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Catalytic scavengers of organophosphates (OPs) are considered very promising antidote candidates for
preventing the adverse effects of OP intoxication as stand alone treatments. This study aimed at
correlating the in-vivo catalytic efficiency ((kcat/KM)[Enzyme]pl), established prior to the OP challenge,
with the severity of symptoms and survival rates of intoxicated animals. The major objective was to apply
a theoretical approach to estimate a lower limit for (kcat/KM)[Enzyme]pl that will be adequate for
establishing the desired kcat/KM value and plasma concentration of efficacious catalytic bioscavengers.
Published data sets by our group and others, from in vivo protection experiments executed in the absence
of any supportive medicine, were analyzed. The kcat/KM values of eight OP hydrolyzing enzymes and their
plasma concentrations in four species exposed to OPs via s.c., i.m. and oral gavage, were analyzed. Our
results show that regardless of the OP type and the animal species employed, sign-free animals were
observed following bioscavenger treatment provided the theoretically estimated time period required to
detoxify 96% of the OP (t96%) in vivowas �10 s. This, for example, can be achieved by an enzyme with kcat/
KM ¼ 5 � 107 M�1 min�1 and a plasma concentration of 0.4 mM ((kcat/KM)[Enzyme]pl ¼ 20 min�1). Ex-
periments in which animals were intoxicated by i.v. OP injections did not always conform to this rule,
and in some cases resulted in high mortality rates. We suggest that in vivo evaluation of catalytic
scavengers should avoid the unrealistic bolus i.v. route of OP exposure.

© 2016 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Prophylaxis and treatment during the acute phase of intoxica-
tion by organophosphate (OP)-based chemical warfare nerve
agents (CWNAs) and commercial pesticides is based on antidotal
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regimens that consist of pretreatment with pyridostigmine, and
post-exposure therapy using atropine, an oxime reactivator, and an
anticonvulsant, such as diazepam [1,2]. However, it is well recog-
nized that these drug regimens suffer from several disadvantages
that call for new therapeutic strategies [3,4]. One such approach is
to rapidly detoxify toxic OPs in the blood before they are able to
reach their physiological targets. This objective can be achieved by
use of a stoichiometric or a catalytic bioscavenger [5,6]. Use of the
best stoichiometric bioscavenger currently available (human
butyrylcholinesterase, hBChE) requires administration of hundreds
of milligrams of protein to confer protection against toxic doses of a
CWNA [7]. Thus, attention has turned to the development of cata-
lytic scavengers, such as recombinant mammalian paraoxonases
(PON1s) [8,9] and bacterial phosphotriesterases (PTEs) [10e12],
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with the objective of evolving enzymes capable of effective
degradation of a broad spectrum of OP nerve agents. The ultimate
goal is to provide protection against OPs at protein doses an order of
magnitude lower than the hundreds of milligram doses required of
human BChE.

The initial criterion for success in screening mutant libraries for
catalytic activity was set at kcat/KM � 1 � 107 M�1 min�1 when
reacting with OPs. Progress made already suggests that this value is
indeed achievable [8,9,11,12]. Protection experiments in vivo
confirmed the capacity of catalytic scavengers such as wt parathion
hydrolase from Pseudomonas sp. [13,14], mammalian PONs [15,16],
PTEs from Brevudimonas diminuta [17], and OpdA from Agro-
bacterium radiobacter [18e20], to prevent lethality at less than
1 mg/kg of catalytic enzyme, and even to confer sign-free protec-
tion in several cases in animal intoxication models. It should be
pointed out that although evolved variants of bacterial OP hydro-
lases display high catalytic activity against a variety of nerve agents
[8e12], their wt forms as well, as well as mammalian wt OP hy-
drolases, are considered to be poor antidotes for treatment of nerve
agent intoxication [6].

The goal of this report was to set a lower quantitative boundary
for the in vivo product of kcat/KM and the plasma concentration of
the catalytic enzyme, (kcat/KM)[Enzyme]pl, based on published
in vivo protection experiments. This value should predict the
amount and catalytic characteristics that would suffice to confer
near sign-free protection against intoxication by a given OP as a
stand alone, prophylactic treatment. Establishment of such values
can guide future decisions regarding the development of catalytic
scavengers. We analyzed data from experiments in which a variety
of OP hydrolases were used alone (viz., in the absence of oximes/
atropine/diazepam) to protect against lethal OP doses, and propose
desirable kcat/KM values to comply with the requirement for an
effective low dose of a catalytic scavenger antidote. It is further
proposed that the model can be reliably extrapolated to predict
efficacy of catalytic scavengers in humans.

2. Materials and methods

2.1. Materials

The wt-like-G3C9-derived PON1 variants 2D8, IIG1, VIID2 and
PG11 were expressed and purified as described by Goldsmith et al.
[9]. Variant 11C1 was generated by M. Goldsmith et al, (2012). The
evolution of rePON1 4E9 was reported by Gupta et al. [8], and PTE-
C23 was described by Cherny et al. [11]. Human acetylcholines-
terase (rhAChE) was expressed and purified in the Israeli Center for
Structural Proteomics (ISPC), at the Weizmann Institute of Science.
Cyclosarin (GF) was obtained in situ, in water, at non-hazardous
concentrations, as described earlier [8].

2.2. In vitro protection

The in vitro protection of rhAChE against GF inhibition by several
rePON1s (2D8, IIG1, VIID2 and PG11) was performed in 0.1% Ter-
gitol/1 mM CaCl2/50 mM NaCl/50 mM Tris, pH 8.0, at 25 �C. Mix-
tures of 3.5e14.0 nM rhAChE and 0.6e8.6 mM rePON1 were spiked
with 0.13e0.60 mMGF to initiate the protection study. The decrease
in rhAChE baseline activity (AChE0; OD/min at 412 nm), was
monitored according to Ellman et al. [21] employing 0.5 mM ATC
and 0.4 mM DTNB in 50 mM phosphate, pH 8.0, until no further
change in activity was observed. This activity is dubbed AChE∞.

2.3. In vivo protection

Most of the data used to establish the lower boundary for the
value of (kcat/KM)[Enzyme]pl were taken from published data,
exception for the data relating to the effect of the 11C1 variant on
intoxication of rats by paraoxon and parathion (Goldsmith et al,
2012). The data collated relate to experiments that tested the pro-
tection of mice, rats, guinea pigs and monkeys against intoxication
by the nerve agents GF, VX, tabun (GA), and the pesticides paraoxon,
parathion and dichlorvos. Only experiments in which the catalytic
enzymes were used alone (viz., in the absence of oximes/atropine/
diazepam)were considered. The studies consideredwere limited to
those inwhich the levels of the enzyme in the plasmawere directly
determined prior to OP exposure, or inferred from independent
pharmacokinetic studies of the same enzyme in the same species.
Formonkeys protected against dichlorvos by OpdA, and rats against
methyl parathion the plasma enzyme level was estimated as
described under Results (4.3). kcat/KM values were usually deter-
mined and reported at 25 �C, and assumed to be 2-fold greater at 37
or 38 �C. In some cases they were measured at 37 �C and 38 �C.
3. Theory and calculations

Calculation of the time required to hydrolyze 96% of the OP
substrate in an animal’s plasma was based on the classical
Michaelis-Menten equation:

v ¼ Vmax½OP�
KM þ ½OP� (1)

that was simplified by assuming that the [OP] concentration in the
plasma that produces toxicity following an i.v. dose of 2xLD50 is in
the micromolar range, and that the corresponding KM is at least
�10-fold greater. For example, an i.v. LD50 dose of GA, GB or VX in
monkeys [22] can theoretically produce maximal plasma concen-
trations of 6, 2, and 0.6 mMOP, respectively, while the KM values for
GA, GB, and VX were reported to be 101, 700 and 434 mM, respec-
tively [14,23,24], and those for the pesticides parathion and
dichlorvos were reported to be 110 and 183 mM, respectively [18].
When KM[[OP], the Michaelis-Menten velocity term, v, is
approximated by v¼ Vmax[OP]/KM. Since Vmax¼ kcat[Enzyme]pl, the
velocity equation in plasma is reduced to a first-order equation:

v ¼ ðkcat=KMÞ½Enzyme�pl½OP� (2)

where [Enzyme]pl is the molar concentration of the catalytic
enzyme in plasma, and the product (kcat/KM)[Enzyme]pl is the
pseudo-first-order rate constant (kobs) for hydrolysis of the OP. The
time required to detoxify 96% of the OP was obtained by calculating
the value of 5xhalf-lives in accordance with Eq. (3):

t96% ¼ 5� 0:69=kobs ¼ 3:45
.n

ðkcat=KMÞ½Enzyme�pl
o

(3)

For kcat/KM given in M�1 min�1 t96% is expressed in minutes.
When the OP concentration in the plasmawas expected to be in the
range of the value of KM, the integrated form of the Michaelis-
Menten equation was used to calculate the time required to
reduce the OP concentration to 4% of its presumed baseline plasma
concentration [25].

The graph that demonstrates the in vitro correlation between
kcat/KM, the catalytic scavenger concentration, and the protection of
AChE is based on a modified version of an equation published
earlier [26]:

�ln
½AChE�∞
½AChE�0

¼ ki½OP�0
ðkcat=KMÞ½E�0

(4)

where [OP]0 and [E]0 are themolar concentrations of the OP and the
catalytic scavenger, respectively, and ki and kcat/KM are,
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respectively, the second-order rate constant for the inhibition of
AChE by the OP, and the rate constant for the detoxification of the
OP by the catalytic scavenger, E, wherein KM[[OP]. Here, when an
OP is added to a mixture of AChE and a catalytic scavenger, at
infinite time, when all the OP has either been hydrolyzed or
sequestered by AChE, the residual activity of the AChE is given by
Eq. (4).

4. Results

4.1. Validation of Eq. (4) in buffer solutions

Fig. 1 depicts the validation of Eq. (4), showing the plot of the
observed vs. the calculated residual AChE activity at t ¼ ∞. At
infinite time, the GF spiked into a rhAChE/rePON1 reaction mixture
was completely sequestered by two pathways: stoichiometric re-
action with AChE, and parallel detoxification by the rePON1. The
straight line with slope ¼ 1 suggests a linear 1:1 correlation among
the involved kinetic constants, the concentrations of the OP and the
protecting enzyme. Thus, knowledge of the kcat/KM of a given
rePON1 (and presumably of any OP hydrolase) and of the second-
order rate constant for the inhibition of AChE by GF (ki) permits
accurate prediction of the level of protection of AChE provided by
the catalytic scavenger.

4.2. Protection against an i.v. challenge

In all listed cases where OPs were challenged via the i.v. route
(Table 1), 3.0e7.3 protective ratios were obtained at 24 h by pre-
treatment alonewith relatively low doses of catalytic bioscavengers
(<1 mg/kg). The biological end-point in these experiments was the
survival ratio. Non-treated animals did not survive any of the re-
ported challenges. Yet, despite the success achieved in reducing in
mortality, most surviving animals suffered from mild to moderate
cholinergic symptoms that diminished visibly after several hours.
The expected high OP concentrations in the plasma at t ¼ 0 were
estimated to be near the KM values (see references listed in Table 1).
Thus, the theoretical time to detoxify 96% of the injected OP was
calculated for the i.v. exposures by applying the integrated form of
the Michaelis-Menten equation [25]. To this end we assumed a
Fig. 1. Validation of Eq. (4) for a variety of rePON1s protecting hAChE against GF. The
slope of the straight line is 1.0. The line was constructed for rePON1s: wt G3C9, 2D8,
4E9, PG11, 1-F11 and VIIID2. Bars denote SD (n ¼ 2e3). (see Materials and methods for
experimental conditions).
rapid and homogeneous encounter between the challenge and the
scavenger within the plasma in vivo.

4.3. Protection against OPs administered via s.c., i.m. and oral
gavage routes

Table 2 summarizes the second group of published data in
which the toxicological endpoints for the enzyme-treated animals
experiment were recorded as cholinergic signs, i.e., no death re-
ported. In these studies, with one exception (one out of 11 animals
in the paraoxon-11C1 study), no deaths were observed. It seems
that in order to achieve sign-free animals the theoretical time to
detoxify 96% of the OP needs to be < 10 s. Increasing t96% increases
the number and the severity of visible intoxication symptoms. For
all cases classified under sign-free animals, in all likelihood the
relatively slow entry of the OP into the blood stream permitted the
circulating scavenger to detoxify it effectively, thus preventing its
penetration into physiologically important sites in significant
amounts.

Of special importance are the results reported by Jackson et al.
[20], wherein the catalytic scavenger, awt OpdA, was demonstrated
for the first time to confer full and sign-free protection in a non-
human primate. Thus, as low as 1.2 mg/kg enzyme alone
conferred remarkable protection against 3xLD50 (75 mg/kg) of
orally administered dichlorvos. Gresham et al. [19] reported sign-
free animals following injection of as little as 0.15 mg/kg of the
same wt OpdA to rats challenged with 3xLD50 methyl parathion.
Unfortunately, the published PK data for wt OpdA in the same
species [19,27] could not be translated into molar concentrations. It
was therefore assumed that half of the enzyme dose administered
was available for detoxification following i.v. injection of the OpdA,
and the maximal enzyme level was thus expected to be 0.05 and
0.43 mM in rats and monkeys, respectively. In monkeys, the theo-
retical time to detoxify 96% dichlorvos 1 min after its oral load was
calculated to be 7.5 s, and it seems that despite the relatively rapid
decline in the OdpA levels in the monkeys’ plasma (t1/2, 40 min;
[27]) its kcat/KM enabled efficient detoxification to such an extent
that no apnea, or heart and respiratory rate abnormalities were
observed over 250 min. Non-protected monkeys developed severe
toxic signs within 10e20 min. In the case of rats protected with
OpdA against methyl parathion, the extremely low circulating
OpdA concentration (0.05 mM) was compensated for by the high
kcat/KM (72� 107 M�1 min�1) and no adverse effects were observed
in the first 16 h post oral exposure to 3xLD50 (30 mg/kg) of methyl
parathion. Within the non-protected group 7/8 died within
159 min.

5. Discussion

The main objective of this study was to set a lower boundary for
the in vivo dose of a catalytic bioscavenger, based on published data,
which will suffice, when employed alone, to confer reasonable
protection against OP intoxication. Catalytic bioscavengers can offer
protection at protein doses several fold lower than those required
for stoichiometric antidotes. Furthermore, the dose required can be
established on the basis of the value of kcat/KM, which is readily
obtained by in vitro evaluation of the kinetics of detoxification of
the relevant OP. The in vitro validation of Eq. (4) (Fig. 1), together
with the previously published ex vivo demonstration of protection
of ChEs in humanwhole blood by selected catalytic scavengers [26],
clearly show that the combined knowledge of kcat/KM and of the
molar concentration of the detoxifying enzyme not only forecasts
protection capacity, but also accurately predicts the level of pro-
tection of blood ChEs, at least in vitro. The question then arose as to
how this ‘proof-of-concept’ could be tested in vivo, so as to establish



Table 1
Protective ratio in mice pretreated i.v. with catalytic scavengers and challenged i.v. with tabun, paraoxon, DEFP and the cyclosarin surrogate, Sp-CMP.

OP Enzyme (mg/kg) kcat/KM �107 M�1min�1 Enzyme plasma conc’ (mM)a Protective ratio (at 24 h)b t96% secondsc (38 �C) Reference

Tabun, GA Parathion hydrolase(0.36) 4.6 (25 �C) 0.25 3.9 (n ¼ 16) 8 [14]
Tabun, GA Parathion hydrolase(0.53) 4.6 (25 �C) 0.37d 5.7 (n ¼ 16) 5.5 [14]
Paraoxon Parathion hydrolase(0.18) 140 (38 �C) 0.12d 3.8 (n ¼ 16) 1.1 [13]
Paraoxon Parathion hydrolase(0.36) 140 (38 �C) 0.25 7.3 (n ¼ 16) 0.53 [13]
DEFPe Parathion hydrolase(0.62) 5.2 (38 �C) 0.43d 2.9 (n ¼ 16) 8.7 [13]
SP-CMPe rePON1, 4E9(2.2) 1.7 (25 �C) 0.30f 50% survived LD100 dose (n ¼ 14) 19 [8]

a Determined by the listed authors prior to the OP challenge and within 5e10 min of enzyme load.
b LD50 in protected mice divided by LD50 in non-protected animals (1xLD50: tabun, 0.22 mg/kg, paraoxon, 0.48 mg/kg, DEFP, 0.65 mg/kg). LD100 of SP-CMP, 0.29 mg/kg.
c Calculated for 38 �C by using the integrated form of MIchaelis-Menten equation and the biochemical constants reported in the cited references. The kinetic constants

determined at 25 �C were assumed to be 2-fold greater at 38 �C.
d The enzyme plasma concentration estimated from PK determined for different enzyme doses, and assuming approximately linear increase in concentration upon

increasing the enzyme dose.
e DEFP, O,O-diethyl fluorophosphate; SP-CMP, the toxic SP enantiomer of a GF surrogate in which the fluoride leaving group was replaced by a coumarin derivative.
f Determined at 6 h post enzyme load, 5 min before OP challenge.

Table 2
Summary of protection experiments in guinea pigs, rats, and monkeys pre- and post-treated i.v. using catalytic scavengers, and challenged via s.c., i.m., and oral gavage with
OPs.

OP (injection route) Enzyme (mg/kg) modality kcat/KM �
107 M�1min�1

Enzyme plasma
level (mM)a

t96% (sec)
37 �Cb

Toxicity
levelc

Reference

GF(s.c.) rePON1-IIG1 (1.0) pre-treatment 3.4 (25 �C)
8.4(37 �C)

0.3 8.2 I [17]

Paraoxon (i.m) rePON1-11C1(1.0) post-treatment 2.2 (25 �C) z0.5 9.4 I Goldsmith et al. (2012)
Parathiond (oral gavage rePON1-11C1(2.0) post-treatment 2.2 (25 �C) 1.1 4.2 I Goldsmith et al. (2012)
Methyl parathion (oral gavage) OpdA (0.15) Post-treatment 72.0 <0.05e 1.1 I [19,27]
Dichlorvos (oral gavage) OpdA(1.2) post-treatment 6.6 (37 �C) <0.42e 7.5 I [20,27]
VX(s.c.) PTE-C23(5.0). post-treatment 0.5 (25 �C) 1.3 15.9 II [11,16]
GF(s.c.) rePON1-IIG1 (0.2). pre-treatment 3.4 (25 �C)

8.4(37 �C)
0.08 30.8 III [17]

VX(s.c.) PTE-C23(2.0) post-treatment 0.5 (25 �C) 0.5 41.4 III [16]

a Plasma levels prior to exposure reported by the cited authors with the exception of OpdA. Animal employed: For GF and VX, guinea pigs; For paraoxon, parathion, and
methyl parathion, rats; For dichlorvos, monkeys.

b Calculated for 37 �C by using eq. (3) and the biochemical constants reported in the cited references. The kinetic constants determined at 25 �C were assumed to be 2-fold
greater at 37 �C.

c The severity of the toxic signs was classified as: I, practically sign-free or only local fasciculations at the OP injection site; II, Moderate, transient salivation, and transient
breathing difficulties; III, Severe, non-lethal: transient respiratory depression, salivation, convulsions.

d The kcat/KM used for parathion was that of paraoxon, which is the toxic metabolite of parathion. 11C1 displayed poor reactivity towards parathion.
e See Results, paragraph 5.3 for explanation.
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the minimal value of the product of (kcat/KM)[Enzyme]pl required to
confer full and sign-free protection?

To this end, 96% detoxification in less than one blood circulation
time was selected as the desirable criterion. This choice was based
on the fact that 0.2 LD50 doses of sarin, soman or VX, administered
s.c. in guinea pigs [28], or dichlorvos loaded via oral gavage in rats
[29], did not produce adverse effects even when administered
chronically on a daily basis. Since this study considered published
reports in which doses of up to 7.5xLD50 OP were administered
(Table 1), it seemed reasonable to require a combination of catalytic
efficiency and enzyme level that would rapidly decrease the level of
the OP in the plasma level by �25-fold.

Table 1 suggests that, even though the theoretical values of t96%
for paraoxon were reached at 0.5e1 s, onset of toxic signs was not
completely prevented. Yet, considering the i.v. LD50 values of tabun,
paraoxon, and DEFP administered i.v., and the protective ratios
achieved, the small dose of parathion hydrolase displayed excellent
efficacy given the fact that no post-challenge supportive medicine
was applied. This can be ascribed to the combination of high kcat/KM
values and the available enzyme levels at the time of challenge. It is
worth pointing out that for the slowest calculated detoxification
rate, it takes 19 s to hydrolyze 96% of SP-CMP (Table 1), the dose
given was sufficient to save 50% of the animals, and it seems that
despite the relatively high t96% (19 s), the low toxic dose, compared
to the other OPs, allowed effective removal of the anti-AChE in the
circulation.
As is seen from Table 2, for the non-i.v. routes of OP adminis-

tration, practically sign-free protection was reported when a
theoretical value of 96% detoxification was achieved within <10 s,
regardless of the OP used, its route of administration, or the type of
animal employed. Thus challenges with paraoxon (rats), parathion
(rats), dichlorvos (monkeys and rats), and GF (guinea pigs) all
resulted in sign-free animals as long as detoxification was theo-
retically calculated to reach 96% in less than 10 s due to the favor-
able value of kcat/KM[Enzyme]pl.

When data reported for s.c., i.m. and oral gavage challenge
(Table 2) were compared to data for i.v administration of the OPs
(Table 1) it became clear that the i.v. route is by far more severe. As
far as rates of absorption and body distribution are concerned, it is
far from being a realistic scenario. In all likelihood, sign-free ani-
mals are not expected to be observed. What is anticipated is that
following i.v. bolus administration of relatively large OP doses, a
sufficiently large amount will reach the physiologically important
AChE sites before the challenge has had the chance to come into full
and homogeneous contact with the circulating scavenger. It is,
therefore, suggested that for all practical purposes evaluation of
catalytic scavengers should be limited to s.c., i.m., oral gavage,
inhalation and percutaneous exposures.

The stoichiometric scavenger human butyrylcholinesterase was
shown to be very effective against percutaneous (p.c.) exposure to



Y. Ashani et al. / Chemico-Biological Interactions 259 (2016) 252e256256
VX even when administered at 2 h post-challenge (protein dose,
72 mg/kg) [30]. To the best of our knowledge, there are no pub-
lished studies on the efficacy of catalytic scavengers against p.c.
poisoning by V-type nerve agents. Skin penetration is a most
realistic intoxication scenario for V agents. Their slow rate of entry
increases the chances of effective hydrolysis by the circulating
catalytic scavenger, thereby preventing penetration of V agents into
physiologically important sites. However, the later onset of toxic
signs raises the question of whether the catalytic scavenger will still
be present at an adequate concentration to hydrolyze effectively
nerve agent that has penetrated slowly. In this respect it is
important to note that in general bacterial wt PTEs display short
half-life values (~40e50 min) in mice [13], rats [19] and monkeys
[27]. However, a modified PTE variant displayed enhanced stability
with t0.5¼170min in guinea pigs [16]. It is clear that one of the next
challenges in the development of catalytic scavengers is to achieve
significant prolongation of their circulatory residence time while
retaining efficacy and safety.

6. Conclusions

The fact that similar lower boundaries for the product (kcat/KM)
[Enzyme]pl were defined for sign-free animals, regardless of the OP
type, its entry route, or the species employed, offers a rational
approach to the decision of whether a particular OP hydrolase may
be considered as a promising antidote for use in humans. Assuming
that only 60% of an enzyme administered i.m. to a human subject
will be present in the circulation in a catalytically active form at the
time of challenge, a dose of ~2 mg/kg of a 40 kDa enzyme is ex-
pected to provide a concentration of �0.4 mM enzyme in the
plasma. At this plasma concentration, the desired kcat/KM should be
5 � 107 M�1 min�1 to confer protection without symptoms of
intoxication. Variants with somewhat lower kcat/KM values, e.g.,
2.5 � 107 M�1 min�1 or given at a lower dose (e.g. 1 mg/kg) are
likely to confer significant protection (prevent morbidity) when
administered as a stand-alone treatment; intoxication symptoms
are, however, to be expected. The actual lower limit for the required
dose of a given bioscavenger enzyme can, of course, only be accu-
rately estimated after determination of its PK in humans. An OP
injected i.v. at a high concentration creates a bolus that is difficult to
overcome even with a highly efficient bioscavenger.
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