Contents lists available at ScienceDirect

Neuropharmacology

[“[ I“VI - journal homepage: http://ees.elsevier.com

Invited review
Efficient detoxification of nerve agents by oxime-assisted reactivation of
acetylcholinesterase mutants

Zrinka Kovarik *, Nikolina Macek Hrvat

Institute for Medical Research and Occupational Health, Ksaverska cesta 2, HR-10001, Zagreb, Croatia

* Corresponding authorlnstitute for Medical Research and Oeccupational Health Ksaverska cesta 2, HR-10001, Zagreb, Croatia.
E-mail address: zhovarik@imi.hr (Z. Kovarik)

https://doi.org/10.1016/j.neuropharm. 2020.103111

Received 28 February 2020; Received in revised form 31 March 2020; Accepted 16 April 2020
Available online xxx

0026-3908,/0 2020.

In the Special Issue on “Acetylcholinesterase inhibitors: from bench to bedside to battlefield”

E mutant "
ov” C * Oxip,

AChE mutant

Highlights
e Detoxification of nerve agents by human AChE mutants is proved ex vivo and in vivo.

e Y337A/F338A mutant combined with HI-6 improves therapy in VX and soman exposed mice.
e AChE mutant reactivation and re-inhibition cycles attenuate symptoms of poisoning.



Z. Kovarik and N. Macek Hrvat Neuropharmacology, 2020; revised version

Abstract

The recent advancements in crystallography and kinetics studies involving reactivation mechanism of
acetylcholinesterase (AChE) inhibited by nerve agents have enabled a new paradigm in the search for
potent medical countermeasures in case of nerve agents exposure. Poisonings by organophosphorus
compounds (OP) that lead to life-threatening toxic manifestations require immediate treatment that
combines administration of anticholinergic drugs and an aldoxime as a reactivator of AChE. An
alternative approach to reduce the in vivo toxicity of OP centers on the use of bioscavengers against
the parent organophosphate. Our recent research showed that site-directed mutagenesis of AChE
can enable aldoximes to substantially accelerate the reactivation of OP-enzyme conjugates while
dramatically slowing down rates of OP-conjugate dealkylation (aging). Therefore, this review focuses
on oxime-assisted catalysis by AChE mutants that provides a potential means for degradation of
organophosphates in the plasma before reaching the cellular target site.

Keywords
antidotes; cholinesterase; organophosphates; oximes; phosphorylation; 2-PAM

1. Introduction

Organophosphorus compounds (OP) used as pesticides account for more than 3,000,000 accidental
or deliberate cases of poisoning registered per year worldwide (Eddleston, 2000; Gunnell et al.,
2007). Furthermore, OPs developed as nerve agents (soman, sarin, tabun, VX) still present a threat in
terrorist attacks and conflicts, such as in the recent cases in Syria, Malaysia and UK (Dolgin, 2013;
Stone, 2018). The main target of OP compounds is acetylcholinesterase (AChE, EC 3.1.1.7). Upon
exposure, OP compounds covalently bind to the catalytic active site serine after which the enzyme’s
physiological activity is permanently lost. As AChE hydrolyses the neurotransmitter acetylcholine
(ACh) in the cholinergic synapses of the central and peripheral nervous system, and thus sustains
organism homeostasis, the loss of its activity has severe consequences for an organism. These
consequences are linked to the pathologic over-stimulation of cholinergic receptors, which impacts
numerous body functions and ultimately results in respiratory arrest and death (Clement et al., 1987;
Marrs, 2007; Taylor, 2011).

There are two possibilities to counteract OP action; the first involves lowering the accumulated ACh
concentrations in the synapse, while the second focuses on limiting accumulated ACh stimulation of
nicotinic and muscarinic membrane receptors (Dawson, 1994; Grey, 1984). Therefore, therapy needs
to combine both of these aspects in order to be efficient (Masson, 2011; Timperley et al., 20193,
2019b). While overstimulation of receptors has been approached by ACh antagonists such as
atropine, the greatest challenge is in overcoming the high concentration of ACh itself. Since the rate
of ACh hydrolysis by AChE is one of the fastest known enzyme reactions (Tormos et al., 2010), the
main focus was placed on restoring inhibited AChE catalytic activity (Franjesevic et al., 2019).

In the 1950s and 1960s, pyridinium-based compounds carrying an oxime group (C=N-OH) were
developed as reactivators of OP-inhibited AChE (Wilson and Ginsburg, 1955). Reactivators act
through the nucleophilic displacement of phosphoryl moiety from the AChE active site catalytic
serine, in which a phosphorylated oxime and a free enzyme are formed (Mercey et al., 2012; Worek
and Thiermann, 2013). However, the standard oximes in medical use, 2-PAM, HI-6 and obidoxime
(Fig. 1), have limitations and are not as efficient in OP-inhibited AChE as one would expect (Dawson,
1994; de Yong and Worling, 1984; Stojiljkovi¢ and Jokanovi¢, 2006, Worek et al., 1998). The problem
lies in the fact that the oxime-assisted reactivation of OP-inhibited AChE implies intertwined
processes that depend not only on oxime structure, but also on the structure and characteristics of
the OP compound and of the OP-AChE conjugate (Franjesevic et al., 2019; Katalini¢ and Kovarik,
2012; Katalini¢ et al, 2018; Kovarik et al., 2003, 2004, 2006, 2007a, 2009, 2019a; Mercay et al., 2012;
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Radi¢ et al., 2013a; Worek et al., 2004, 2012; Worek and Thiermann, 2013; Winter et al., 2016;
Zorbaz et al., 2018a,b, 2019).

2-PAM -6 Obidoxime
Fig. 1. Chemical structure of pyridinium oximes that present the mainstay of OP-treatment.

Nevertheless, new means of treatment such as bioscavengers have come under the spotlight of
current research. Stoichiometric, catalytic or oxime-assisted catalytic bioscavengers are directed
toward inactivating OP compounds before they react with the target AChE (Cerasoli et al., 2005;
Doctor and Saxena, 2005, Lenz et al., 2007; Masson and Rochu, 2009; Nachon et al., 2013). So far, the
administration of butyrylcholinesterase (BChE, EC 3.1.1.8) purified from human plasma has been
indicated as the most promising prophylaxis (Raveh et al., 1997; Lenz et al., 2010; Saxena et al., 2011,
Vucinic¢ et al., 2013). However, high dose of the large protein of BChE (Lenz et al., 2007; Raveh et al.,
1997) required for stoichiometric scavenging, may be minimized by mutants of human AChE assisted
by oximes (Kovarik et al., 2007b; Mazor et al., 2008; Saxena et al., 1997; Taylor et al., 2007). Hence,
an enzyme-reactivator pair that is catalytic for organophosphate hydrolysis, rather than
stoichiometric for conjugation, would greatly reduce the dose requirements of the bioscavenger.
Moreover, several mutants of human AChE were shown to have a slower aging rate than the wild
type and increased oxime accessibility to the phosphylated catalytic serine (Cochran et al. 2011;
Kovarik et al., 2015).

In this paper, we provide an overview of investigations that have shown that AChE mutants in
combination with effective oximes could provide a reversal of OP toxicities, primarily in the case of
poisoning with soman, tabun and VX. The bioscavenging potential and oxime-assisted degradation of
OPs catalyzed by exogenous AChE mutants were proved in vitro, ex vivo in blood and in vivo in mice.
Furthermore, we describe this unique bioscavenging system of a mixture of the aging-resistant
human AChE mutant and an efficient reactivator that has significantly improved the treatment of
soman exposure, which is the greatest challenge in nerve agent poisoning due to the high rate of
aging that prevents the use of standard therapy and AChE reactivators.

2. The oxime-assisted degradation of OPs in combination with AChE

Continuous hydrolysis of nerve agents by AChE and oxime is comprised by cycles of inhibition
and reactivation according to the following Scheme (Fig. 2). Both inhibition and reactivation
mechanism involves a similar geometry of the transition state enabling the AChE mutants that
enhance oxime reactivation (Kovarik et al., 2004) and react efficiently with the OPs (Kovarik et al.,
2003). Therefore, a limit in scavenging capacity mostly depends on the efficiency of the oxime to
regenerate the enzyme through continuous turnover. In other words, by enhancing reactivation
rates, bioscavenging efficiency has a practical outcome (Kovarik et al., 2007b).

Inhibition Reactivation
0]
- P R + | ReN-0-b
AChE- . - . - O
ChE-O" + Rg\‘é\l_ AChE—0O \R2 O\N/*R AChE-O" + q
]
OP compound Phosphylated enzyme Oxime Phosphylated oxime

Oxime-assisted OP degradation

Fig. 2. A scheme of the degradation of OP compound by cycles of inhibition of AChE and oxime-assisted
reactivation.
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Many studies have shown that, in the reactivation of the phosphylated enzyme conjugate, a limiting
step is the accommodation of a nucleophile, an oxime reactivator, within the OP-conjugated active
centre (Kovarik et al., 2004, 2006, 2010, 2015). In other words, the flexibility/orientation of the oxime
molecule is a key property for achieving stabilization of the oxime group directed towards the
phosphylated active site serine (Kovarik et al. 2008a; Sinko et al., 2006). This property greatly defines
the affinity of the enzyme for oxime compounds, which should be well-balanced with the
nucleophilic substitution for efficient reactivators (Cali¢ et al., 2006, 2008; Kovarik et al. 2008a).

Oxime-assisted recovery of catalytic activity has been studied in far greater detail for AChE, owing to
its greater physiological importance in neurotransmission compared to BChE, its structural analog.
Consequently, most oxime reactivators are developed with the aim to recover AChE activity and are
not efficient in recovering BChE activity (Luci¢ Vrdoljak et al., 2006; Kovarik et al., 2010). Certain
progress has been made by pyridinium oximes K127 and K117 in tabun reactivation (Kovarik et al.
2010) and by non-pyridinium oximes in the reactivation of VX-, cyclosarin-, and paraoxon-BChE
conjugates (Radi¢ et al.,, 2013b). Moreover, we showed an improvement of BChE’s endogenous
scavenging capacity, mainly by trying to convert it into a pseudo-catalytic scavenger through adding a
BChE-reactivation specific oxime (Radi¢ et al., 2013b). This again implies that the geometry of oxime
access to the phosphorus atom conjugated to the active serine is an important criterion for efficient
reactivation, along with the chemical nature of the conjugated moiety: phosphorate, phosphonate,
or phosphoramidate. Therefore, despite numerous oxime compounds being developed, after a
rigorous testing of their reactivation efficacy, only several oximes have so far been selected as leads
for bioscavenging and in vivo antidotal tests on mice (Fig. 3).
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Fig. 3. Lead oximes tested for the oxime-assisted degradation of OPs in combination AChE.

3. Counteracting OP inhibition by reactivation of ChE mutants

Kinetic and mechanistic studies of the site-directed mutants have added a new dimension in
counteracting OP poisoning because structure/activity relationship of cholinesterases investigated by
various compounds provides important information on the mechanisms of enzyme inhibition and
protection as well as reactivation of inhibited enzymes. It became apparent that three domains
govern reactivity of cholinesterases: the acyl pocket, the choline site, and the peripheral site
(Kovarik, 1999; Radic¢ et al., 1993, 1994; Taylor and Radi¢, 1994). Whereas aromatic side chains in the
AChE acyl pocket sterically exclude ligands with particular size and dimension, the choline site
contributes to the stabilization of a positively charged quaternary moiety of ligands thereby
conferring selectivity to cationic ligands. The peripheral site at the rim of the gorge entrance dictates



Z. Kovarik and N. Macek Hrvat Neuropharmacology, 2020; revised version

specificity of bis-quaternary oximes and other compounds that cannot fit at the base of the AChE
gorge (Cali¢ et., 2008; Katalini¢ and Kovarik, 2012, Katalini¢ et al. 2018; Radi¢ et al., 1993, 1994;
Taylor and Lappi, 1975).

Several mutants of human AChE have been created (Fig. 4) with the aim of slowing the aging rate,
while providing increased oxime accessibility to the phosphylated catalytic serine (Cochran et al.,
2011). Among nerve agents, soman is uniquely difficult to counteract because soman-inhibited AChE
quickly becomes unresponsive to reactivation due to the rapid dealkylation (known as aging) of the
soman-AChE conjugate with a half time of only 2 min (de Jong and Worling, 1984; Shafferman et al,.
1996). The anionic methylphosphonylated-AChE conjugate formed by aging is no longer susceptible
to oxime reactivation, in part due to the charge repulsion between the anionic oximate and the
conjugated methylphosphonic acid (Barak et al., 1997). Therefore, a novel approach to treat soman
exposure is a necessity, and the most resistant to aging soman-inhibited human AChE mutant
Y337A/F338A have opened new avenues in soman bioscavenging. An initial screening of a library of
840 oximes for reactivation of the soman-inhibited human AChE mutant Y337A/F338A (Cochran et
al., 2011) and reiterative synthetic and efficacy oriented search for more effective reactivators by an
analysis of a library of HI-6 analogs (Kovarik et al., 2015) identified the standard bispyridinium oxime
HI-6 as the most potent reactivator of the soman-inhibited mutant. Although in the case of
reactivation of the soman-AChE conjugate the primary problem is the rapid aging of that conjugate,
these structure-activity investigations show a complexity of the reactivation and a steric interference
by a substituted branched pinacolyl group of soman that result in reactivation selectivity.

None of the currently used oximes are sufficiently effective against all nerve agents and pesticides.
The lack of universality is a consequence of substantially different reactivation constants depending
on the conjugated organophosphate (Franjesevic et al., 2019; Katalini¢ et al., 2018; Kovarik et al.,
2019a; Macek Hrvat et al., 2020; Zorbaz et al. 2018a,b). In other words, conformational changes and
steric hindrance in the gorge induced by the OP conjugation consequently affect the possibility of the
oxime to adopt the most favorable position for dephosphylation of catalytic serine (Eto, 1976;
Ekstrom et al., 2006a, 2006b; Katalini¢ et al., 2018; Macek Hrvat et al., 2020; Millard et al., 1999).
This was particularly noted in the case of tabun inhibition where there was no reactivation of either
AChE or BChE (Macek Hrvat et al., 2020; Marakovi¢ et al., 2016; Zorbaz et al., 2018a,b, 2019). Yet, in
our recent papers we reported triazole-anulated oxime 3A and mono-pyridinium oxime 5B as potent
reactivators of the tabun-inhibited AChE and Y337A mutant, respectively (Kovarik et al., 2019a,b). In
comparison to wild type AChE, the Y337A mutation resulted with a 95-fold enhancement of the
maximal reactivation rate of 5B in case of tabun. Interestingly, the three most efficient reactivators
of the single AChE mutant were 2-PAM analogues with extended alkyl chains butyl, pentyl and hexyl,
while N-propyl, N-ethyl, and 2-PAM itself, the N-methyl analogue, were poor reactivators of the
tabun-Y337A conjugate (Kovarik et al., 2019b). Although hydrophobicity increases with 5B, removal
of the aromatic portion of the tyrosine in the mutant enzyme allows the compound to be
accommodated in the active center presumably with a distinctive binding pose. A similar positive
effect of the single mutation was observed in previous studies with other OPs where the Y337A
mutation enhanced the dephosphylation rate and/or overall reactivation rate relative to wild type
AChE (Kovarik et al. 2004, 2006, 2007b; Katalini¢ and Kovarik 2012, Katalini¢ et al. 2018). Out of a
congeneric library of triazole compounds, the bis-pyridinium aldoxime 14A displays a high potency to
reactivate both phosphonate and phosphorate AChE conjugates more efficiently (especially
cyclosarin-conjugate) than the standard reference oxime, 2-PAM, but still not as potently as HI-6
(Kovarik et al., 2019a; Zorbaz et al, 2018a,b).

In contrast to tabun, VX-inhibited AChE is easier to reactivate with standard oximes HI-6 and 2-PAM
(Dawson, 1994; Kuca et al., 2006; Macek Hrvat et al., 2016; Puu et al., 1986; Sidell and Grof, 1974,
Sun et al., 1986; Worek et al., 1998) despite the fact that the crystal structure of the VX-AChE
conjugate revealed that phosphonylation of the catalytic serine causes a conformational change of
the imidazole ring of the catalytic histidine, similar to that of tabun, to accommodate the ethoxy
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substituent of VX (Millard et al., 1999). Moreover, we have recently shown that mutagenesis could
additionally improve the reactivation rate (Macek Hrvat et al.,, 2016). Two choline binding site
mutations (Y337A/F338A) had a positive synergistic effect on the HI-6-assisted reactivation
enhancing the rate of nucleophilic displacement of the phosphonyl-moiety from the active site serine
about 5.5-fold when compared to the wild type AChE, while preserving its binding affinity toward the
HI-6.

—

Fig. 4. Mutants of AChE created and tested as bioscavengers: Y337A, Y337A/F338A, F295L/Y337A, and F297I.
Mutated residues in the active center gorge of hAChE (PDB code 3LII) are highlighted in blue (choline binding
site) and in magenta (acyl pocket). The catalytic serine is shown as spheres with carbon atoms in grey, oxygen
atoms in red and nitrogen atom in blue.

4. Ex vivo reactivation of AChE inhibited by OPs

Potentially active oxime-mutant enzyme pairs capable of degrading nerve agents in cycles of
inhibition and reactivation (Fig. 2) were identified in a comprehensive analysis of both reactivation
and inhibition of the human AChE mutants. Since mutations can disturb the general mechanism of
enzyme reactivity, and consequently a bioscavenger potential, it was important to verify that
mutations did not affect the rate of phosphylation. In case of tabun, the selected mutations did not
reduce the rate of inhibition significantly in comparison to AChE w.t. (Katalini¢ et al., 2018).
Moreover, the phosphorylation rate of the Y337A/F338A mutant was 4-fold faster than that of the
AChE w.t. probably because of the more direct access of the bulky tabun to the catalytic serine due
to lower steric hindrance as a consequence of the two choline binding site mutations. The rate of
AChE mutants inhibition by VX and soman also ensured that the phosphylation step in ex vivo
decomposition of OPs would not compromise the oxime-assisted catalytic bioscavenging of VX or
soman (Kovarik et al., 2015, 2019b; Macek Hrvat et al., 2016).

The ex vivo bioscavenger potential was tested in human whole blood (hWB) supplemented with the
AChE mutants and inhibited by a 10- and 50-fold excess of OPs. OP detoxification set in quickly after
adding oxime HI-6 in case of soman (Kovarik et al., 2015), and VX (Macek Hrvat et al., 2016) and
oxime 5B in case of tabun (Kovarik et al., 2019b). A high recovery of total cholinesterase activity with
respect to OP excess, while no recovery of activity when hWB was supplemented with only mutant
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enzymes, prove that OP was degraded by cycles of re-inhibition and reactivation of the AChE mutant.
Rates of decomposition and the overall bioscavenging potential were directly related to inhibition
and reactivation rates. In other words, in case of efficient OP detoxification by several mutants, it
seems that the rate-limiting step for bioscavenging was the rate of phosphylation as in case of
bioscavenging of Sp-cycloheptyl methylphosphonyl thiocholine, a structural homolog of cyclosarin,
with a combination of the acyl pocket AChE mutants and HI-6 (Kovarik et al., 2007). Nevertheless, our
results confirmed that the rate-limiting step for bioscavenging may be either the rate of
phosphylation or subsequent reactivation of AChE as the enzyme cycles through its phosphonylated
and unconjugated species decompose OPs (Fig. 2).

In case of soman, the most rapid soman decomposition was observed within the initial twenty
minutes of oxime-assisted catalysis, when hWB was supplemented with 0.5 uM Y337A/F338A and
1.0 mM HI-6 (Kovarik et al., 2015), while with 10 uM soman the initial recovery of activity had a lag
phase preceding the recovery. Although the catalytic activity of the mutant increased to its maximum
as a result of total soman decomposition, the observed multiphasic kinetics could also be due, in
part, to differences in the inhibition and reactivation kinetics of the four soman diastereoisomers
leading to different rates of their catalytic hydrolysis (Benshop and de Jong, 1988; Bucht and Puu,
1984).

5. Oxime-assisted catalytic detoxification of nerve agents in mice

Oxime-assisted catalytic detoxification of nerve agents in combination with the AChE mutants was
assayed in vivo on mice in terms of symptoms of poisoning, protective index (PI), and maximal dose
(MD) of OP that was fully counteracted by the treatment. The experimental paradigm uses mice
pretreated intravenously with oxime and AChE mutant 5 or 15 min prior to nerve agent exposure and
then treated by HI-6 and atropine. In case of soman, HI-6 in combination with the double mutant
Y337A/F338A increased the protective index by 60% compared to the protection observed with HI-6
therapy only (Kovarik et al., 2015). Although the MD of soman was not affected (5.0 x LDs, of soman),
the symptoms of toxicity in mice pretreated with a combination of mutant and HI-6 were significantly
less intense; e.g. tremor, convulsions, breathing, and locomotion disturbances. Moreover, even at
the highest administered dose of soman (10 x LDsg), a delay in the time of lethality was noticeable if
mice were pretreated with the mutant plus HI-6 combination (Kovarik et al., 2015). Nevertheless, the
investigation was guided by the hypothesis that the administration of a mixture of the aging-resistant
human AChE mutant Y337A/F338A and HI-6, its efficient reactivator, could provide considerable
improvement in soman exposure treatment creating a unique oxime-assisted catalytic bioscavenger
system in vivo in soman-exposed mice. A varied administration regimen of HI-6 and mutant AChE
(pretreatment/post-exposure therapy) was the first to establish an in vivo example of effective
oxime-assisted catalytic soman bioscavenging based on a combined administration of sub-
stoichiometric amounts of site-directed mutant AChE and an oxime reactivator. Similar results in the
delay of symptoms of toxicity and time of death were observed in VX detoxification in mice by the
same mutant-oxime combination of pretreatment/post exposure therapy (Macek Hrvat et al., 2016).
These studies described a potential of the Y337A/F388A - HI-6 pair to act as a bioscavenger in
situations of exposure to multiple organophosphates, where the oxime could assist scavenging in the
blood as well serve as a conventional antidote in target tissues (Kovarik et al., 2015; Macek Hrvat et
al., 2016). Further bioscavenging developments should consider not only the optimization of
mutant/oxime doses applied but also improvements such as slowing oxime clearance in blood, and
prolonging residence circulation time of the enzyme. A recent study by Pashirova et al. (2018)
demonstrated that the encapsulation of an oxime in solid lipid nanoparticles increased its
bioavailability and prolonged circulation time in the bloodstream by 8.5 times compared to free
oxime form. On the other hand, it was shown that polyethylene glycol-modified enzyme retained all
of the kinetic characteristics of its nonpegylated form, while having 20-fold greater mean residence
time (Mazor et al.,, 2008). This extension in the circulatory lifetime of the mutant and oxime is
important in terms of the practicality of administering such a scavenger in potential situations of



Z. Kovarik and N. Macek Hrvat Neuropharmacology, 2020; revised version

human exposure to a nerve agent. Moreover, the single administration of the enzyme would not
raise concerns about the possible immunogenicity of the mutant AChE form.

We recently reported detoxification of tabun by assembling oxime-assisted catalytic scavenging in
vivo using the AChE mutant Y337A and its efficient reactivator 5B, a 2-PAM analog (Kovarik et al.,
2019c). Unfortunately, the determined acute toxicity of 5B classified it as a relatively toxic compound
especially for intravenous application. Therefore, the oxime was administrated intramuscularly as
post-exposure treatment, while the mutant enzyme intravenously as pre-exposure treatment. The
antidotal efficacy of the tested scavenging system in terms of Pl and MD was poor and did not
improve lethality outcomes. It seems that the failure to prove the scavenging capacity to detoxify
tabun in mice could be a consequence of many factors such as: oxime toxicity, low application dose
of oxime, two routes of therapy application, etc. It should also be pointed out that oxime 5B showed
poor potency for reactivation of phosphorylated endogenous AChE and BChE as reported previously
(Kovarik et al., 2019b). Therefore, it seems that for an efficient treatment, an oxime alone should not
only reactivate an exogenous enzyme but also endogenous erythrocyte AChE and plasma BChE. This
is in accordance with our previous studies with potent reactivators of tabun-inhibited AChE (oximes
K203, K048 and 3A), where we reported that the therapeutic efficacy in vivo corresponded to the
reactivating efficacy in vitro, meaning that the pharmacological effect of these oximes was indeed
primarily related to the reactivation of tabun-inhibited native AChE (Berend et al., 2010; Cali¢ et al.,
2006, 2008; Kovarik et al., 2008b, 2009). Moreover, this was confirmed with the best triazole oxime
reactivators of the AChE wild type, where the protection index was 8.9, and all of the mice survived a
dose of 7.9 LDsq of tabun (Kovarik et al., 2019a) despite the relatively high toxicity and low dose (2.2
mg/kg) of oxime. Furthermore, the translation of data obtained in vitro to in vivo application could
hinder efficient therapy, i.e. the oxime circulation, cytotoxicity and tissue-specific distribution
(Katalini¢ et al., 2015; Sit et al., 2018), and therefore the applied dose became important. When we
administered the non-toxic oxime HI-6 intravenously together with the mutant to poisoned mice,
soman and VX were efficiently detoxified (Kovarik et al., 2015; Macek Hrvat et al., 2016). Therefore,
bioscavenger development should consider optimization of mutant/oxime dose applied as well as
adjunct therapy to slow down oxime clearance from blood which would extent scavenging in plasma
before OP distributes in the body and crosses the blood-brain-barrier. Indeed, as shown in a recent
study on zwitterionic reactivators of AChE oximes (RS41A, RS194B and RS138B), efficacy relates to
achieving pharmacokinetics and tissue distribution (Sit, et al., 2011, 2018; Radi¢ et al., 2012, 2013a).
The therapy was most effective in the case of VX and sarin exposure. Moreover, when RS194B was
administered as pretreatment, 15 min prior to VX exposure and again as therapy post VX exposure, a
particularly high protective index of 45 was produced and all mice survived 31.1 multiple doses of VX
LDs, (Radi¢ et al., 2012, 2013a). Since OP driven respiratory and cardiovascular defect arises from
both central and peripheral AChE inhibition, an antidote with the potential to cross the blood-brain
barrier rapidly would not only reactivate the immediately exposed and inhibited OP-sensitive sites in
the CNS, but should also prevent secondary inhibition (Sit et al., 2018). Hence, there may be a
justification for the longer term reactivation potential of an oxime antidote that is retained in the
brain. Multiple ionization states, a capacity to be retained in tissue, a larger distribution volume and
prolonged oral absorption may favor less frequent repeated dosing of the antidote (Sit et al., 2018;
Taylor et al., 2019).

6. Conclusion

Variations in oxime structure and further refinements of AChE mutations should improve the
catalytic potential of these scavenging pairs. Efficiency of scavenging is also a pharmacokinetic
consideration since the introduced organophosphate should be scavenged in the plasma before it
distributes into extracellular space and/or crosses the blood-brain barrier. Further bioscavenging
developments should consider not only the optimization of mutant AChE/oxime doses applied but
also adjunct therapy to slow oxime clearance in blood. The latter would extend pretreatment times
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and increase efficiency of scavenging in the plasma before an organophosphate distributes and/or
crosses the blood-brain barrier. One advantage of the cholinesterases as bioscavengers is that
stereoselective preference for the organophosphorus enantiomer for inactivation likely matches the
stereo preference for reactivation. Hence the more toxic enantiomer formed with excess
organophosphate is also most susceptible to reactivation and detoxification.
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