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1. Introduction

Organophosphorus (OP) pesticides are a broad class of acetylcholinesterase inhibitors that are responsible
for tremendous morbidity and mortality worldwide, contributing to an estimated 300,000 deaths annually.
Current pharmacotherapy for acute OP poisoning includes the use of atropine, an oxime, and
benzodiazepines. However, even with such therapy, the mortality from these agents are as high as 40%.

Enzymatic hydrolysis of OPs is an attractive new potential therapy for acute OP poisoning. A number
of bacterial OP hydrolases have been isolated. A promising OP hydrolase is an enzyme isolated from
Agrobacterium radiobacter, named OpdA. OpdA has been shown to decrease lethality in rodent models of
parathion and dichlorvos poisoning. However, pharmacokinetic data have not been obtained. In this
study, we examined the pharmacokinetics of OpdA in an African Green Monkey model.

At a dose of 1.2 mg/kg the half-life of OpdA was approximately 40 min, with a mean residence time of
57 min. As expected, the half-life did not change with the dose of OpdA given: at doses of 0.15 and
0.45 mg/kg, the half-life of OpdA was 43.1 and 38.9 min, respectively. In animals subjected to 5 daily
doses of OpdA, the residual activity that was measured 24 h after each OpdA dose increased 5-fold for the
0.45 mg/kg dose and 11-fold for the 1.2 mg/kg dose.

OpdA exhibits pharmacokinetics favorable for the further development as a therapy for acute OP
poisoning, particularly for hydrophilic OP pesticides. Future work to increase the half-life of OpdA may be
beneficial.

© 2010 Elsevier Inc. All rights reserved.

The acute toxicity of OPs is primarily due to inhibition of
acetylcholinesterase (AChE) [2,3]. Current therapy for OP poison-

Organophosphorus (OP) pesticide poisoning is a leading cause
of premature death in many developing countries, killing an
estimated 200,000 people every year in the Asia-Pacific region
alone [1]. In North America and Europe, the situation is quite
different. While pesticide poisoning does occur, the main risk of OP
poisoning is from terrorist attacks on civilian or military
populations through the release of OP nerve gases in crowded
spaces or introduction of highly toxic pesticides into urban water
supplies or by release of OPs by accident or natural disaster.
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ing requires resuscitation with the use of oxygen and of atropine,
followed by administration of oximes to reactivate AChE, plus
benzodiazepines to prevent neurological impairment [4,5]. How-
ever, these antidotes have limited effectiveness and between 10
and 40% of patients, depending on the responsible OP, die even
with intensive care support [6]. Although OP pesticides have been a
clinical problem for 50 years, no new therapies have been
introduced since the 1960s. Because early therapeutic interven-
tions lead to improved outcomes after OP poisoning, a treatment
that is safe and highly effective, and that can be given by first
responders at the site of poisoning, should markedly improved
outcome.

Both bacteria and humans make enzymes that hydrolyze OP
compounds [7,8]. Bacterial OP hydrolases have the potential to
provide an affordable, widely available, and safe treatment that is
rapidly effective against a wide variety of OPs [9]. Recently,


http://dx.doi.org/10.1016/j.bcp.2010.06.008
mailto:Colin.jackson@csiro.au
mailto:Colin.scott@csiro.au
mailto:Angela_carvile@hms.harvard.edu
mailto:Keith_mansfield@hms.harvard.edu
mailto:ollis@rsc.anu.edu.au
mailto:steven.bird@umassmemorial.org
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2010.06.008

1076 CJ. Jackson et al./Biochemical Pharmacology 80 (2010) 1075-1079

Table 1
Characteristics of the study enzyme and, for comparison, Oph.

OP hydrolase Chemistry of OP

Ethyl-aromatic (ethyl Methyl-aromatic (methyl

Methyl-aliphatic (dichlorvos)? VX analogue (demeton-S)

parathion) parathion)

Km kcat kcat/Km Km kcat kcat/Km Km kcat kcat/Km Km kcat kcat/Km
OpdA 110 1500 13.6 100 1200 12 182 149 0.82 340 1.9 0.006
Oph 240 630 2.6 200 82 0.41 Not done Not done Not done 220 0.04 0.0002

The K, is expressed in wM, the ke, in s~'and the kea/Km in s™' WM ~! OpdA and Oph kinetics (except dichlorvos) are described on similarly prepared enzymes in Yang et al.

[11]. Oph does not have measurable activity towards aliphatic OPs [38].

2 Dichlorvos assays were performed at room temperature (methods unpublished)—approximately 35% higher activity would be expected at 37 °C.

recombinant enzymes with enhanced activities against many
currently used OPs have been developed [10]. However, a number
of further steps are required before clinical trials can be started in
humans with OP poisoning.

Recently, a metal-dependent OP hydrolase called OpdA, from
Agrobacterium radiobacter, that shows high activity to many
chemically distinct OPs has been characterized (Table 1) [11,12].
OpdA possesses a different substrate range than another OP
hydrolase (OPH) that has undergone efficacy testing in animals
(Table 2). OpdA has similar activity towards the OPs with diethyl
side-chains, and substantially higher catalytic efficiency (kcat/Km)
towards the dimethyl OPs, aliphatic OPs, and the nerve agent
analog demeton-S [11]. For example, the k., of OpdA towards
methyl parathion is 1200s~! in comparison to 82s~! for OPH.
Finally, OpdA has been shown to be more stable that OPH [13].
OpdA has also been shown to have high levels of activity against
authentic G-series nerve agents [14]. Methods for high level
heterologous expression of OpdA in Escherichia coli and for its
efficient purification are now well established. The combination of
its high catalytic efficiency, broad substrate range, and stability
make it an excellent therapeutic OP hydrolase candidate.

Non-human primates (NHP) are the animals phylogenetically
closest to humans. For biomedical research, they are considered to
be the animal which physiologically most closely approximates
effects in man [15]. The rhesus monkey (Macaca mulatta) has
traditionally served as the NHP species of choice for much of
biomedical research, particularly with AChE inhibitors. However,
there exists now a worldwide shortage of rhesus monkeys for
biomedical research, the result of which is a tremendous financial
burden of working with these animals. Additionally, rhesus
monkeys are able to transmit Macacine herpesvirus 1 (termed
Herpes B virus), a virulent infectious agent with monkey-to-human
spread [16]. This infection risk carries additional requirements for
animal husbandry, personal protective equipment, and special
animal serologic monitoring and isolation. Therefore, new NHP
models for pesticide and nerve agent poisoning are needed [17].

The African green monkey (Chlorocebus sabaceus, aka vervet)
may be an ideal replacement for the rhesus monkey in biomedical
research. They are considerably less aggressive than rhesus and
well-trained personnel can perform repeated blood sampling from
superficial veins with minimal restraint. African green monkeys

Table 2
OpdA activity measured before 5 daily doses of 0.45 mg/kg, and 30 min
after the fifth daily dose.

Sample drawn before dose number M/s/wL plasma

0.021
0.087
0.108
0.105
0.093

v W N =

30min after dose no. 5 36.229

are readily available from a variety of sources for significantly less
than the price of other NHP. Importantly, unlike rhesus or
cynomolgus monkeys, African green monkeys do not carry the
Herpes B virus.

The purpose of this study is to take the first step towards
development of a novel therapy for OP poisoning, by testing the
pharmacokinetics and preliminary safety of the recombinant
bacterial OP hydrolase OpdA in NHP model of OP poisoning. Proof
that the enzyme is safe, and demonstrates sufficient pharmacoki-
netic properties in this model should provide the necessary
impetus for further development for human use.

2. Materials and methods
2.1. OpdA preparation

The wild-type opdA gene was inserted between the Ndel and
EcoR1 restriction sites of the pETMCSI plasmid [18].
BL21(DE3)ReA~ (Invitrogen, Carlsbad, CA, USA) cells were trans-
formed with pETMCSI-opdA vector heat-shock as per manufac-
turers instructions. Cells were grown on a Luria-Bertani broth-agar
plate (containing 100 pwg/mL ampicillin) at 37 °C overnight. A
single colony was inoculated into 50 mL terrific broth (TB) medium
supplemented with 1 mM CoCl, (Sigma-Aldrich, St. Louis, MO,
USA) and 100 pg/mL ampicillin (Sigma-Aldrich, St. Louis, MO,
USA) and incubated at 37 °C until mid-log phase. This start-culture
was then diluted 1:50 in 2 L of the same medium and grown at
30 °C for 40 h. Cells were harvested by centrifugation at 6000 x g
for 20 min at 4 °C and resuspended in 50 mL buffer containing
50 mM HEPES (Sigma-Aldrich, St. Louis, MO, USA), pH 8.0, with
1 mM CoCl, and 1x Bugbuster cell lysis reagent and 1U/mL
benzonase (Novagen, EMD Chemicals, Gibbstown, NJ, USA). Lysis
occurred at 20 °C for 30 min before centrifugation at 30,000 x g for
40 min at 4 °C to sediment the cell debris. The supernatant was
loaded onto a 60 mL DEAE Fractogel column (Merck, Frankfurt,
Germany) and the unbound fraction containing OpdA was
collected and dialysed against buffer containing 50 mM HEPES
(Sigma-Aldrich, St. Louis, MO, USA), pH 7.0, overnight. This fraction
was then twice loaded onto a 5mL HiTrap SPFF column (GE
Healthcare, Piscataway, New Jersey, USA) equilibrated with 50 mM
HEPES, pH 7.0. Bound OpdA was eluted over a linear gradient of 0—
0.5M NaCl (Sigma-Aldrich, St. Louis, MO, USA). SDS-PAGE
indicated that OpdA was >95% pure and the overall yield was in
excess of 50 mg OpdA per litre of growth medium. For storage, the
protein was dialysed against 50 mM HEPES, 1 mM CoCl,, 150 mM
NaCl, pH 7.5. In previous studies, there was negligible loss of
activity after 8 months of storage at 4 °C [19].

2.2. Endotoxin removal and assays
The amount of endotoxin present in the OpdA was determined by

the Pyrotell Limulus Amebocyte Lysate gel-clot assay (Associates of
Cape Cod, Inc., East Falmouth, MA, USA). The endotoxin present in
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the purified OpdA sample was removed by running the protein
through an endotoxin removal column (Detoxi-GelL Endotoxon
Removing Column, Pierce Protein Research Products, Rockford, IL,
USA). After one passage through the column, the endotoxin
concentration decreased to 2.1 EU/mg OpdA—a reduction of more
than 95%. This level of endotoxin concentration corresponds to less
than 0.5 ng/mL [20]. This dose of endotoxin was deemed to be safe
when injected IV, as rhesus monkeys have survived treatment with
150 g endotoxin twice daily for 5 days [21]. This quantity of
endotoxin also meets the standards of the FDA for endotoxin
presence in therapeutics. All solutions used to manufacture, dilute,
and administer the OpdA were distilled and autoclaved to ensure no
endotoxin presence. Prior to administration, the OpdA was dialysed
overnight at 4 °C against a solution of 150 mM NaCl and 20 mM
HEPES buffer to remove Co?* metal ions that were present in the
storage buffer to prevent loss of activity and unfolding of OpdA.

2.3. OpdA PK studies—experimental approach

NHP studies were performed in 4-7 kg male African green
monkeys (aka vervets). All animals underwent mandatory 45-day
quarantine during which they undergo physical examinations,
tuberculosis testing, fecal analysis for bacterial and parasitic
pathogens and complete blood counts, serum chemistries and
virological screening. All African green monkeys (C. sabaceus) were
housed at the NEPRC in accordance with the standards of the
American Association for Accreditation of Laboratory Animal Care
and Harvard Medical School’s Animal Care and Use Committee. The
animal quarters were under a 12-h:12-h light-dark cycle, with
fresh water freely available in the home cage. Animals were fed a
diet ad libitum of commercial primate food supplemented with
fresh fruit daily. Each monkey was weighed immediately before
experimentation.

The animals were trained to sit in a primate chair for serial
phlebotomy. OpdA at doses of 0.15, 0.45, and 1.2 mg/kg were
injected IV into one monkey at each dose (except for 1.2 mg/kg,
which was injected into two animals). These doses were chosen
based upon preliminary data in rodents. 2 mL blood samples were
drawn from a saphenous vein catheter immediately before
administration of OpdA, and at the following time points after
OpdA administration: 5, 10, 20, 30, 40, 80, 160, and 320 min. The
blood was rapidly cooled to 4°C and centrifuged at this
temperature for 5 min at 2000 x g. The red blood cells were
removed and the plasma frozen at —20 °C until analyzed.

To assess the effects of serial OpdA exposures on OpdA Kkinetics,
two animals underwent daily administration of 0.45 or 1.2 mg/kg
OpdA 1V for 5 days, with a single sample drawn immediately prior
to OpdA administration. The animals also underwent a single blood
draw 30 min after the fifth OpdA dose and the blood samples were
handled as above.

A fluorimetric assay of the levels of bioactive OpdA was used to
determine the half-life of OpdA in vivo. For the fluorimetric assay,
20 pl saturating concentrations of coumaphos (Sigma-Aldrich, St.
Louis, MO, USA) (100 M) were added to 180 .l plasma samples.
Formation of the fluorimetric hydrolysis product of coumaphos,
chlorferon, at 37 °C was measured in real time using a fluorimeter
(Fluoroskan Ascet, Thermo Fisher Scientific, Waltham, Massachu-
setts, USA) using an excitation wavelength of 355 nm and emission
intensity at 460 nm according to the method of Harcourt et al. [22].
The known specific activity of OpdA for coumaphos was used to
calculate residual activity of the enzyme present in the blood.

2.4. Statistical analyses

The pharmacokinetic parameters mean residence time (MRT;
which reflects the average length of time an administered drug is

retained in vivo) and half-life were obtained by analyzing the
clearance data according to a non-compartmental pharmacoki-
netic model using WinNonlin software (Pharsight, St. Louis, MO,
USA).

3. Results
3.1. Single dose OpdA kinetics

No adverse effects were noted in any animal after the
administration of OpdA. In this African green monkey model,
the peak enzymatic effect was observed 20 min after a single dose
of OpdA. Kinetic curves of the 0.15, 0.45, and 1.2 mg/kg OpdA doses
are shown in Fig. 1. From the 1.2 mg/kg data at time points of 20
and 160 min, the OpdA in vivo half-life was calculated to be
39.9 min. Furthermore, at a dose of 1.2 mg/kg, the MRT of OpdA in
this Vervet model was 57 min.

The half-life did not significantly change with the dose of OpdA
given. At doses of 0.15 and 0.45 mg/kg, the half-life of OpdA was
determined to be 43.1 and 38.9 min, respectively, and the MRT
were 62.1 and 56.0 min, respectively.

3.2. Repeat dosing of OpdA

There was very little intrinsic in vivo coumaphos hydrolytic
activity of blood. In the animals subjected to repeated dosing, the
residual activity that was measured 24 h after each OpdA dose
increased 5-fold for the 0.45 mg/kg dose and 11-fold for the
1.2 mg/kg dose (Tables 2 and 3). After 5 daily doses of OpdA, the
enzymatic activity as measured 30 min after the last dose was 50%
greater than the activity found after a single dose of 0.45 mg/kg,
and 60% greater than after a single dose of 1.2 mg/kg (Tables 2 and
3). This increase in enzymatic activity measured before each daily
dose peaked after 2 doses of OpdA and remained elevated even
before the fifth dose.

4. Discussion

Organophosphorus (OP) compounds are the most commonly
used agricultural pesticides in the developing world and are
responsible for around two-thirds of pesticide fatalities [23]. In
North America and Europe, the situation is quite different. A far
smaller proportion of the population works in agriculture, and
pesticide poisoning is subsequently a much smaller problem.
However, the risk of large-scale casualties in the industrialized
world from terrorist attacks has already been demonstrated. The
1995 Tokyo sarin attack [24] illustrated the effectiveness of OP

Single dose OpdA

0 40 80 120 160 200 240 280 320
Time (mins)

Rate of Reaction (uM/sec/pL plasma)

Fig. 1. Kinetics of coumaphos hydrolysis by a single dose OpdA. ¥ and B = 1.2 mg/
kg. A =045 mg/kg. ¢ =0.15 mg/kg.
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Table 3
OpdA activity measured before 5 daily doses of 1.2 mg/kg, and 30 min
after the fifth daily dose.

Sample drawn before dose number: wM/s/pL plasma

0.076
0.348
0.831
0.709
0.400

g W=

30 min after dose no. 5 128.740

nerve gases in enclosed spaces such as the subway system. Highly
toxic, and more easily acquired, OP pesticides, such as parathion
(rat LD50 2-13 mg/kg), could be similarly used for criminal
purposes.

Prophylactic therapy will not be possible for either terrorist
attack on civilians or pesticide self-poisoning. Highly effective
post-exposure therapy is therefore necessary. Current post-
exposure therapy for OP poisoning involves provision of oxygen;
rapid administration of an anticholinergic drug such as atropine to
antagonize the effects of increased acetylcholine (ACh) levels on
muscarinic receptors; an oxime to reactivate the inhibited AChE
enzyme before the enzymes is irreversibly inhibited or “aged”; and
benzodiazepines to decrease long-term neurocognitive dysfunc-
tion [5,25-27]. The mortality is determined by the speed of
poisoning onset and toxicity of the OP, as well as the standard of
medical care. The mortality for parathion poisoning in the ICUs of
Munich, Germany, where toxicologist specialist services were
available, was 40% [6]. In a mass poisoning due to terrorist use or
chemical incident it is likely that the mortality would be
significantly higher.

These inherent problems with treatment of OP poisoning
have led us to investigate OpdA as a possible therapeutic agent
for OP poisoning. In this study, the elimination half-life of OpdA
in the African green monkey was approximately 40 min. Unless
used for poisoning by a hydrophilic OP pesticide such as
dichlorvos, the short half-life of the current form of OpdA might
require that either repeated bolus dosing or a continuous
infusion is used. That is, lipophilic OPs such as diazinon and
parathion distribute rapidly into deep compartments resulting
in a tissue depot of OP pesticide [6]. This tissue depot is not
available for hydrolysis by an OP hydrolase. However, for the
treatment of acute OP poisoning using an OP hydrolase, it might
not be necessary to break down all of the OP. Simply decreasing
the OP concentration to a low enough level in the serum that
would then allow traditional therapeutic measures to be
effective might be sufficient. This idea is supported by data of
Eddleston et al. [28]. Using clinical data from patients in Sri
Lanka poisoned with dimethoate, they found a strong correla-
tion between dimethoate concentration and survival. Further-
more, all patients with a dimethoate concentration above
750 wM died. Therefore, it may well be enough for a therapeutic
OP hydrolase to breakdown some (but not all) of the parent OP
in order to convey a survival benefit.

A potential alternative to repeated dosing of OpdA is the
modification of OpdA via the attachment of polyethylene glycol
(PEG), dextrans, heparin, albumin, and other polymer moieties
[29]. PEG is the most common used polymer for such protein
modification due to its low toxicity and the wide commercial
availability. Such modification could be done with either random
PEGylation or by targeting introduced cysteine residues or N
terminus-specific PEGylation [30,31]. PEGylation of native
AChEhas been shown to increase its MRT in mice [30], and
PEGylated human AChE was found to have a MRT nearly as long as
native rhesus macaque AChE in that primate model [32].

Andreopoulos et al.[33] investigated the incorporation of PEGyled
OPH into hydrogels in an attempt to increase the stability of the
enzyme. While not tested in vivo, they found that PEGylation
increased both the stability, as well as the activity, of native OPH.
Two significant drawbacks to the use of PEGylated OP hydrolases
are the technologic difficulties of uniformly PEGylating the
enzymes, and the inherent increased cost of doing so [34]. For
use in the developing world, where cost restraints are severe, it
may be that the use of PEGylated OP hydrolases may not be
possible.

Interestingly, in the repeated doses of 0.45 and 1.2 mg/kg
experiments there was an increase in coumaphos hydrolyzing
activity measured before doses 2 through 5. Furthermore, the
enzyme activity measured 30 min after dose 5 was significantly
greater than the activity measured 30 min after the first dose of
OpdA. This suggests that pharmacokinetically important anti-
bodies against OpdA are not rapidly developed in this model. This
finding has important clinical applicability, as the potential
immunologic response to single or repeated doses of bacterial
enzymes limited their therapeutic development to some extent.

It is possible that antibodies are formed more than 5 days after
dosing with OpdA. However, even if present, such antibodies
would be clinically insignificant, as treatment with an OP
hydrolase would not likely be necessary that long after poisoning.
Furthermore, it is possible that any such antibodies formed would
not decrease the activity of OpdA, but rather could increase the
clearance of the enzyme.

Published data on most recombinant enzymes do not demon-
strate broad substrate specificity towards many of the problematic
insecticidal OPs. Since so many different OP pesticides are available
around the world, and the causative agent would likely be
unknown immediately after exposure, a hydrolase for human use
would need to demonstrate effectiveness against a broad range of
OPs. The situation will not be very different after intentional
contamination of water supplies, since the responsible pesticide is
unlikely to be identified for many hours. The problem of specificity
could be overcome by using a cocktail of enzymes, or engineered
variants of OpdA, with different substrate specificities. For
instance, the substrate specificity of OpdA has been altered
through directed evolution and rational design in several recent
studies [11,35,36].

The methods for quantifying macromolecules such as protein
therapeutics and the evaluation of protein PK parameters are
complicated by numerous factors. These complications include in
vivo binding proteins, neutralizing proteins, formation and
quantification of metabolites, antibody formation, immunogenici-
ty, and effects due to route and timing of drug delivery [37,38]. In
this study, we used the surrogate of fluorometrically detectable
coumaphos hydrolysis to infer OpdA enzymatic activity. This
method of detection is sensitive and reproducible [22]. However,
this method does not allow the quantification of bound, altered, or
neutralized enzyme. As the activity of functional enzyme is
ultimately of importance, our method of detection is the most
appropriate.

Our study demonstrates that wild-type OpdA has a relatively
short half-life in the African green monkey. Repeat bolus
administration, a continuous infusion of OpdA, would likely be
necessary for all but the most hydrophilic OP pesticides. Further
research into post-translational modifications of OpdA to increase
half-life and MRT are needed.
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