicol 1997;16:473-80.



	Kinetic analysis of interactions between human acetylcholinesterase, structurally different organophosphorus compounds and oximes
	Introduction
	Materials and methods
	Materials
	Enzyme assays
	Determination of inhibition rate constants (ki)
	Determination of rate constants for aging (ka) and spontaneous reactivation (ks)
	Oxime reactivation of OP-inhibited AChE
	Kinetics of oxime reactivation

	Results
	Inhibition kinetics of OPs with human AChE
	Aging and spontaneous reactivation of �OP-inhibited AChE
	Reactivation kinetics of OP-inhibited AChE by oximes

	Discussion
	Inhibition of AChE by OPs
	Aging and spontaneous reactivation of �OP-inhibited AChE
	Oxime-induced reactivation of OP-inhibited AChE
	Conclusions

	Acknowledgements
	References


