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Abstract

Aging is a dealkylation reaction of organophosphorus (OP)-inhibited acetylcholinesterase (AChE). 

Despite many studies to date, aged AChE cannot be reactivated directly by traditional pyridinium 

oximes. This review summarizes strategies that are potentially valuable in the treatment against 

aging in OP poisoning. Among them, retardation of aging seeks to lower the rate of aging through 

the use of AChE effectors. These drugs should be administered before AChE is completely aged. 

For postaging treatment, realkylation of aged AChE by appropriate alkylators may pave the way 

for oxime treatment by neutralizing the oxyanion at the active site of aged AChE. The other two 

strategies, upregulation of AChE expression and introduction of exogenous AChE, cannot 

resurrect aged AChE but may compensate for lowered active AChE levels by in situ production or 

external introduction of active AChE. Upregulation of AChE expression can be triggered by some 

peptides. Sources of exogenous AChE can be whole blood or purified AChE, either from human or 

nonhuman species.
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 Introduction

Acetylcholinesterase (AChE) is a serine hydrolase found in brain synapses, neuromuscular 

junctions (NMJs), and erythrocytes. Using a catalytic triad of Glu–His–Ser, its role is to 

silence nerve impulses by selectively hydrolyzing acetylcholine, a neurotransmitter. 

Inhibition of AChE can lead to a cholinergic crisis, which is caused by the accumulation of 

acetylcholine at synapses and NMJs.1 Inhibition of AChE would result in the continuous 
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firing of nerve impulses, thereby causing greatly increased parasympathetic actions and 

twitches of voluntary muscles, which may lead to death due to seizures or respiratory failure. 

Organophosphorus (OP) chemical nerve agents are a type of suicide AChE inhibitor. They 

act by covalently binding to the catalytic serine and blocking the active site (Fig. 1). OPs 

have been used as pesticides (e.g., malathion) and as chemical warfare agents (e.g., VX, 

sarin, soman, and tabun). Every year, OP-based pesticides kill approximately 200,000 people 

worldwide, especially in rural areas of developing countries.2 OP-based chemical warfare 

agents have been used in armed conflicts, such as the Iran–Iraq war3 and the recent Syrian 

civil war,4 as well as terrorist attacks, such as the Tokyo subway sarin attack.5 Clinically, OP 

poisoning can be treated by a combination of anticholinergic drugs (e.g., atropine) and 

oximes (e.g., 2-PAM). Atropine acts as an antagonist of acetylcholine receptors, while 

oximes (more likely, their deprotonated form, the oximates) nucleophilically substitute the 

phosphorylated serine into the active site of the enzyme to reactivate the OP-inhibited 

AChE.1

Though a variety of different oximes have been developed to treat OP poisoning, none of 

them are universally effective against all OPs.1 For instance, HI-6 is less efficient against 

tabun than against VX, while TMB-4, HLö-7, and LüH-6 show the opposite reaction 

selectivity.6,7 Even more problematic, a dealkylation process can follow inhibition, which is 

the loss of a second leaving group from OP, thereby producing an oxyanion on the 

phosphoryl group. This process is referred to as aging (or ageing in British English). To date, 

the aged form of AChE has been recalcitrant to reactivation by any oxime (Fig. 1). 

Electrostatic attraction between the oxyanion and the positively charged catalytic histidine 

stabilizes the structure of aged AChE, making it unresponsive to reactivation.8 Furthermore, 

electrostatic repulsion from the phosphoryl oxyanion orients the oximate away from the 

enzyme’s active site, precluding the nucleophilic attack.9 Victims exposed to fast-aging OPs, 

such as soman, which has an aging half-time (t1/2) as short as several minutes,10 have a 

minimal chance of survival. Since the discovery of aging in the 1950s,11 no clinical 

treatment has been fully developed to prevent aging or to recover the activity of aged AChE. 

Most research on OP poisoning focuses on treatments before aging. Despite the difficulty, 

researchers’ efforts in finding antiaging cures have continued. In this review, we summarize 

the methods and compounds that may be used as potential therapeutic pathways against the 

aging of AChE.

 Retardation of aging

If aging can be considerably slowed down by any drug, there will be an opportunity to 

reactivate the inhibited AChE with oximes before the AChE becomes aged. Some effectors 

were proven capable of retarding aging. In 1966, Berry and Davies reported that the use of 

2–40 mM N-methylpyridinium iodide (Fig. 2) lowered the aging rate of soman-inhibited 

AChE by 33–69% and cyclosarin-inhibited AChE by 52–100%.12 In the 1970s, Crone 

reported a study on the effect of six quaternary ammoniums on the aging kinetics of sarin.13 

Among them, 0.1 mM of gallamine triethiodide (Fig. 2) slowed down aging by 77%. Sterri 

investigated several imidazole compounds for their activities to retard aging.14 Among them, 

1 mM 2,4-dimethylimidazole lowered the aging rate of sarin-inhibited AChE by 70%. It is 

interesting that atropine (Fig. 2) also displays a retardation effect against aging. As reported 
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by van Dongen et al. in 1987, this anticholinergic drug, which is widely used in the 

treatment of OP poisoning, slowed down the aging of sarin- and GS-inhibited rat and human 

AChE by 28–60% when applied at 1 mM.15 Nevertheless, the clinical dose of atropine is 

orders of magnitude lower than this level and consequently, will not exhibit any significant 

aging-retardation effect. The aforementioned gallamine triethiodide is also an 

anticholinergic drug.

Not all aging effectors slow down aging. Some can accelerate this process. Schoene 

compared a library of 27 aging effectors, of which most are pyridinium compounds, on their 

influence on the aging of sarin-inhibited AChE.16,17 At a concentration of up to 2 mM, most 

of the tested compounds exhibited retardation of aging, while a few, such as 1,1′-(oxy-

bis(methylene))-bis-(4-((E)-(2-carbamoylhydrazono)methyl)pyridin-1-ium) and 

hydrazinecarboxamide, accelerated aging slightly.

How these effectors work is not fully understood. Some of them, such as gallamine 

triethiodide and propidium iodide, were reported as allosteric ligands of AChE and bind at a 

peripheral anionic site.18 Their concentration–effect correlations can be non-monotonic: as 

reported by Schoene, for example, the aging acceleration effect of semicarbazide increased 

with concentration, reaching a maximum at 1.25 mM, then decreased.17

Though many pyridinium compounds can slow down aging, and this structural moiety is 

present in many oxime drugs, these oximes may not be bifunctional against inhibition and 

aging. On the contrary, they may accelerate aging. For example, in the presence of 2 mM 1-

heptyl-pyridinium iodide, the aging rate of tabun-inhibited bovine AChE was lowered by 

56%; the complex of the same inhibited enzyme with 1-heptyl-2-hydroxyiminomethyl-

pyridinium iodide displayed an aging rate coefficient that increased by 260%.19

None of the aforementioned effectors have been clinically utilized in order to slow down 

aging, presumably due to their low activities. Most of these effectors are effective only when 

applied on the mM scale, which is too high for clinical treatments and may exhibit toxicity. 

Propidium iodide (Fig. 2), however, can slow down the aging of soman-inhibited AChE by 

about twofold at 10 µM.20 Another limitation is that, once all AChE of the patient is aged, 

these drugs will no longer be effective, since they are intended to only retard aging rather 

than to resurrect the aged form of AChE.

 Realkylation of aged AChE: make a U-turn

If the road is closed, why not turn back? A straightforward strategy against aging is to 

reverse this dealkylation reaction by realkylation of the oxyanion on the phosphoryl adduct 

(Fig. 1). In this way, the negative charge on the phosphoryl group will be neutralized after 

realkylation, and the inhibited enzyme can be reactivated by oximes again. Unlike aging 

retardation, which needs to be performed in time before all AChE gets aged, realkylation of 

aged AChE is a postaging approach. Several types of electrophilic alkylating agents, 

including sulfonates, haloketones, methoxypyridiniums, sulfoniums, and quinone methide 

precursors, have been proposed to be used for realkylation of aged AChE. A potential risk 

that should be taken into account with this approach is the possible off-target reactivities of 
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the realkylators. The drug will exhibit toxicity if it undesirably alkylates irrelevant proteins, 

nucleic acids, or any residues other than the phosphorylated serine of the aged AChE.

 Sulfonates

Sulfonates are known as good leaving groups in substitution reactions. In 1969, Blumbergs 

et al. reported the synthesis of a series of sulfonic esters and proposed to use them as aged 

AChE realkylators (Fig. S1A).21 Reactivity of one compound was estimated by alkylation of 

various small anions, including several phosphonates, halides, and some other inorganic 

anions (Fig. S1B), which was monitored by nuclear magnetic resonance (NMR) 

spectroscopy.22 However, none of these compounds were tested with aged AChE.

 Haloketones

Soon after, in 1970, Steinberg et al. tested a library of more than 20 alkylating agents, 

mainly haloketones, R-C(=O)CH2Br, against p-nitrophenyl methylphosphonate, which 

mimics the phosphorylated serine residue in the aged-AChE enzyme (Fig. S2).23 The halide 

ion is displaced by this model phosphonate compound during the reaction, leading to 

realkylation. Steinberg et al. used this methodology to evaluate the potential in vivo efficacy 

of haloketones with such an in vitro model phosphonate. Affected by the adjacent carbonyl, 

the halogen-bonded carbon of a haloketone is more reactive to nucleophiles than is an alkyl 

halide. Similar reactions between haloketones and phosphates have also been reported for 

other uses.24,25 In Steinberg’s work, seven compounds in the library were selected to be 

examined further with real AChE aged with32P-labeled soman. TMB-4 was chosen as the 

reactivating oxime. Removal of the radioactive label was monitored as an implication of 

reactivation of realkylated AChE. None of tested compounds, however, successfully 

removed the radioactive label from aged AChE. The authors did not confirm whether the 

resurrection was halted at the binding step, the realkylation step, or the subsequent oxime 

treatment.

 Methoxypyridinium

Inspired by the interconversion between 2-methoxypyridine and N-methylpyridone, Quinn 

and coworkers proposed to alkylate aged AChE with a series of methoxypyridiniums in 2013 

(Fig. 3).26 These positively charged compounds transfer methyl groups to nucleophiles, 

yielding corresponding neutral pyridones as the by-product. Alkylation reactivities of a 

series of compounds were tested with sodium methyl methylphosphonate, which mimics the 

phosphoryl group of aged AChE (as was done by Steinberg et al.23). Two reaction 

mechanisms were proposed: as Figure 3 illustrates, the methyl group can be either 

transferred directly to the phosphonate or via a pseudo-six-membered-ring transition state. 

In the same year, these researchers evaluated the IC50 of more than 30 compounds of this 

type against native human AChE in order to investigate their affinities to this enzyme.27 The 

values ranged from 50 nM to 131 µM. However, alkylation efficacies of these drug 

candidates with aged AChE were not reported in any peer-reviewed publications. An et al. 
investigated the realkylation of sarin-aged AChE by Quinn’s realkylator using quantum 

mechanical/molecular mechanical (QM/MM) calculations.28 An intense π–π interaction 

between the W86 residue and the drug was found to hinder the reaction.
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 Sulfoniums

Tertiary sulfoniums can also act as alkylators. S-adenosyl methionine (SAM) is known as a 

cosubstrate in biological transmethylation. Inspired by biological sulfoniums, Chandar et al. 
designed several sulfoniums as realkylators of aged AChE, investigated them in silico, and 

compared them with N-methyl-2-methoxypyridium.29 Particularly, compound 3 in this 

publication was designed as a bifunctional drug candidate with a sulfonium moiety and an 

oxime moiety (Fig. 4). The activation energy of reaction, as well as the orientation of the 

molecule in the gorge of AChE, was investigated. The potential energy surfaces were 

calculated with density functional theory at the M05-2X/6-31G* level of theory and with 

consideration of implicit (aqueous) solvation. Steered molecular dynamics (SMD) with the 

GROMOS 96 force field were used to “pull” the compound out from the active site of aged 

AChE, and their studies indicate that the orientation of the drug flips as it enters or leaves the 

enzyme gorge, allowing both moieties to react with the active site. However, to our 

knowledge, these sulfoniums have not been experimentally synthesized or examined.

 Quinone methide precursors

Quinone methides (QMs (Fig. S3A)) can be regarded as delocalization-stabilized 

carbocations, which are reactive to nucleophiles. For better stability, a QM can be 

synthesized and applied as its precursor (QMP (Fig. S3B)), which is a phenol with a leaving 

group on the benzylic carbon. QMPs can alkylate nucleophiles directly via SN2 substitution 

or via corresponding QMs as reactive intermediates (Fig. S3C). They have been reported as 

alkylators of proteins30–33 and nucleic acids.34–38 More interestingly, in 1999, Zhou et al. 
reported a QM capable of alkylating phosphodiesters.39 Bakke et al. also reported a QM that 

can alkylate dibutyl phosphate in 2005.40 These studies suggest the possibility to realkylate 

aged AChE using a QM or QMP, considering the structural similarity between small 

phosphates and the phosphylated serine of aged AChE. However, to date, no QM or QMP 

effective against aged AChE has been reported in any peer-reviewed publications.

 Upregulation of AChE expression

Another strategy for postaging treatment of OP poisoning is the upregulation of AChE 

expression. Rotundo reported expression of AChE in chicken muscle cells after OP 

poisoning.41 All cell-associated AChE was initially inhibited with diisopropyl 

fluorophosphate (DFP), a membrane-permeable OP. Following removal of unreacted OP, the 

cells were incubated in complete medium, and the AChE level was determined at various 

time intervals. An obvious increase of AChE level was seen within 2 h of observation. This 

phenomenon is attributed to the freshly produced active AChE from the cells rather than the 

spontaneous reactivation of inhibited AChE, considering the fast aging and slow 

spontaneous reactivation of DFP.42 The expression of native AChE may prove useful in 

postaging treatment of OP poisoning if it can be accelerated. In this case, newly synthesized 

and active AChE can replace any impaired form of AChE (either inhibited or aged), hence 

recovering the total AChE activity in the victim. In the meantime, however, aged AChE will 

not be resurrected.
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AChE at NMJs can be assembled into dimers (G2), tetramers (G4), and further hetero-

oligomers (A4, A8, and A12, (i.e., ColQ-AChE)) with a collagen-like tail (Q, (i.e., ColQ)), as 

illustrated in Figure 5.43 The N-terminal domain of each strand of this triple-helix tail can be 

linked to an AChE tetramer. Most of the newly translated AChE before assembly is 

incompletely folded, hence catalytically inactive and rapidly degraded; indeed, only 

correctly folded and assembled AChE can transit the Golgi apparatus and be secreted or 

anchored to the cell membrane.41 Assembly with Q into oligomers could rescue AChE from 

degradation. A research report by Ruiz and Rotundo reveals that the overexpression and 

knockdown of Q are sufficient to up- and downregulate the total AChE activity in skeletal 

muscle, respectively.44

By means of mutation and truncation of Q, Bon et al. discovered that a proline-rich 

attachment domain (PRAD) in Q consisting of 17 amino acids (CCLLTPPPPPMFPPPFF), 

as well as 8-kDa polyproline, was capable of promoting G4 assembly and upregulating 

AChE expression.45 Specifically, in this study, polyproline was added to the culture medium 

as an exogenous synthetic peptide, rather than transfected and endogenously expressed. 

These facts reveal the possibility of applying synthetic PRAD or polyproline as a peptide 

drug against OP poisoning, even after aging occurs. Some mutants of PRAD, such as 

ESTP10, also contributed to G4 formation, but are less efficient than the wild-type sequence. 

Rotundo has patented using this type of peptide as a postaging treatment against OP 

poisoning, but the patent has yet to be granted.46

 Exogenous AChE

The third strategy to recover the total AChE activity after OP poisoning or even aging is to 

introduce exogenous AChE to the victims. Like upregulation of AChE, this strategy cannot 

resurrect aged AChE. Instead, it compensates for lost AChE activity by adding some amount 

of active AChE.

 Blood transfusion and human AChE

Whole blood is a common source of human AChE for research. Then why not use it for OP-

poisoning treatment? Besides AChE, blood also contains butyrylcholinesterase (BChE), 

which can act as a bioscavenger of OPs.47 In 1976, Okonek et al. reported the change of 

total activity of AChE in the blood in parathion-poisoned rats upon blood-exchange 

transfusion. Indeed, the AChE level was recovered from ~10% to >50% after exchange 

transfusion of 6.7 mL of blood per 100 g body weight.48

In 2011, Ryniak et al. reported a clinical case, in which a patient, self-poisoned by parathion, 

was treated with a combination of conventional drugs and whole-blood transfusion.49 The 

blood AChE level of the patient dropped below detection limit within ~10 h, and multiorgan 

failure symptoms then emerged. After 5 days of treatment with obidoxime and 

anticholinergic drugs, the condition did not improve until the transfusion of 500 mL of 

whole blood. Six hours after the transfusion, AChE level was restored to 55%. The 

administration of drugs was continued. The patient was discharged from the hospital on the 

16th day. Note that the aging half-time (t1/2) of paraoxon, which is the active metabolite of 
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parathion, is 5.4–45.5 h.42 Most of the endogenous AChE of the patient had presumably 

been aged before the blood transfusion.

The limitations of this treatment include challenges in whole-blood storage, incompatibility 

between blood types (especially Rh− blood types), and risk of blood-transmitted diseases. 

Human AChE isolated from whole blood may be a better alternative in this respect. 

However, the supply of human AChE from blood still depends on whole-blood donation. 

Moreover, these treatments will be more costly than small-molecule realkylators of aged 

AChE.

Production of recombinant human AChE from transgenic plants50,51 or mammal cell 

lines52,53 can eliminate the dependence on human blood. An Agrobacterium-mediated 

transient coexpression system in Nicotiana benthamiana plants reported by Rosenberg et al. 
exhibited high yield and promising stability.50 The p19 suppressor of gene silencing from 

tomato bushy stunt virus and PRAD (discussed above) were cotransfected along with the 

AChE gene in order to maximize the yield. Polyvinylpyrrolidone was added to prevent 

polyphenols in the extract from damaging AChE. Approximately 70 mg was harvested from 

~ 200 g of leaves. The obtained AChE was stable in aqueous solutions for weeks at up to 

37 °C. Production of recombinant AChE also allows some additional features that 

endogenous AChE lacks. Radić and coworkers reported a Y337A/F338A mutant of human 

AChE, which proved resistant against soman aging.53 Atsmon et al. reported a PEGylated 

recombinant human AChE with a long plasma half-life (26.7 h in humans).51 A further 

extended plasma half-life (> 60 h) was achieved with a chimeric protein generated by Mazor 

and coworkers, which combines human AChE and the Fc region of human IgG1.54

 Nonhuman AChE

Livestock blood and brains are produced on a large scale as by-products in animal slaughter. 

Electric organs of the electric eel (Electrophorus electricus), electric ray (Torpedo 
californica), and other electric fishes are particularly rich in AChE. Nonhuman AChE can be 

harvested from these animals at a lower cost compared to human AChE. The retail prices of 

human erythrocyte AChE from Sigma-Aldrich Co. LLC is U.S. $467 every 50 units.55 By 

contrast, the price of electric eel AChE (type V-S) from the same provider is only $179.50 

every 1000 units.56 None of these enzymes have been investigated as treatments of OP 

poisoning. They may, however, prove to be valuable candidates as exogenous AChE, 

considering their inexpensive production. Immunogenicity and allergenicity are possible 

risks that must be taken into account before these exogenous proteins are introduced to the 

human body.

Though plants and bacteria possess no nervous systems, some of them also naturally 

produce acetylcholine hydrolases. Some are related to environmental stimuli, such as heat 

stress57 and gravity,58 while some are produced for metabolism.59 In spite of their sizes, 

structures, physiological functions, and presumably catalysis mechanisms, which differ from 

those of animal AChE, they have also been referred to as “AChE” or “cholinesterase” by 

numerous researchers.
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In the 1950s, Goldstein et al. reported the adaptive production of AChE from Pseudomonas 
fluorescens, a bacterium.60,61 Considerable production of this protein relies on induction by 

adding choline or acetylcholine to the medium. This enzyme is more active against 

propionylcholine than acetylcholine. Most of expressed AChE was intracellular rather than 

excreted. Fitch also investigated AChE from this bacterium, both in terms of its 

physiological role and its catalytic properties.59,62 Over the past 4 decades, researchers have 

been studying adaptive production of AChE from P. aeruginosa, another species in 

Pseudomonas genus.63–67 Sánchez et al. identified this enzyme as encoded by gene PA4921 

in the SGNH hydrolase superfamily.63 The molecular weight is around 30 kDa. There are 

also publications on AChEs from plants, including eggplants, beans, and maize.68–76 These 

AChEs belong to the lipase GDSL (Gly–Asp–Ser–Leu) family.68

In 1991, Nieto et al. reported an AChE from Aeromonas hydrophila, which acts as a toxin to 

fish, the host of this bacterium.77 Unlike Pseudomonas AChE, this enzyme is excreted and 

smaller (~ 15 kDa). The specific activity was claimed to be approximately three times as 

high as that of electric eel AChE. This enzyme was also discovered in other species of the 

Aeromonas and Vibrio genera.78,79 It may be capable of crossing the blood–brain barrier 

(BBB) of fish to enter the central nervous system, as implied by an experiment published in 

1993.80 The enzyme was injected intraperitoneally (into the body cavity) into rainbow trout. 

A dramatic increase (up to two orders of magnitude) of AChE activity in the brain was 

observed. A 45-kDa protein was identified as the proenzyme of this AChE, and displayed 

lower activity.81 Further proteomic and crystallographic investigations are needed to clarify 

its gene, structure, and catalytic mechanism. The high activity, small size, and good BBB 

permeability of Aeromonas AChE reveal the potential of this enzyme as a protein drug 

candidate to compensate for impaired AChE level due to OP poisoning. Furthermore, as an 

excreted protein, it can be economically and conveniently harvested from the culture 

medium without homogenizing the cells.

 AChE–fasciculin-2 chimeric protein

Fasciculin-2 (Fas2) is a toxin found in snake venom. It acts by noncovalently binding to a 

peripheral site of AChE near the catalytic gorge and allosterically changing the 

conformation of AChE.82 Rotundo developed and patented an AChE–Fas2 chimeric protein 

for treatment of OP poisoning (Fig. 6A).83 In this protein, a Fas2 domain is linked 

downstream of an AChE domain. The Fas2 domain guides and anchors the protein to NMJs 

and synapses by binding to endogenous AChE (either OP inhibited or not), while the AChE 

domain hydrolyzes acetylcholine. Compared to exogenous AChE without the Fas2 moiety, 

this chimeric protein is expected to be more enriched at NMJs and synapses, where it is 

more in demand. Immobilization may also slow down its metabolism. Microscope images 

visualized AChE–Fas2 bound to mouse NMJs after intravenous injection. Injection of 5 µg 

of AChE–Fas2 enhanced the survival rate of DF-treated (2 × LD50) mice from 17% to 92%. 

Karnovsky-Roots staining confirmed the recovered AChE activity at NMJs of surviving 

mice. Aggregation of this chimeric protein owing to head-to-tail binding is prevented by 

choosing a mutant AChE, which is still active but does not bind Fas2 (Fig. 6B).Rotundo et 
al. have not disclosed any information regarding the safety of this approach. But a single 

dose may be acceptable in terms of immunogenicity.
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 Conclusions

Aging is a major barrier in the treatment of OP poisoning. Aged AChE cannot be directly 

reactivated by oximes. Some effectors can slow down aging, allowing more time for 

conventional oxime therapy. High concentrations of the discovered effectors required for this 

aging retardation effect is limiting the application of this approach. Moreover, they must be 

administrated before the patient’s AChE is completely aged.

For resurrection of aged AChE, researchers have been developing and testing alkylators to 

bring the enzyme back to the inhibited state, which can then be reactivated by conventional 

oximes. Some of these compounds have exhibited encouraging reactivity with model 

phosphonates, which emulate aged AChE. But candidates capable of realkylating the aged 

form of AChE have not yet been discovered. This may be due to ineffective binding between 

these compounds and the catalytic gorge of AChE or unfavorable orientation at the active 

site. Computational chemistry may continue to guide the rational design of new alkylators in 

the future. Another possibility is that the realkylation itself was a success, but the subsequent 

oxime reactivation was not viable, perhaps due to an inappropriate choice of oxime or steric 

hindrance in the active site. Mass spectrometry may be employed to verify or to rule out this 

possibility. If the aged AChE is successfully realkylated, the corresponding mass shift can be 

observed in the appropriate peptide in the digest. Off-target reactivities of the realkylators 

should also be studied to prevent them from alkylating other residues of AChE or other 

proteins.

Alternatively, newly produced active AChE can be used to restore the damaged AChE 

activity in the bodies of victims. Some peptides that can upregulate the expression of AChE, 

such as PRAD and polyproline, have been discovered. To replace aged AChE, an exogenous 

source of active AChE, such as whole blood, recombinant human AChE, and bacterial 

AChE, can also be used. Fas2–AChE chimeric proteins were also proposed for this purpose. 

The Fas2 moiety can anchor the protein to the NMJ and synapses, where endogenous native 

AChE is naturally located.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Scheme illustrating inhibition, reactivation, aging, and realkylation pathways of AChE. “L” 

stands for the leaving group that is lost in inhibition. Realkylation may bring the aged AChE 

back to the inhibited, but unaged, state and hence facilitate reactivation by oximes.
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Figure 2. 
Examples of AChE effectors that retard aging.
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Figure 3. 
Quinn et al. proposed to alkylate aged AChE with methoxypyridiniums. Two possible 

mechanisms of methyl transfer from methoxypyridiniums to phosphonates were proposed. 

Adapted from Refs. 26 and 27.
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Figure 4. 
Compound 3 proposed by Chandar et al., and its methyl transfer reaction with 

methylphosphonate-bound serine, catalyzed by histidine. Adapted from Ref. 29.
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Figure 5. 
Molecular forms of AChE and Q tail. Each AChE subunit, shown in magenta, possesses its 

own active site. Bold dashes in black represent disulfide bonds. Adapted from Ref. 43.
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Figure 6. 
(A) The Fas2 moiety (displayed in green) links the active AChE moiety (magenta) to the 

aged endogenous AChE (blue). (B) The AChE moiety is mutated to avoid binding to the 

Fas2 moiety and aggregation. Adapted from Ref. 83.
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