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Abstract

The bacterial phosphotriesterase from Pseudomonas diminuta catalyzes the hydrolysis of
organophosphate nerve agents such as paraoxon (diethyl p-nitrophenyl phosphate) with a
turnover number of �104 s−1. The active site of the enzyme has been shown to be
composed of a binuclear Zn2+ complex with a bridging hydroxide. The utilization of chiral
phosphotriesters has demonstrated that the overall hydrolytic reaction occurs with net
inversion of stereochemistry at the phosphorus center. The stereochemical constraints of the
active site have been probed by the synthesis and characterization of paraoxon analogs. One
or both of the two ethoxy substituents of paraoxon have been replaced with various
combinations of methyl, isopropyl, or phenyl groups. Racemic mixtures and individual
enantiomers were tested as substrates for the phosphotriesterase. In general, the kinetic
constants (kcat and kcat/Km) for the (− )-enantiomers were one to two orders of magnitude
greater than the (+ )-enantiomer. Conversely, acetylcholinesterase was more rapidly inacti-
vated by the (+ )-enantiomers than the (− )-enantiomers. These results were examined in the
context of the three-dimensional structure of the bacterial phosphotriesterase. © 1999
Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

The phosphotriesterase (PTE) from Pseudomonas diminuta catalyzes the hydroly-
sis of a variety of organophosphorus nerve agents. The enzyme has exhibited a high
catalytic efficiency and potential utility in degrading organophosphorus compounds
[1,2]. The kcat and V/Km values for the hydrolysis of paraoxon by the enzyme have
been determined to be nearly 104 s−1 and 108 M−1 s−1, respectively [3]. The active
site of the native enzyme consists of a binuclear metal center and the two native
zinc ions can be substituted with either Co2+, Cd2+, Ni2+, or Mn2+ to yield
catalytically active enzyme [3]. A three-dimensional structure of the Cd2+-substi-
tuted holoenzyme by X-ray crystallography has demonstrated that the binuclear
metal center is embedded within a cluster of histidine residues [4]. Many of the
details of the roles of the two metal ions and active site residues involved in binding
and catalysis remain unknown.

The chemical mechanism for the hydrolysis reaction catalyzed by PTE is initiated
by an activated water molecule that directly attacks the phosphorus center, result-
ing in inversion of configuration [5]. It has been shown that the hydrolysis of
asymmetric organophosphorus compounds catalyzed by phosphotriesterase is
stereoselective [5,6]. For example, PTE hydrolyzes only the SP enantiomer of
O-ethyl O-(4-nitrophenyl) phenylphosphonothioate (EPN). The RP isomer of EPN
is not hydrolyzed by the enzyme at a significant rate. In addition, the SP isomers of
O,S-dimethyl N-acetylphosphoramidothioate (acephate) and O,S-dimethyl phos-
phoramidothioate (methamidophos) are preferentially hydrolyzed by the enzyme.

Organophosphorus nerve agents react with acetylcholinesterase (AChE), resulting
in an inactive enzyme in which the nucleophilic serine residue is phosphorylated.
The (− )-(SP) enantiomer of sarin inactivates acetylcholinesterase 4200 times faster
than does the (+ )-(RP) enantiomer [7]. This implies that the chiral enantiomers of
organophosphorus compounds differ greatly in their acute toxicity. Thus, the
relative stereospecificities of phosphotriesterase and acetylcholinesterase would be
important not only to fully understand the chiral nature of the reaction of
organophosphorus nerve agents with PTE and AChE but also in the design of more
effective enzymes for detoxification of organophosphates. In this paper, we have
examined the stereoselective hydrolysis of chiral phosphotriesters with phosphotri-
esterase and the stereoselective inhibition of human recombinant acetyl-
cholinesterase by these same chiral phosphotriesters.

2. Materials and methods

2.1. General

1H and 13C NMR spectra were recorded on a Varian XL-200E spectrometer. 31P
NMR spectra were obtained on a Varian Unity 300 spectrometer. Polarimetry was
conducted on a Jasco DIP-360 digital polarimeter. A Gilford Model 260 spec-
trophotometer was used to determine reaction rates.
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2.2. Chemicals

Dimethyl p-nitrophenyl phosphate (I) was obtained from Chem Service.
Paraoxon (diethyl p-nitrophenyl phosphate) (II), acetylthiocholine chloride, and
5,5%-dithiobis-(2-nitrobenzoic acid) (DTNB) were purchased from Sigma.
Paraoxon analogs in which the two ethyl group were replaced with isopropyl
(III) or phenyl groups (IV) were synthesized as described previously [2]. Racemic
analogs (IV–VIII) in which one or both of the two ethyl substituents of
paraoxon differ were synthesized as previously described from p-nitrophenyl
phosphorodichloridate and the corresponding alcohols [2]. Optically active phos-
photriesters (V–VII) were synthesized by a modification of the previously re-
ported procedure for similar compounds [8]. The (+ )-enantiomer of isopropyl
phenyl p-nitrophenyl phosphate (VIII) was obtained from the enzymatic resolu-
tion of the racemic phosphotriester by means of stereospecific hydrolysis by
phosphotriesterase.

2.3. Enzymes

The purification of wild-type phosphotriesterase and reconstitution of the iso-
lated enzyme with Zn2+, Co2+, and Cd2+ have been described previously [3].
Human recombinant acetylcholinesterase was purchased from Sigma and used
without further purification.

2.4. Kinetic studies

The kinetic parameters, Km and Vmax, for the hydrolysis of phosphotriesters
catalyzed by PTE were determined in 100 mM CHES (pH 9.0) at 25°C. Owing
to limited solubility, compounds IV, and VII–VIII were tested as substrates in
20 and 5% methanol/water solution, respectively. The kinetic constants, Km and
Vmax, were calculated from a fit of the data to Eq. (1), where 6 is the initial
velocity, Vm is the maximum velocity, Km is the Michaelis constant, and A is the
substrate concentration.

6=VmA/(Km+A) (1)

Human recombinant acetylcholinesterase was incubated with 500 nM phospho-
triester in 0.1 M phosphate buffer (pH 7.0) containing 1 mg/ml BSA at 25°C.
Aliquots were withdrawn and residual activity was measured with 1.0 mM
acetylthiocholine and 0.3 mM DTNB in 0.1 M phosphate buffer, pH 7.0 at 25°C
according to Ellman et al. [9]. The pseudo-first-order rate constants were ob-
tained by a fit of the data to Eq. (2) where A is the concentration of the
substrate, k is the pseudo-first-order constant, and t is time.

A=A0e−kt (2)
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2.5. Absolute configuration

Nakayama and Thompson have demonstrated that the alcoholysis of phosphotri-
esters proceeds stereospecifically with inversion of configuration [10]. The (+ )-iso-
propyl methyl p-nitrophenyl phosphate (VI) was converted into ethyl isopropyl
methyl phosphate by treatment with a sodium ethoxide. Likewise, (+ )-ethyl
p-nitrophenyl phenyl phosphate (VII) and (+ )-isopropyl p-nitrophenyl phenyl
phosphate (VIII) were treated with sodium methoxide to yield ethyl methyl phenyl
phosphate and isopropyl methyl phenyl phosphate, respectively. Nitration of
isopropyl methyl phenyl phosphate with ammonium nitrate gave isopropyl methyl
p-nitrophenyl phosphate.

3. Results

3.1. Enzymatic hydrolysis of phosphotriester enantiomers

Phosphotriesterase enzyme can efficiently hydrolyze a variety of phosphotriesters.
Paraoxon (II) is the best substrate known to date. The two ethyl groups in
paraoxon can be replaced with methyl (I) isopropyl (III), and phenyl (IV) groups
but kinetic values of kcat and Km decrease substantially. The kinetic constants for
the hydrolysis of optically active phosphotriesters by PTE are listed in Table 1.
Reaction of phosphotriesterase with racemic compounds VI–VIII resulted in the
faster degradation of one enantiomer over the other enantiomer (Fig. 1). When the
reaction was half-complete, the residual unhydrolyzed isomer was extracted with
chloroform and the (+ )-enantiomer was isolated in every instance. This result
demonstrates that phosphotriesterase predominantly hydrolyzes the (− )-enan-
tiomer of the racemic mixture for compounds VI–VIII. The enzymatic hydrolysis
of the (− )-isomers is one to two orders of magnitude faster than the (+ )-isomers.
It should be noted that there is no significant difference in enzymatic activity
between both isomers of ethyl methyl p-nitrophenyl phosphate (V).

3.2. Inhibition of acetylcholinesterase with phosphotriester enantiomers

The phosphotriester stereoisomers were used to inhibit human recombinant
acetylcholinesterase. Table 2 lists the pseudo-first-order rate constants calculated
from Eq. (2). The stereoselectivity of the inhibition of AChE with the chiral
phosphates is opposite to that of hydrolysis reaction of PTE since the (+ )-enan-
tiomers are more potent inhibitors of AChE than the (− )-enantiomers (Fig. 2).

3.3. Absolute configuration

(− )-Ethyl methyl p-nitrophenyl phosphate (V) was prepared by nitration of
(− )-ethyl methyl phenyl phosphate. It is reasonable to assume that this reaction
occurs with retention of configuration. The configuration of (− )-ethyl methyl



S.-B. Hong, F.M. Raushel / Chemico-Biological Interactions 119–120 (1999) 225–234 229

phenyl phosphate is known to have the SP configuration [11], and thus the
(− )-isomer of compound V must also have SP configuration. Treatment of
(+ )-ethyl p-nitrophenyl phenyl phosphate (VII) with sodium methoxide afforded
(SP)-(− )-ethyl methyl phenyl phosphate. This reaction takes place with inversion
of configuration [10]. Thus, (+ )-VII was assigned as the RP configuration. The
(+ )-enantiomer of isopropyl phenyl p-nitrophenyl phosphate (VIII) was treated
with sodium methoxide to yield (− )-isopropyl methyl phenyl phosphate. The
(− )-isopropyl methyl phenyl phosphate was converted into (− )-isopropyl methyl
p-nitrophenyl phosphate (VI) by nitration.

Table 1
Kinetic constants for the hydrolysis of phosphotriesters catalyzed by the Zn2+/Zn2+-PTEa

Compound Km (mm) kcat (s−1) kcat/Km (M−1 s−1)

1050 7.2×1067500I

6.2×107II 35 2200

3.5×10617047III

1.6×106230IVa 3700

2.5×1074000(+)-V 160

160 3.7×106(−)-V 5800

490 180 3.6×105(+)-VI

43 2000 4.7×107(−)-VI

1.8×106310170(+)-VIIb

1.8×108(−)-VIIb 18 3100

100(+)-VIIIb 9.5×105110

a Determined in 20% MeOH solution.
b Determined in 5% MeOH solution.
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4. Discussion

The bacterial phosphotriesterase is a remarkably efficient enzyme for the hydrol-
ysis of a wide variety of organophosphorus nerve agents. The X-ray crystal
structure of the Zn2+-substituted PTE with a bound substrate analog, diethyl
p-methylbenzylphosphonate, has shown that the active site of the enzyme consists
mainly of hydrophobic residues [12]. The observed interactions between the enzyme
and the substrate analog have provided valuable information on how the substrate
binds to the active site and the potential role of other residues in binding and
catalysis. Since the enzyme exhibits a stereospecific preference in favor of the
hydrolysis of the SP enantiomer of EPN, the results require the proper binding
orientation of the substrate in the active center of the enzyme. Based on modeling
of EPN into the active site, the regions of the active site interacting with the leaving
group and the two other substituents to the phosphorus center have been identified.

In previous studies with various dialkyl paraoxon analogs, it was shown that the
Km and Vm values decline with increasing alkyl chain length and branching [2].
These results suggest that the active site can accommodate a wide variety of
hydrophobic organophosphate substrates. To further characterize the stereochemi-
cal constraints of the active site, one or both of the two ethoxy substituents of
paraoxon have been replaced with various combinations of methyl, isopropyl, or
phenyl groups and then tested as substrates of the phosphotriesterase. The enzyme
is quite tolerant of alterations to this structure. The negligible chiral preference seen
for the hydrolysis of enantiomeric pairs of ethyl methyl p-nitrophenyl phosphate by
the enzyme is attributable to the small difference in chain length of the two alkoxy
groups. When the chiral groups differ considerably in bulkiness, the enzyme
hydrolyzes the (− )-enantiomer one to two orders of magnitude faster than the
(+ )-enantiomer. These results suggest that binding and reactivity of (− )- and
(+ )-enantiomers is governed by the sizes of the subsites at the active site accommo-
dating the alkyl or aryl substituents. According to the three-dimensional structure

Fig. 1. Time course for the hydrolysis of racemic phosphotriesters (50 mM) by phosphotriesterase. (A)
Isopropyl methyl p-nitrophenyl phosphate. (B) Ethyl p-nitrophenyl phenyl phosphate. (C) Isopropyl
p-nitrophenyl phenyl phosphate.



S.-B. Hong, F.M. Raushel / Chemico-Biological Interactions 129–130 (1999) 225–234 231

Table 2
Inhibition of acetylcholinesterase by phosphotriesters (500 nM)

k (min−1)Compound

0.15I

II 0.80

0.87III

0.19IV

(+)-V 1.6

(−)-V 0.12

0.39(+)-VI

0.10(−)-VI

(+)-VII 0.44

0.16(−)-VII

(+)-VIII 0.16

Fig. 2. Time course for the inactivation of acetylcholinesterase with both enantiomers of phosphotri-
esters (500 nM). In panels A–C, the open symbols refer to the (− )-enantiomer, and the close symbols
to the (+ )-enantiomer. (A) Ethyl methyl p-nitrophenyl phosphate. (B) Isopropyl methyl p-nitrophenyl
phosphate. (C) Ethyl p-nitrophenyl phenyl phosphate.
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of PTE, the leaving group is embedded in a subsite directed towards the solvent.
Since (− )-ethyl p-nitrophenyl phenyl phosphate (VII) was determined to have
the SP configuration, it is possible to correlate the configuration of (SP)-(− )-VII
with SP enantiomer of EPN. Based on this correlation and the known chiral
preferences of the enzyme, the phenoxy group of (SP)-(− )-VII and the phenyl
group of SP-EPN would occupy the same binding region.

Organophosphorus nerve agents also react with acetylcholinesterase by phos-
phorylating the serine residue in the active site. Earlier studies have shown that
chiral reactions with AChE are dependent on the absolute configuration at the
phosphorus atom [13–15]. Distinct subsites could serve to optimize orientation
of one enantiomer more preferably than the other enantiomer. The (+ )-enan-
tiomers of phosphotriesters are more potent inhibitors of AChE than the (− )-
enantiomers. However, the rate of inactivation of AChE by the (− )-isomer of
sarin are three orders of magnitude faster than the (+ )-isomer [7]. Since the
absolute configuration of (− )-sarin was determined to be SP [16], it is possible
to correlate the configuration of (RP)-(+ )-VII with (SP)-(− )-enantiomer of
sarin. By fixing the relative location of the p-nitrophenol leaving group of (RP)-
(+ )-VII and fluoride of (SP)-(− )-sarin, then the phenoxy group of (SP)-(− )-VII
and isopropyl group of RP enantiomer of sarin would occupy the same position
in the active site of phosphotriesterase. This implies that phosphotriesterase
would hydrolyze (RP)-(+ )-sarin faster than (SP)-(− )-sarin. These results clearly
show that PTE has the chiral preference for the hydrolysis of enantiomeric
organophosphorus nerve agents.
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5. Conclusion

Various enantiomeric paraoxon analogs containing combinations of methyl,
isopropyl, and phenyl substituents were synthesized and tested as substrates of the
bacterial phosphotriesterase and inhibitors of human recombinant acetyl-
cholinesterase. PTE hydrolyzed the (− )-enantiomers of these phosphotriesters one
to two orders of magnitude faster than the (+ )-enantiomers. These results suggest
that the binding orientation of the substrate is important for the hydrolytic reaction
of PTE. In contrast, AChE exhibits a preference in favor of the (+ )-enantiomers
of these phosphotriesters over the (− )-enantiomers. The redesign of catalytic
activity of phosphotriesterase would be needed to increase the rate of hydrolysis of
chiral nerve gases.
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