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1. Introduction

Shortly after the introduction of pyridinium oximes as causal
antidotes in organophosphate poisoning by Wilson and
Ginsburg, it was noticed that the reactivation of inhibited
acetylcholinesterase (AChE) was more complete when diluted
AChE preparations were used. More detailed analysis of this
phenomenon led to the suggestion that a reaction product of
the reactivation process, a phosphylated oxime (POX), could be
an inhibitor of AChE [1]. Subsequently, it was observed that
POXs were also formed in a direct reaction of oximes with the
more reactive anticholinesterase agents such as sarin [2]. POX
conjugates between sarin and 4-pralidoxime (4-PAM), 2-PAM
and trimedoxime (TMB-4) were prepared and it was noted that
the AChE inhibiting potency increased in the order of the
conjugate formed with 2-PAM, 4-PAM and TMB-4 [3]. Sub-
sequent studies with a variety of pyridinium oximes and
organophosphorus compounds (OP) revealed the general rule
that four-substituted pyridinium oximes yield rather stable OP
conjugates, while two-substituted pyridinium oxime conju-
gates appeared to be highly unstable [4,5].

The decomposition of the pyridinium oximes in aqueous
solutions near neutrality, with loss of anticholinesterase
activity, gave mainly the corresponding nitrile, rather than
the parent oxime [6,7]. The mechanism underlying nitrile
formation was postulated as a Beckmann elimination reaction
[6,7], depending on the acidity of the methine proton [8,9].

The high inhibitory potency of the POXs towards AChE has
been demonstrated in vitro and often exceeds that of the
parent OP by one or two orders in magnitude [5,10-14]. This
holds particularly true for the rather stable 4-pyridinium-
aldoximes and 4-bispyridinium-aldoximes, for review see [15],
and it has been suggested that formation of rather stable POXs
invivo may thwart effective reactivation of phosphylated AChE
be oximes [16]. In fact, the relative inefficacy of TMB-4 against
soman in isolated rat phrenic nerve diaphragm preparations
was related to formation of a TMB-4-soman complex which
itself is a strong inhibitor of AChE [17]. Definite proof of the in
vivo toxicity of phosphylated oximes was obtained in rats that
were dosed with the isopropoxy ethylphosphonyl oxime
derived from 2- and 4-PAM [18].

The particularly dramatic increase in anticholinesterase
activity of paraoxon by more than two orders of magnitude
upon reaction with obidoxime has been already supposed
earlier [11,13] when the compound was generated in situ upon
reactivation of erythrocyte AChE and was confirmed when
(mono)diethylphosphoryl-obidoxime (DEP-obidoxime) was
isolated and fully characterized [19]. Formation and the high
inhibitory potency of DEP-obidoxime contrasted with the well-
known reactivating efficacy of obidoxime in parathion
poisoning and prompted Schoene to argue that accumulating
acetylcholine may compete for re-inhibition of AChE by POX at
the active site of the enzyme [11]. While this effect may
contribute to a more effective reactivation than expected from
POX formation, another mechanism may be more important.

It was detected fortuitously that human plasma was able to
quickly destroy DEP-obidoxime. It turned out that paraox-
onase (PON1) was responsible for the hydrolysis of POX [20],
but that some human plasma samples had rather low POX-
hydrolase activity while the capacity to hydrolyze paraoxon

[EP] +[OX] s [E] + [POX]

= [OX] +[P]
|
non-enzynjip
aging spontaneous decomposition
G reactivation \ kn
ks [NIT] + [P]
[EPT] [E] +[P] [PYR] + [CN7]

Scheme 1 - Reactivation of phosphorylated enzyme [EP] by
an oxime [OX] with formation of free enzyme [E] and the
phosphoryl-oxime [POX]. [EP] is capable to reactivate
spontaneously or undergo the process of aging by
liberating an alkyl moiety, leading to an irreversible
inhibition state [EP']. [POX] is hydrolyzed by PON1 to give
the parent oxime and alkoxyphosphoric acid [P] or
decomposes to a nitrile [NIT] and alkoxyphosphoric acid to
give eventually the pyridone [PYR] and cyanide [CN7].

was high. This phenomenon was attributed to a substrate-
dependent activity polymorphism of PON1q 9or [21-24]. Sub-
stitution at position 192 by arginine (R) for glutamine (Q)
largely abolished the hydrolytic capacity of PON1 towards
DEP-obidoxime and DEP-TMB-4 [19]. There were experimental
hints that PON1qe, Was not only able to hydrolyze DEP-
obidoxime, but also dimethylphosphoryl-obidoxime [20]. A
similar behavior was shown for rabbit serum paraoxonase
which accelerated the obidoxime and TMB-4 induced reacti-
vation of diethylphosphoryl mouse AChE. The effect was less
pronounced in the case of ethoxyl methylphosphonyl AChE
[25]. In contrast, isopropoxy methylphosphonyl obidoxime,
the reaction product with the organophosphonate sarin, was
not amenable to hydrolysis by PON1 [26]. When it was shown
that the PON1 polymorphism was a modulating factor that
influences the obidoxime effectiveness in OP poisoned
patients [27,28], it became of major interest to characterize
the substrate specificity in more detail.

In the present study, two new POX compounds, dimethyl-
phosphoryl-obidoxime (DMP-obidoxime) and diisopropylpho-
sphoryl-obidoxime (DIP-obidoxime), were isolated and
characterized. These compounds arise upon reactivation of
AChE inhibited by dimethylphosphoryl OP insecticides and by
diisopropyl phosphorofluoridate (DFP). Both POXs were highly
reactive inhibitors of AChE and are prone to hydrolysis mainly
by PON1qs,. In addition, a simple HPLC method was elaborated
to assess POX-hydrolase activity of human plasma at low
substrate concentration, which allows precise discrimination of
the PON1q19,r phenotype. Scheme 1 gives an overview on the
most important reactions that are dealt with in this article.

2. Materials and methods
2.1. Chemicals

Ion-pairing reagents (PIC B7™ and PIC A™ low UV) for HPLC
analysis were obtained from Waters (Milford, USA). Dia-
zoxon was obtained from Chem Service Inc. (West Chester,
USA), alcohol dehydrogenase from horse liver, sodium
pyrophosphate decahydrate, semicarbazide hydrochloride
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Table 1 - Rate constants for the inhibition of AChE by POXs and OP and for non-enzymic decomposition of POXs

Inhibitor Robs = k; @ kn k; (M~ min~?) (reference)
(concentration) (min—?) (M~ min™?Y) (min—?%)

DMP-obidoxime (2 nM) 1.26 6.3 x 108 0.023% 0.11% 0.12 (n = 2)

DEP-obidoxime (2 nM) 0.53 2.65 x 10® 0.013?% 0.088 + 0.01° (n = 3) 1.2 x 108, 10 °C [19]

DIP-obidoxime (30 nM) 0.37 0.12 x 10® n.d.; 0.070 + 0.004° (n = 3)

Paraoxon-methyl (1 pM) 0.53 27 x 10* n.d. 120 x 10% 37 °C [48]

Paraoxon-ethyl (1 uM) 0.28 52.5 x 10* n.d. 35 x 10% 10 °C [19]; 220 x 10% 37 °C [64]
DFP (6 uM) 0.12 2 x 10* n.d. 14 x 10*%, 27 °C [65]; 14 x 103, 15 °C [66]

n.d.: not determined.

® Rate constants were determined in 0.1 M phosphate buffer, pH 7.4, at 10 °C.
b Rate constants were determined in 50 mM MOPS, 0.5 mM Ca?*, pH 7.4 at 20 °C.

from Sigma-Aldrich (Deisenhofen, Germany), glycine from
Merck (Darmstadt, Germany), NAD from Boehringer Man-
nheim (Mannheim, Germany). All other chemicals were
obtained from suppliers as mentioned previously [20].

2.2. Generation and isolation of DMP-, DEP-, and DIP-
obidoxime

Caution: Generation of POXs produces extremely toxic anti-
cholinesterase agents!

Obidoxime (10 mM) was incubated with equimolar
amounts of paraoxon-methyl, paraoxon-ethyl or diisopropyl
phosphorofluoridate (DFP) in 10 mM sodium veronal buffer
adjusted to pH 7.5 with NaOH. The incubation mixture was
allowed to react on ice over night. Aliquots of 0.1 ml were
separated by HPLC (method A) and the peak fractions of DMP-
obidoxime (r.t. 9 min, method A1), DEP-obidoxime and DIP-
obidoxime (r.t. 18 min and 23 min, respectively, method A2)
were collected on ice. To reduce the MeOH concentration, the
fractions were pooled and evaporated at —1 °C shelf tempera-
ture at 0.014 mbar (freeze-dryer Alpha 1-4 LSC; M. Christ
Osterode, Germany) to near-dryness and subsequently con-
stituted in water, adjusted to pH 4.5 by a few drops of 0.1 M
acetic acid. In this way the MeOH concentration was reduced
below 0.5%. By completely drying and reconstitution, a large
amount of POX degraded to obidoxime mononitrile. The POX
solutions were stored at —80 °C and were found to be stable
over 3 years. The concentrations of the POX derivatives of
obidoxime were quantified as obidoxime after complete
hydrolysis with PON1,55qq. It turned out that the absorbance
coefficient of DEP-obidoxime solutions (31.6 mM ' cm™?, pH
4.5 [19]) was also applicable to DMP- and DIP-obidoxime.

2.3.  AChE preparation

Hemoglobin-free human erythrocyte membrane suspensions
(ghost suspensions) were prepared according to Dodge et al.
[29] with minor modifications [30]. Finally, the suspension was
adjusted to an appropriate AChE activity of 4-5U/ml with
sodium phosphate buffer (0.1 M, pH 7.4). Aliquots of the AChE
suspension were stored at —20 °C until use.

2.4.  Titration of AChE active sites
In order to estimate the concentration of AChE active sites,

suspensions of erythrocyte membranes were titrated with
DEP-obidoxime. To reduce errors due to spontaneous decom-

position of DEP-obidoxime concentrated AChE (6 U/ml) was
incubated with nine different DEP-obidoxime concentrations
(0.5-12 nM) at 10 °C until activity reached a stable level after
about 5-10min. (Under these conditions DEP-obidoxime
decomposed spontaneously with t;/, = 53 min; Table 1.) The
residual activity was plotted versus the DEP-obidoxime
concentration. Linear regression analysis (r?=0.97) gave an
X-axis intercept at 16 nM active sites. Assuming a normal
activity of 5.6 U/ml in whole blood [31] gives an AChE
concentration of about 15 nM in whole blood. These findings
agree with data of Worek et al. [32] stating 13.7 nM active sites
for an AChE suspension of 5 U/ml, but is five times higher than
reported by Lockridge and Masson [33].

2.5. Inhibition kinetics of AChE by OPs and POXs

Inhibition kinetics of human AChE in the absence of substrate
were followed under pseudo-first-order conditions. Stock
solutions of POX (11-16 pM) were thawed immediately before
use and diluted appropriately with water (pH 4.5). AChE
suspensions were diluted in 0.1 M phosphate buffer (pH 7.4) to
a concentration of approximately 0.2-0.3 nM active sites and
incubated with 2nM DMP- or DEP-obidoxime, 30 nM DIP-
obidoxime, and 1 uM paraoxon-methyl or paraoxon-ethyl and
10 uM DFP. To reduce POX decomposition the inhibition
kinetics, and for purpose of comparison also the OP-inhibition
kinetics, were followed at 10°C, while AChE activity was
determined at 37 °C. At selected time intervals, aliquots were
diluted into Ellman’s assay mixture for measurement of
residual activity (see below). The following function was fitted
to the data:

E; = Eg e kot | plateau

E: and Ey denote enzyme activities at time t and zero time. The
second-order rate constant of the inhibition k; was obtained by
dividing keps through the POX concentration. In order to take
the non-enzymic decomposition of POXs, spontaneous reac-
tivation and aging into account, a computer simulation for the
inhibition kinetics of AChE by DMP-obidoxime was performed
with Maple 9.00 (Maplesoft, Waterloo, Canada) using the
following differential equations:

% — _ki[POXJ[E](t) + ks[EP] (%),
@ = Ri[POX][E](t) — ks[EP](t) — ka[EP](t)
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The actual POX concentration [POX]; due to non-enzymic
decomposition was calculated by the equation [POX], =
[POX],e*' and integrated in the equations above (see
Scheme 1).

2.6.  Spectrophotometric determination of enzyme activities

2.6.1. AChE activity assay

The activity of AChE from erythrocyte membranes was
determined by a modified Ellman method [31]. The assay
contained 0.45 mM acetylthiocholine, 0.28 mM 5,5-dithio-bis-
2-nitrobenzoic acid in 0.1 M sodium phosphate buffer, pH 7.4
at 37 °C. The reaction was followed at 436 nm.

2.6.2. Diazoxonase and paraoxonase activity assays

Rates of diazoxon and paraoxon hydrolysis were determined
in 0.1 M Tris-HCl buffer, pH 8.5, 2 M NacCl, 2 mM CacCl, at 37 °C
and 270 nm (diazoxonase) or 405 nm (paraoxonase), substrate
concentrations were 0.5 mM diazoxon for diazoxonase and
1.2 mM PX for paraoxonase, respectively, for details see [24,34].
It should be noted that the final acetonitrile concentration in
the diazoxonase test (0.7%) inhibited PON1 by about 10%. For
comparability with published results the data were not
corrected.

2.6.3. Assay for MeOH determination

Since MeOH is a very poor substrate for liver alcohol
dehydrogenase and the Michaelis constant lies far above
the MeOH concentrations of interest, the initial velocity of
the conversion was used as a measure of the MeOH
concentration. An appropriate calibration curve with MeOH
standards followed first-order kinetics. The reaction was
carried out at pH 8.7 in 68 mM sodium pyrophosphate/
19mM glycine buffer, containing 68 mM semicarbazide
and 0.65mM NAD at 37 °C and recorded at 340 nm [35].
The reaction was started with 20 mU of alcohol dehydro-
genase/ml.

2.7.  Determination of POX-hydrolase activity (k,) and POX
decomposition rate constant (ky,)

Enzymic hydrolysis (ke) and spontaneous decomposition (k)
of POX were determined at 20°C in 50 mM MOPS buffer,
0.5 mM Ca?*, pH 7.4. An aliquot of POX-solution on ice was
brought to reaction temperature and mixed with plasma
(1:1) at 20 °C. Plasma showing high activity was diluted in
0.1 M MOPS buffer, 1mM Ca?*, pH 7.4; plasma with low
activity was dialyzed against the same buffer and used more
concentrated. For determination of the spontaneous decom-
position rate of POX, dilution buffer only without plasma
was used.

At appropriate time intervals, an aliquot was mixed with
trichloroacetic acid to yield a final concentration of 0.23 M.
After centrifugation, one part of the supernatant was
mixed with two parts of a PIC B7®/NHj; solution (1 ml PIC
B7® was mixed with 120 pl of concentrated NH; solution)
and maintained on ice. Fifty microlitres was injected on the
HPLC system and analyzed by method B or C. The decrease
of the POX concentration versus time was used as a
measure of POX-hydrolase activity. As the substrate con-

centration was very low ([S] <« Kp,) first-order kinetics were
assumed:

[POX], = [POX], ekt

[POX]; and [POX], are POX concentrations at time t and zero
time and ke expresses the first-order reaction constant [36] of
POX disappearance. When POX was hydrolyzed enzymically,
the rate of POX disappearance consisted of the spontaneous
decomposition rate ky, and the rate of enzymic cleavage,
denoted as ke, With ke = kej — ky, (Scheme 1). Consistently, ke
was proportional to the plasma concentration.

2.8. HPLC methods

DEP-obidoxime and the degradation products were analyzed
by HPLC using a Hitachi L-6200 pump (Merck). For all methods,
a LiChroCart Superspher 60, RP-select B (3 mm i.d. x 125 mm;
4 pm (Merck)) column was used. Peaks were quantified by
peak integration with an SPD M6A UV-vis diode-array detector
(Shimadzu) coupled with a personal computer Compaq
ProLinea 4/66; software Shimadzu Class LC-10 1992. Identifi-
cation was achieved by comparison of retention times and UV
spectra with authentic standards or compounds isolated by
HPLC. For chromatography with ion pairing, PIC B7®/NH; was
added to the sample to prevent peak broadening.

2.8.1. Method A

For preparation of POX, chromatography at a flow rate of
0.6 ml/min without ion-pairing reagents was applied. The
mobile phase consisted of 10 mM ammonium acetate, pH 4.5
(eluent A) and the same buffer containing 50% MeOH (eluent
B). The detection wavelengths were set at 220 and 285 nm.
Method A1l: samples of DMP-obidoxime were eluted with a
linearly increasing gradient from 0% B to 24% B in 12 min,
linear increase to 100% B in 9 min, 100% B for 12 min, return to
0% B in 3 min and 0% B for 9 min; the retention time was 9 min.
Method A2: samples of DEP- and DIP-obidoxime were eluted
with a linearly increasing gradient from 0% B to 40% B in
20 min, linear increase to 100% B in 10 min, 100% B held for
12 min, return to 0% B in 3min and 0% B for 5min; the
retention times were 18 min for DEP-obidoxime and 23 min for
DIP-obidoxime.

2.8.2. Method B

For the simultaneous detection and quantification of POX,
obidoxime and obidoxime mononitrile, a flow rate of 0.8 ml/
min was used. The mobile phase consisted of aqueous 4% PIC
B7", 0.35% PIC A" low UV. For samples of DMP- and DEP-
obidoxime gradient elution was started with 2% acetonitrile,
linearly increased to 5% in 12 min, linearly increased to 12% in
3 min, 12% held for 5 min, return to 2% in 2 min and held for
10 min. The separation of obidoxime and obidoxime mono-
nitrile was improved when applying a column oven tempera-
ture of 40 °C.

2.8.3. Method C

For quantification of POXs only in the isocratic mode, the same
aqueous mobile phase as described in method B was used,
containing 6% acetonitrile for DMP-obidoxime, 12% acetoni-
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trile for DEP-obidoxime and 16% for DIP-obidoxime. The
column oven temperature was adjusted to 30 °C.

2.9. Calculations

Data analysis was performed by curve fitting programs
provided by Prism™ Version 3.0 (GraphPad Software, San
Diego, CA). Computer calculations for simulation of dynamic
changes of AChE activities were performed with the software
Maple 9.0 (Maplesoft, Waterloo, Canada) by solving numeri-
cally multiple differential equations (basics are detailed in
[37]). Arithmetic means are given with standard deviations
forn> 3.

3. Results
3.1.  Determination of PON1 status

Fig. 1 shows a plot of diazoxonase versus paraoxonase
activities resolving PONlgi9r phenotypes. All samples
showed sufficient high activities to provide a clear differentia-
tion. Even the sample with very low paraoxonase activity
would have been clearly assigned to the PON1,4,qq phenotype;
in fact it was purified PON1;55qq that was generously provided
by the lab of Prof. P. Masson.

3.2, Long-term stability of PON1 in frozen plasma

The stability of paraoxonase, diazoxonase and arylesterase
was explored using samples from one individual of PON1195qq
or PON1,4orr phenotype each, stored at —20 °C up to 6 years.
Activities with all substrates decreased slowly upon storage.
By fitting an exponential function to the data, a half-life of 9.5
years was found (11.7-8.1, 95% CI). For comparison, paraox-
onase activities obtained by Eckerson et al. [38] were included
(Fig. 2). In general, the ratios between the three substrates
remained constant during storage, with the tendency of a
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15000 +

10000 ~

Diazoxonase [U/l]

5000

T T T T T
0 500 1000 1500 2000 2500
Paraoxonase [U/]

Fig. 1 - Assignment of plasma samples to the supposed
PON1q192r phenotype by the plot of diazoxonase vs.
paraoxonase activity [24]. Arrows point to samples
provided by the laboratory of P. Masson with confirmed
PON1q,9.r phenotype. Linear regression lines with 95% CI;
lines forced through the origin.
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Fig. 2 - Stability of paraoxonase, diazoxonase and
arylesterase activity of PON1,9,qq 0r PON1;95rg,
respectively, stored at —20 °C. Paraoxonase activities (¢)
from Eckerson [38] were included for calculation of the
half-life (9.5 years) for PON1 activity. Enzyme activities
were related to protein content of plasma; paraoxonase:
(V) 192RR, (M) 192QQ; arylesterase: (A) 192RR, () 192QQ;
diazoxonase: (+) 192RR, (X) 192QQ.

slight increase in the ratio diazoxonase/paraoxonase of the
PON119orr Sample.

3.3. Generation and isolation of DMP-, DEP-, and DIP-
obidoxime

DMP- and DIP-obidoxime were synthesized in analogy to DEP-
obidoxime [19]. Paraoxon-methyl or DFP were allowed to react
directly with equimolar (10 mM) obidoxime on ice. The new
POXs were isolated by HPLC and exhibited nearly identical UV
spectra as DEP-obidoxime, characterizing them as mono-
dialkylphosphoryl-obidoximes. Another evidence for their
identity was their high inhibitory potency towards AChE.
Hydrolysis of the new POX compounds by PON1,g9,q yielded
obidoxime as reaction product, while non-enzymic decom-
position resulted in obidoxime mononitrile, which was
already characterized by mass spectroscopy [19].

3.4. Inhibition rate constants of AChE by POX compounds
and OPs

Inhibition rate constants were determined under pseudo-first-
order conditions at 10 °C in the absence of substrate. The low
temperature was chosen to keep the spontaneous decom-
position rate of POXs low. An AChE concentration of
approximately 0.2-0.3nM was incubated with POXs or OPs
in excess. Pseudo-first-order rate constants were obtained by
fitting a one-phase exponential decay function to the data
points (Fig. 3). Second-order rate constants k; were derived
from the inhibitor concentrations. It should be kept in mind
that the data are approximate values, since the K4 values
describing the affinity of the OPs and POXs to AChE have not
been determined. We roughly estimated the value for
paraoxon-ethyl at 10 °C in the range of about 90 pM [39-41].
Hence, pseudo-first-order conditions are probably fulfilled.
DMP-obidoxime turned out to be more potent than DEP-
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Fig. 3 - Inhibition of AChE by dialkylphosphoryl-obidoxime
derivatives. Dimethylphosphoryl-obidoxime (H) (2 nM),
diethylphosphoryl-obidoxime (A) (2 nM), and diisopropyl-
obidoxime (V) (30 nM) were incubated with 0.2-0.3 nM
human ghost membrane AChE in 0.1 M phosphate buffer,
PH 7.4, at 10 °C. After various time intervals aliquots were
taken and the residual AChE activity determined at 37 °C
by a modified Ellman method. A monoexponential
function was fitted to the data points allowing variable
plateau calculation.

obidoxime, with DIP-obidoxime being the weakest AChE
inhibitor (Table 1). Surprisingly, AChE was not completely
inhibited by the above POXs. A plateau of 10% residual activity
remained with DMP-obidoxime, 4.3% with DEP-obidoxime and
6.2% with DIP-obidoxime (Fig. 3).

3.5.  Characterization of POX-hydrolase

3.5.1. Establishment of a new determination method

Handling of large amounts of highly toxic POX compounds
requires particular precautions and demands special labora-
tory facilities. Because of this situation, we pursued a way to
establish a method for quantifying POX-hydrolase activity at
low POX concentrations, which were presumed to be far
below K,. Under these conditions, determination of product
formation or substrate reduction are both possible. Follow-
ing decreasing POX concentrations was favored, as it was a
problem to precisely quantify obidoxime and obidoxime
mononitrile by HPLC (Fig. 4). Nevertheless, useful kinetics of
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Fig. 4 - HPLC chromatogram of an incubate of POX and
human plasma (method B) showing the separation of POX,
obidoxime (OBI), and obidoxime mononitrile (NIT).
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Fig. 5 — Degradation and product formation of
diethylphosphoryl-obidoxime in the presence of different
PON1 phenotypes in human plasma. Diluted plasma (1:1
with PON1,4,rg and 1:20 with PON1,4,4q) Was incubated
with diethylphosphoryl-obidoxime (8 pM) in 50 mM MOPS
buffer, 0.5 mM Ca®*, pH 7.4, at 37 °C. Diethylphosphoryl-
obidoxime (M), obidoxime (@), and obidoxime mononitrile
(A) were determined by HPLC, method B with peak area
recorded at 285 nm wavelength.

the formation of obidoxime and obidoxime mononitrile
were obtained (Fig. 5) and allowed unambiguous proof of
obidoxime liberation upon enzymic hydrolysis. Since it was
not necessary to quantify the hydrolysis product of POX,
isocratic HPLC method C was preferred to accelerate POX
determination.

3.5.2. Influence of EDTA, temperature and pH on POX-
hydrolase

Obidoxime as a product of the enzymic reaction with samples
phenotyped as PON1;95qq/qr Was found for all POX com-
pounds. However, only DMP- and DEP-obidoxime were
substrates for the PON1,9,r phenotype, while DIP-obidoxime
appeared to be no substrate for the PON1;95r alloenzyme
(Table 2). The effect of 2 mM EDTA was tested with a PON1;5oqr
sample. Assay conditions were as described except calcium
was substituted by EDTA. The POX-hydrolase activity dis-
appeared under these conditions.

Since it was our intention to comply with physiological
conditions, we tried to work at 37 °C and pH 7.4. When we
examined the dependence of POX-hydrolase activity and
spontaneous decomposition of POX from temperature (Fig. 6),
POX turned out to be too unstable at 37 °C for reliable
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Table 2 - Dependence of POX-hydrolase activities (k) in human plasma on the PON1q19,r phenotype

Sample PON1q;90r phenotype Substrate DF ke x DF (min™?) Paraoxonase (U/l)/ke x DF
1 192RR DMP-obidoxime 2 0.12 21667

7 192QR 40 6.8 192

11 192QQ 40 9.6 30

1 192RR DEP-obidoxime 4 1.7 1530

7 192QR 60 41 32

11 1920Q 60 55 6

1 192RR DIP-obidoxime 2 0 Not applicable

7 192QR 2 0.32 4063

11 192QQ 2 0.13 2154

Activities of human plasma were determined with approximately 8 M of the respective dialkylphosphoryl-obidoxime derivatives in 50 mM
MOPS, 0.5 mM Ca**, pH 7.4, MeOH < 0.5%, at 20 °C and related to undiluted plasma (k. x DF: dilution factor).

determination of low POX-hydrolase activities. In contrast,
the enzymic hydrolysis of POX was less influenced by
temperature. Due to these findings 20 °C were adopted as
reaction temperature. Enzymic hydrolysis of POX was more
influenced by changes in pH than the non-enzymic decom-
position (Fig. 7).
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Fig. 6 - Arrhenius plot of the non-enzymic decomposition

rate constants k;, (min~") and of POX-hydrolase activity ke

(min~?) vs. the reciprocal of absolute temperature

(PON1492qr, DEP-obidoxime, pH 7.4; linear regression
analysis and 95% CI).
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Fig. 7 - Dependence of kg, ke, and k;, of the degradation of
diethylphosphoryl-obidoxime on pH (50 mM MOPS buffer,
0.5 mM Ca?*, 20 °C).

3.5.3. Dependence of POX-hydrolase activity on PON1q192r
phenotype

The enzyme-catalyzed decomposition of DEP-obidoxime by
PON1 was tested with 15 samples (PON1;9,qq, 1 = 7; PON1192qr,
n=>5; PONligrg, n=3, phenotyped by the diazoxonase/
paraoxonase ratio [24]). Groups of PON1q;0or phenotypes were
clearly differentiated (Fig. 8). Interestingly, DEP-obidoxime
was hardly split by the PON1,9,rz phenotype. When using
DMP-obidoxime as substrate, enzyme activity was markedly
less while the same rank order was observed. DIP-obidoxime
was a poor substrate, which apparently was not split at all by
the PON19,rr phenotype. Since HPLC-isolated DIP-obidoxime
contained significant amounts of MeOH, we tested the
influence of MeOH on PON1 activity.

3.5.4. Effect of MeOH on PON1 activities

With paraoxon as substrate, PON1 activity was markedly
depressed by MeOH concentrations exceeding 0.5% (Fig. 9). A
hyperbola was applied to the data points indicating an ICsq
value of 2.7% MeOH. There was no significant difference
between the PON1q;92r phenotypes. In contrast, MeOH was a
stronger inhibitor for PON1;9,rr phenotype when using DEP-
obidoxime as substrate with an ICso value of 1% MeOH. The
sensitivity of the PON1;9,qq phenotype towards MeOH was
independent of the substrate used.

Based on these observations, POX samples were evaporated
to near-dryness at —1°C. The reconstituted POX samples
contained less than 0.5% MeOH. With these samples repre-
sentative PON1q19or phenotypes were tested for POX-hydrolase
activity (Table 2). These data indicate that the POX-hydrolase
turnover of DEP-, DMP-, and DIP-obidoxime are 6:1:0.03,
respectively, with the PON1;9,qq phenotype being about 50
times more active than the PON1;9,rz phenotype.

4. Discussion
4.1.  Long-term stability of PON1

Information about the stability of stored PON1 is rare in the
accessible literature. Only some hints, but no systematic
investigations were found [42-44]. Intraindividual PON1
activity reaches its normal level at an age of 2 years and
remains stable in adults [45]. Activity is modified by drugs,
diseases or changes in life-style [46]. Our results comprising
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Fig. 8 - Two-dimensional plot of POX-hydrolase k. vs.
paraoxonase activity in human plasma of different
phenotypes. Plasma samples were phenotyped as shown
in Fig. 1. Plasma samples were incubated with 8 .M DEP-
obidoxime at pH 7.4 and 20 °C (see Section 2). Linear
regression analysis with 95% CI; lines forced through the
origin.

plasma samples of two individuals with up to 84 months
storage at —20°C may have been altered by inconsistent
treatment (different numbers of thawings, dialysis conditions,
some were treated with soman to inhibit butyrylcholinester-
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Fig. 9 - Influence of MeOH on paraoxonase and POX-
hydrolase activities of PON1 in human plasma. A
hyperbola was fitted to the data (((]) PON1192gr; (A)
PON1;92q0)-

ase). Hence the calculated half-life of some 10 years should be
regarded as a hint only. Importantly, the two different
homozygous PON1lqisor phenotypes did not show major
differences, regardless of the substrate used.

4.2.  Synthesis and inhibitory potency of POX compounds

Kiderlen et al. [19] succeeded in generation and characteriza-
tion of DEP-obidoxime in a direct reaction between paraoxon-
ethyl and obidoxime and also showed the pattern of
degradation. Under identical conditions paraoxon-methyl
and DFP were allowed to react with obidoxime assuming
the formation of DMP- and DIP-obidoxime, respectively. The
novel compounds emerged as newly occurring HPLC peaks
with characteristic retention times. The tentatively assigned
POX compounds exhibited largely similar UV spectra. The
different alkyl residues were not supposed to cause significant
changes to the absorption of the major chromophor, the
obidoxime moiety. Absorption maxima, 275 nm, were indis-
tinguishable from DEP-obidoxime, so that the absorption
coefficient of DEP-obidoxime was applied (31.6 mM *cm™?)
[19]. In fact, non-enzymic degradation yielded obidoxime
mononitrile which had been fully characterized [19], while
enzymic hydrolysis liberated obidoxime. Non-enzymic
decomposition of the three POX compounds at pH 7.4 and
20 °C proceeded at similar rates (Table 2). Finally, the high
AChE inhibitory activity underlined the identity of the
compounds as POXs.

Testing the inhibitory potency of POX against AChE gave
bimolecular rate constants k; of about 10° M~* min~? at 10 °C.
The ability to inhibit AChE decreased in the following order
DMP-obidoxime > DEP-obidoxime >> DIP-obidoxime, which
was an unexpected result considering the potency of the
parent compounds paraoxon-methyl and paraoxon-ethyl,
with paraoxon-ethyl being the stronger inhibitor. Thus,
conjugation with obidoxime increased the toxicity of the
parent dialkylphosphates by a factor of 2250, 480, and 600,
respectively. The comparably lower toxicity of DFP and DIP-
obidoxime might be explained by steric interactions of the
bulky isopropyl moieties [47].

It should be noted that even 6-100-fold excess POX did not
completely inhibit AChE. Fitting an exponential equation to
the residual activities of inhibition experiments with POX did
not provide satisfying results after all. Especially the
inhibition kinetics with DMP-obidoxime levelled of at a
plateau of 10% residual activity. Spontaneous reactivation of
DMP-AChE (ti;» =41 min at 37°C) or reactivation by the
liberated obidoxime do not explain these observations under
quantitative aspects. These considerations were fostered by
a computer simulation of AChE inhibition by DMP-obidox-
ime (see Section 2). With the rate constants applied for aging
and spontaneous reactivation at 37 °C [48] and POX decom-
position (ky,=0.023min"?, 10°C) a activity
approaching 1.5% only was calculated. This plateau would
be even lower if the pertinent data at 10 °C were at hand.
Conceivably, the rapid liberation of obidoxime, which is
connected with rapid inhibition at rates approaching diffu-
sion controlled reactions, leads to higher local concentra-
tions of the oxime near the active site than calculated for
homogenous distribution.

residual
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4.3. POX-hydrolase activity and PON1q;92r polymorphism

Kiderlen et al. introduced two methods for measuring POX-
hydrolase activity [19]. The first one was based on the
reactivation ratio of inhibited AChE in absence/presence of
plasma, while the second one exploited the liberation of
obidoxime as analyzed by HPLC. We preferred to follow POX
disappearance under first-order conditions, which was not
disturbed by product formation and allowed a fast isocratic
HPLC analysis. When working with 6-8 uM POX we consis-
tently observed a monoexponential decay, indicating a much
higher K,,, value > 8 uM. A K, value of 0.78 mM was reported
for DEP-4-pralidoxime in the case of phosphotriesterase from
Pseudomonas sp. [49], and K, values for human PON1 were in
the range of 0.5 mM with organophosphorus compounds such
as paraoxon and diazoxon [24,50]. Hence, the first-order rate
constant for elimination was directly proportional to the
enzyme activity and had to be corrected only for the
spontaneous decomposition of POX.

The spontaneous decomposition of DEP-obidoxime exhib-
ited a high activation energy (82.5 kJ/mol) while the enzymic
hydrolysis required less energy (16.2kJ/mol). It should be
noted, however, that two different chemical reactions under-
lie the degradation of POX. In the first case, POX is presumably
eliminated by a cyclic B-cis elimination with formation of the
nitrile, which is markedly influenced by the acidity of the
methine proton [8,9]. The rate of this reaction was not
markedly affected by pH in the range between 7.1 and 7.8.
Conversely, the enzymic hydrolysis of DEP-obidoxime showed
a distinct dependence on pH: in the range observed the
increase in hydrolysis was directly proportional to the OH™
concentration (slope 0.92 + 0.08).

It has been reported that oximate ions may catalyze the
decomposition of POXs [4,7]. Two possible reaction pathways
were considered: (i) a general base catalysis of the elimination
reaction of the acidic methine proton yielding the nitrile or (ii)
nucleophilic attack on the phosphorus atom. Since the latter
pathway would lead only to re-synthesis of the phosphylated
oxime, this way was previously ruled out [6]. While these
considerations may apply for the synthesis of the POXs, when
rather high concentrations are used, we could not detect such
an oxime interference when reacting DEP-obidoxime (5 pM)
with obidoxime (10 uM) at pH 7.1 and 20°C [19]. We re-
investigated this matter reacting 10 uM DEP-obidoxime with
100 pM obidoxime or TMB-4 at pH 7.4 and 20 °C (data not
shown) and did not detect any increase in disappearence of
the POX. Also transoximation (pathway (ii), see above) was
excluded, because no new compound could be detected by
HPLC and spectroscopic analysis during degradation of DEP-
obidoxime in the presence of TMB-4. We hence conclude that
DEP-obidoxime decomposition will be probably not acceler-
ated by oximes at therapeutic concentrations.

PONT1 is quite sensitive towards organic solvents, an effect
which was detected quite late when many of our experiments
had already been finished. Even 1% (v/v) MeOH or acetonitrile
inhibited paraoxon hydrolysis by around 20%, hence POX
samples isolated by HPLC had to be treated to reduce the
MeOH content to a minimum. Unfortunately, lyophilization to
dryness resulted in marked nitrile formation and has to be
avoided. Data on the sensitivity of PON1 towards solvents are

rare in literature, but inhibition by MeOH of chlorpyrifos oxon
hydrolysis was reported by Furlong et al. [51] with an ICsq of
about 5%. The inhibition of both PON1q9,r alloenzymes by
MeOH, using phenylacetate as substrate revealed an ICso of
about 4% [52]. Since we did not notice a difference between
PON1q19,r phenotypes for inhibition of paraoxon hydrolysis
(ICso about 3%), it was surprising that POX-hydrolase activity
of PON1;9,rr Seemed to be more influenced by MeOH than the
activity of PON1452qq. This observation could originate from
the application of different plasma concentrations, rather
than from different sensitivities of the alloenzymes towards
MeOH. Nevertheless, phenotyping of the PON1q;9,r alloen-
zymes by the paraoxonase/POX-hydrolase ratio was not
challenged.

A plasma sample of the 192RR phenotype showed a 32- and
80-fold lower activity of DMP- and DEP-obidoxime hydrolase,
respectively, than the 192QQ type (Table 2). Thus, the ratio of
paraoxonase/POX-hydrolase discriminates very selectively
the PON1lqi9or phenotypes comparable with the paraoxo-
nase/sarinase ratio [21].

The catalytic mechanism of PON1 is still not fully
elucidated. Various substrates were described so far including
aromatic carboxyl esters, lactones, OPs and also some widely
used drugs. The rate of hydrolysis for several substrates
depends on the Q192R polymorphism [21,51,53,54]. Recent
findings pointed to lactonase activity as the native role of
PON1 [55], whereas its further catalytic capabilities are
considered as “promiscuous’” functions [56]. Harel et al. [57]
introduced the 3D structure of a recombinant PON1 showing
the location of the Q192R polymorphism near the catalytic
center. Conceivably the protonated nitrogen atom in arginine
interacts with the positive charged pyridinium ring(s) of POXs.
In contrary the glutamine residue is not charged at pH 7.4.

4.4, Conclusion

POX compounds are inevitably produced during reactivation
of OP inhibited ChEs by oximes [2,3,12-14]. The enhancement
of reactivation by 4-oximes (4-PAM, obidoxime, TMB-4) in the
presence of POX decomposing enzymes like phosphotriester-
ase from Pseudomonas sp. or human PON1 could be confirmed
[19,20,49]. 2-POXs formed by reactivation with pyridinium-2-
aldoximes (2-PAM, Hagedorn oximes) appear to be too
unstable, thus re-inhibition by 2-POXs is of no importance
[5]. PON1 is thought to be mainly expressed in the liver and
released into plasma [58-60]. It is probably absent in the
immediate vicinity of the neuromuscular junction. However,
the presence of the patrolling PON1,4,q alloenzyme in the
capillary tree could augment the effectiveness of 4-oximes. In
addition removing of POXs during reactivation of inhibited
ChE by 4-oximes in the blood, may help lowering acetylcholine
concentration in blood. Thus dangerous states of hypotension
could possibly be prevented, because endothelial muscarine
receptors are less stimulated [61,62]. It is unclear at present
whether an OP poisoned patient homozygous for PON1;92rr
may gain more profit from pralidoxime than from obidoxime
that has a higher potency and efficacy in reactivating AChE
inhibited by OP insecticides [60]. While the frequency of the
homozygous PON1;92rr phenotype in the Caucasian popula-
tion is only around 6%, its frequency is considerably higher in
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several regions of East Asia [63]. Hence, the pharmacogenetics
of paraoxonase polymorphism may have decisive effects on
the reactivating potential of pyridinium-4-aldoximes and is
another contributor to the large variability of susceptible
subjects seen in obidoxime-treated patients [28].
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