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CHAPTER 1: REACTIVATION OF ORGANOPHOSPHORUS NERVE AGENT 

INHIBITED ACETYLCHOLINESTERASE 

 

Introduction 

Organophosphorus compounds (OPs) are used as pesticides, e.g. parathion, which is converted in 

the body to paraoxon, and chemical warfare nerve agents, such as sarin, soman, cyclosarin, VX, 

and tabun (Figure 1.1).1  Even small amounts of OP exposure can be fatal, depending on the 

toxicity of the compound.2  Numerous efforts have been taken to minimize or ban the use of  these 

toxic chemicals;3 however, their  continued extensive use results in 300,000 annual cases of acute 

intoxication, of which more than 200,000 lead to human fatalities  worldwide.4-6  

Furthermore, great stocks of highly toxic chemical warfare nerve agents exist around the 

world and are considered a serious threat to national security and international stability.  Sad 

examples of their abuse include nerve agent attack against Iraq civilians in 1988, use of sarin gas 

in the Tokyo subway in Japan in 1995 which caused 12 deaths and thousands of casualities,7,8 and 

use of sarin by the Assad  regime in Syria in 2013 which killed over 1400 people. OPs exert their 

toxicity by covalent irreversible inhibition of acetylcholinesterase (AChE),9 which prevents the  

enzyme from hydrolyzing acetylcholine (ACh), a neurotransmitter in the central and peripheral 

nervous systems (CNS and PNS). Therefore, ACh accumulates in the cholinergic synapses 

throughout the body,  which results in overstimulation of the ACh recepters.3 Death is usually 

caused by cardiopulmonary failure resulting from the paralysis of neuromuscular function due to 

overstimulation.10   

Over the decades of research on OP poisoning treatments, removal of the phosphyl moiety 

from the OP-bound AChE active site has been a promising method to restore AChE’s catalytic 

activity. This has been achieved by use of strong nucleophiles such as oximes to remove the 
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phosphyl group from the OP-AChE complex. However, a secondary process called aging also 

occurs in the OP-AChE complex.  Once aging occurs, currently available oximes are ineffective 

in removing the phosphyl moiety from the enzyme’s active site, and hence are ineffective as 

antidotes against the aged enzyme. Also, currently use oximes have several disadvantages in OP 

therapy and there is no broad spectrum oxime for a wide range of nerve agents. The objective of 

this thesis is to discuss the current status of oxime reactivation on nerve agent inhibited AChE and 

strategies towards the reactivation of the aged-AChE adduct. Furthermore, kinetic evaluation of 

several inhibitor families on reactivation of initial complex of the OP-inhibited AChE and aged-

AChE adduct is presented.  

Importance of Acetylcholinesterase  

Acetylcholinesterase (EC 3.1.1.7) is a catalytically powerful enzyme that has long been of 

interest to enzymologists, toxicologists and pharmacologists.11-13AChE functions in the central and 

peripheral nervous systems to terminate the relay of the action potential across nerve-nerve and 

neuromuscular junctions.1,11The physiological function of the enzyme is rapid hydrolysis of its 

substrate, ACh.11,14 AChE anchored to the post synaptic membrane starts its action when ACh is 

liberated from the presynaptic nerve into the synaptic cleft as a result of the arrival of an action 

potential.11,15 ACh diffuses to and binds the ACh receptor located in the post synaptic membrane.  
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Figure 1.1: Chemical structures of some toxic OP pesticides and chemical warfare nerve agents 

The ACh receptor then changes conformation, which allows entry of K+ into the 

postsynaptic nerve process or muscles. This process causes postsynaptic membrane depolarization 

that ultimately results in triggering of the action potential in the postsynaptic cell.11 AChE rapidly 

hydrolyzes ACh and terminates the nerve impulse transmission within a few milliseconds. 

Furthermore, AChE possesses a high specificity for its natural substrate ACh such that the rate of 

the reaction under bimolecular conditions approximates the diffusion controlled limit.11,15,16 That 
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is, the second order rate constant of AChE catalyzed hydrolysis of ACh is higher than 108 M-1s-1.11  

This is a hallmark of evolutionary enzyme perfection.15 

In addition to ACh, acetylcholinesterase has a remarkable ability to bind with structurally 

diverse ligands including carbamates, organophosphorus compounds, and oximes.17 The pivotal 

role that AChE plays in the nervous system and the ability of the enzyme to bind with structurally 

diverse ligands make it an attractive target for designing mechanism-based inhibitors that range 

from useful pesticides and therapeutic agents to toxic chemical warfare agents.11,18 AChE 

inhibitors can be either reversible or irreversible.  

Among the AChE inhibitors, organophosphorus inhibitors are widely used in different 

fields.6,11 AChE is phosphylated at the active site by a wide variety of organophosphorus 

compounds. Acute toxicity of the OP arises from the irreversible inhibition of AChE. In order to 

develop effective nucleophilic oximes for OP intoxication, the understanding of AChE structure 

and catalytic mechanism is important. 

 AChE Structure  

AChE is a glycoprotein with 45Ǻ × 60Ǻ × 65Ǻ dimensions (Figure 1.2).19 It is made of 14 

α-helices and 12 stranded mixed β-sheets. Central β-sheets are surrounded by α-helices.19 The 

enzyme shows molecular polymorphism with soluble, membrane bound and basal lamina-

anchored forms.11,20 AChE is a widely distributed enzyme that is found in nerves, muscles, and red 

blood cell membranes of humans. AChE can be also found in other animals such as snake and eel 

in addition to vertebrates. 21  
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Highlighting the catalytic triad in red, and the bottleneck residue Phe330 in blue. 

This figure has been used with the permission from John Willey & Sons 

Source: Colletier, J. P.; Fournier, D.; Greenblatt, H. M.; Stojan, J.; Sussman, J. L.; Zaccai, G.; 

Silman, I.; Weik, M. The EMBO Journal 2006, 25, 2746. 22 

 

 

 

 

 

 

 

 

Figure 1.2:  3-D structure of native Torpedo Californica Acetylcholinsterase 
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AChE Active Site Gorge 

 The most remarkable feature of the AChE structure is a 20 Ǻ long, narrow active site gorge 

with a remarkably high electrostatic dipole aligned along the axis of the gorge (Figure 1.3). This 

gorge penetrates halfway through the enzyme and widens out near the bottom. The AChE active 

site is located on the bottom of the narrow gorge and  consists of three domains: esteratic locus, 

anionic locus, and a hydrophobic region.11 The AChE active site contains a catalytic triad, Ser200, 

His440, and Glu327,  that is similar to the catalytic triad of chymotrypsin and other serine 

proteases, but is of opposite handedness to that of chymotrypsin.19 Though one might expect the 

narrow gorge would result in a low catalytic efficiency, AChE has a remarkably higher catalytic 

efficiency than serine proteases. 

 

 

 

 

 

 

 

 

 

 

 

This figure has been used with the permission from the Elsevier. 

Source: Dvir, H.; Silman, I.; Harel, M.; Rosenberry, T. L.; Sussman, J. L. Chemico-Biological 

Interactions 2010, 187, 10.23 

Figure 1.3: Schematic representation of the active site gorge of AChE 
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The γ-oxygen (γO) atom of the Ser200 (S200) residue of the catalytic triad is located at 4Ǻ 

above the bottom of the gorge.  Furthermore, over 60% of the gorge surface area is covered with 

14 aromatic residues such as phenylalanine, tyrosine, and tryptophan. A few carboxylate residues, 

in particular Glu199 and Asp72, also line the active site gorge.19,24  

In addition to the class of ligands which bind to the AChE catalytic site, there are other 

types of ligands that bind with AChE, but they do not bind to the catalytic triad in the active site. 

In 1975, observations obtained from the indophenyl acetate and acetylcholinesterase binding 

experiment suggested that in addition to the active site, another subsite is located on the mouth of 

the enzyme through which ligands must pass on their way to the active site.25 Since then, extensive 

information has been gathered to support the existence of another ligand binding subsite called the 

peripheral anionic site (PAS).16,25,26 Moreover, AChE has other important subsites, the oxyanion 

hole and acyl pocket, that are located near the catalytic triad to facilitate substrate specificity and 

catalysis.   
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AChE Catalytic Mechanism 

 AChE catalyzes ACh with a turnover number of over 104 s-1.12 AChE has the capability of 

hydrolyzing its physiological substrate ACh within a few milliseconds of its release in cholinergic 

synapses.27 This remarkable catalytic power is due to its unique structure that has been described 

earlier in this review. This interplay of AChE structure and activity has been probed by 3D 

structure analysis, site directed mutagenesis and molecular modeling together with kinetics 

studies.11,12,19  

The AChE catalytic mechanism involves acylation and deacylation stages (Figure 1.4) and 

is initiated by nucleophilic attack of the γO atom of Ser200 on the carbonyl carbon of ACh. The 

overall catalytic mechanism occurs as a general acid, general base reaction, where the His440  

imidazole function acts successively as a general base and general acid in the respective  formation 

and breakdown of tetrahedral intermediates in the acylation and deacylation stages of catalysis.11  

Site-directed mutagenesis experiments provide an in depth insight into the importance of 

AChE sub sites to the catalytic efficiency.28  For examples, Trp84 in the anionic locus binds the 

positively charged quaternary ammonium group of ACh while the acyl pocket holds the acetyl 

group to orient the substrate for initial attack by the γO atom of Ser200. Reduction in kcat/Km by 

3000-fold for the Trp84Ala mutant of human AChE indicates the importance of interaction of the 

anionic locus with ACh during the catalysis process.28,29 This is explained further from the X-ray 

data obtained by Sussman et al. that show that Trp84 is located at the right distance from the 

catalytic triad to facilitate cation-pi interactions between ACh’s quaternary nitrogen of the choline 

moiety with Trp84 during the hydrolysis process.19 Thus, Trp84 properly orients the choline 

moiety prior to and during the hydrolysis  reaction. 
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 The function of  the PAS which is located at the mouth of the active site gorge is also 

clearly described in the literature. It was reported that the PAS plays a critical role in initiating and 

terminating the catalytic processes30, and ligand  molecules which bind to the PAS allosterically 

regulate other ligands’ binding to the catalytic site during the hydrolysis process. 
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Figure 1.4: AChE catalytic mechanism 

Step1- formation of first tetrahedral intermediate; Step 2- formation of acyl enzyme intermediate 

through first irreversible step; Step 3- formation of second tetrahedral intermediate; Step 4- 

liberation of free enzyme and second product from second irreversible step. 

 In the AChE hydrolysis process as illustrated in Figure 1.4, substrate reversibly binds to the 

enzyme and nucleophilic attack by Ser200 produces the first tetrahedral intermediate which 

collapses to the acyl enzyme intermediate with release of the choline product. The second 

tetrahedral intermediate is then formed by nucleophilic attack of active site water on the 

acylenzyme intermediate, which releases the acetate product to regenerate the free enzyme. 
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Figure 3.4: Plot of continuous assays in the presence of inhibitor 4 at different concentrations 

and in the absence of inhibitor 4 (control). 
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Figure 3.5: Rates of the substrate hydrolysis reaction by hAChE in the presence of inhibitor 4.  

Blue - at 0.3 mM concentration; Purple- 0.2 mM concentration 
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Thus, the AChE inhibition by inhibitor 4 is consistent with a suicide inhibition mechanism 

where AChE activity is partially recovered. This behavior of the inhibitor can be explained by 

following mechanism (Scheme 3.3).  

 

 

 

 

 

 

Scheme 3.3: Proposed mechanism for suicide inhibition by inhibitor 4 where AChE activity is 

partially recovered.  

 

Where; E≡ hAChE, BL≡ β-Lactam inhibitor, E.BL≡ Michalis type AChE-Inhibitor complex, E-

BL’≡ Inactive AChE-inhibitor complex, P≡ product, k1≡ rate constant of the forward reaction, 

k2≡ rate constant of the backward reaction, kcat≡ turn over rate constant, khyd ≡ rate constant of 

the hydrolysis of inhibitor, kinac≡ rate constant of the inactivation of enzyme 
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Conclusion 

 N-Methylpyridinium β-lactams were initially designed with the aim of resurrecting the 

aged hAChE activity. None of the inhibitors showed considerable resurrection of aged hAChE 

after 30 minutes incubation with either 2-PAM or MINA reactivators. All inhibitors have 

micromolar affinity towards hAChE so that they bind to the enzyme efficiently. Hydrolytic 

stability data and the structure of the inhibitors clearly indicate that the position of the β-lactam 

group on the pyridinium ring and other substituent of the pyridine ring can affect the stability of 

the inhibitors in phosphate buffer. Hydrolytic stability data and binding affinities are parallel for 

some inhibitors. Unsubstituted and strong electron withdrawing triflouromethyl group containing 

inhibitors, both having β-lactam groups on 2 position of the pyridinium ring, were suicide 

inhibitors of hAChE where enzyme activity was partially recovered. The rate of the turnover was 

higher in inhibitor 4 than inhibitor 1. To the best of my knowledge, these would be the first suicide 

inhibitors of hAChE. It was hoped that if the rate of the recovery of the inhibited enzyme is fast 

enough the suicide inhibitors described herein would be good candidates in medicinal chemistry 

where partiall inhibition of AChE is required. 
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CHAPTER 4: SULFONIUM SPECIES AS REVERSIBLE INHIBITORS OF HUMAN 

ACETYLCHOLINESTERASE 

 

Chemical Mechanism and Significance 

The most remarkable feature of AChE is a 20 Ǻ long, narrow active site gorge that penetrates 

halfway through the enzyme and widens out near the bottom. The AChE active site is located on 

the bottom of the narrow gorge and mainly consisted of three domains: esteratic locus, anionic 

locus, and a hydrophobic region.11 These remarkable features allow AChE to hydrolyze its 

substrate with a higher efficiency than other serine esterases.12,28 The AChE catalytic triad, Ser-

His-Glu, is located 4 Ǻ above the bottom of the gorge.17 In addition to the catalytic triad, AChE 

possesses remarkable sites that are important for increasing catalytic efficiency and specificity. 

The quaternary ammonium binding site, which consists of Trp 86 in human AChE, is one of them 

that particularly makes a decisive contribution to the selectivity of the enzyme by recognizing the 

cationic quaternary ammonium function of acetylcholine (ACh) and other AChE ligands. 

Moreover, another subsite called the peripheral anionic site (PAS)30 is located on the mouth of the 

narrow gorge, approximately 20 Ǻ away from the active site,  through which ligands must pass on 

their way to the active site. Propidium, gallamine, decamethonium and fasciculin have been 

identified as PAS binding inhibitors.122 Furthermore,  PAS binds to the substrate ACh and the 

related analog acetylthiocholine (ATCh).30,123 The complex architecture of AChE provides 

provocative opportunities for the design and synthesis of multifunctional ligands that are potent 

inhibitors of AChE.        
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Objectives  of the Study 

Like the quaternary ammonium function of typical AChE ligands and substrates, sulfonium 

groups should interact effectively with the quaternary ammonium loci in the PAS and catalytic 

locus. The sulfonium group is a highly polarizable function. Thus, it is expected to interact with 

the polarizable Trp groups in the catalytic locus or in the PAS. The present study describes the 

evaluation of multifunctional sulfonium-containing inhibitors of AChE that provide a decisive test 

of this hypothesis. 

Materials and Methods 

All the inhibitors described herein were synthesized by Joseph J. Topczewski or Sarah 

Gross (an undergraduate under my direction).  All the biological assays were done by Alexander 

M. Lodge or me.  For easy understanding, synthetic procedures will be provided in addition to the 

detailed biological methods. 

Synthesis of Sulfonium Inhibitors  

Synthetic procedures for dimethylsulfonium inhibitors that incorporate the 

methyumbelliferyl aromatic function are outlined in Scheme 4.1. The phenoxide anion of 4-

methyumbelliferone was reacted either with the appropriate benzyl bromide, or with 1, ω-

dibromoalkanes followed by reaction with methanethiolate anion, to produce methylthioesters. 

These were then reacted with methyltriflate to obtain relevant dimethyl sulfonium inhibitors. 
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well was loaded in the same way but with only the solvent which was used for stock preparation 

of the sulfornium agent.  Finally, ATCh was added to all wells and initial rates of the reaction at 

less than 10% turnover of the initial substrate concentration were measured.  Initial rates were 

corrected for background (non-enzymatic) hydrolysis of ATCh and measured in duplicates.  Initial 

velocity of the reaction was measured over a 10 minutes duration with minimum possible time 

point reading interval. IC50 values were determined by non-linear fit of data to equation 4.1, 

wherein vi is the reaction rate in the presence of inhibitor I, v0 is the least-squares calculated 

reaction rate in the absence of inhibitor, and IC50 is the inhibitor concentration that produces half-

maximal inhibition. 

vi =
v0

1 +
10log [I]

IC50

 

Equation 4.1: Equation used for determination of half-maximal inhibition constant IC50 

Equation 4.1 and Figure 4.1 provide an example of the data and analysis for determination of the 

IC50 value.       
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Figure 4.1: Dose response curve for Inhibitor 1 
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All of the compounds described herein are potent inhibitors of human AChE, with IC50 

values in the nanomolar to micromolar range.  Also of note is the influence of the spacer length on 

inhibitor affinity.  In the set of compounds that incorporates the methylumbelliferyl group (1-5 in 

Table 4.1) the affinity for 5 (n = 5) is about an order of magnitude higher than for 2-4, where spacer 

length is in the range n = 2-4. Notably, 1 possesses a rigid benzyl spacer that approximates the 

methylene spacer of 5, and these two inhibitors have nearly the same AChE affinity. The affinity 

trend is yet more dramatic for compounds that incorporate the dimethoxyindanone function (6-8 

in Table 1); i.e. 8 (n = 5) has an AChE affinity that is 200 to 300-fold greater than the affinities of 

compounds 6 (n = 3) and 7 (n = 4) that have shorter spacers. 

 In an effort to further understand the influence of spacer length on AChE affinity, 

binding poses were determined for inhibitors 7 and 8 by molecular modeling conducted in the 

laboratory of Dr. Jason Morrill of William Jewell College. Docking analysis was performed using 

the molecular modelling package Molecular Operating Environment, where the x-ray crystal 

structure from recombinant human AChE in the apo state (PDBID:4EY4) was used.  Docking 

results are shown in Table 4.2 and Figures 4.2 and 4.3. 
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Table 4.2: Docking results for Inhibitors 7 and 8 

 

Inhibitor n Stereochemical 

Configuration 

Computed Binding 

Affinity 

(kcal/mol) 

7 4 R -6.97 

7 4 S -6.69 

8 5 R -7.82 

8 5 S -7.37 

  

  As shown in Figures 4.2 and 4.3, the R/S enantiomer pairs of the docked ligands exhibit 

very similar binding poses in the active site of AChE.  In all poses the dimethoxyindanone moiety 

is interacting with aromatic residues Tyr72, Trp286, and Tyr341 at the mouth of the gorge, with 

the aliphatic linker spanning the gorge. It appears that in this crystal structure the AChE binding 

site is large enough to accommodate each enantiomer pair with similar affinity, as indicated by the 

similar computed binding affinities (Table 4.2) for the R/S pairs. Further, the lower IC50 

concentration for entry 8 can be rationalized on the basis of the longer aliphatic linker for this R/S 

pair of inhibitors placing the dimethylsulfonium moiety in closer proximity to the AChE active 

site, providing an opportunity for more favorable nonbonding interactions giving rise to a higher 

computed binding affinity for 8. 
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The gray area indicates the surface of the binding site accessible to the inhibitor. 

 

 

 

 

 

 

 

 

The gray area indicates the surface of the binding site accessible to the inhibitor 
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Figure 4.2: Highest affinity poses for the R/ S enantiomers of inhibitor 7 

docked in crystal structure of AChE.  

Figure 4.3: Highest affinity poses for the R/ S enantiomers of inhibitor 8 

docked in crystal structure of AChE 
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The modeled complex of AChE with 8 shows that the dimethylsulfonium function interacts 

with Trp86 of the active site. The geometry of this interaction is reminiscent of the cation- 

interaction between the active site tryptophan and the ligand’s quaternary ammonium function that 

is manifest in the x-ray structure of the complex of Torpedo californica AChE with the transition 

state analog m-N,N,N-trimethylammonio trifluoroacetophenone (TMTFA).124  Hence, the potency 

of the compounds described herein, especially that of 8, suggests that the dimethylsulfonium 

function can serve as a surrogate for the quaternary ammonium group in modular syntheses of 

effective AChE inhibitors.  

Conclusion 

It is worthy of mention that the dimethylsulfonium compounds described herein were 

designed with the aim of resurrecting the activity of aged AChE.  When AChE is inhibited by 

organophosphorus (OP) covalent inhibitors, which include the onerous chemical warfare agents 

sarin and soman,13 the initial complex can be reactivated with nucleophilic antidotes such as 

pyridine-2-aldoximine methiodide (2-PAM).65 However, a subsequent dealkylation reaction of the 

initial OP-AChE covalent complex produces a monoanionic phosphyl complex (i.e. aged AChE)125 

for which there is no known antidote. It was hoped that the dimethylsulfonium ligands described 

herein would methylate the phosphyl monoanion moiety of the aged AChE complex and hence 

render the complex susceptible anew to oxime reactivation. Though none of the dimethylsulfonium 

ligands was found to resurrect the activity of aged AChE it is gratifying nonetheless that these 

compounds were potent AChE inhibitors and that their potency reveals a novel avenue for 

inhibition of this pharmacologically and toxicologically prominent enzyme. 
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CHAPTER 5: UNKNOWN REACTIVATOR OF HUMAN ACETYLCHOLINESTERASE 

INHIBITED BY ORGANOPHOSPHOROUS AGENTS 

 

Chemical Mechanism and Significance 

Acetylcholinesterase (AChE) is an essential enzyme in the human neuronal system.11 The essential 

role of AChE makes it a main target for the development of organophosphorus compounds (OP) 

such as pesticides and extremely toxic chemical warfare agents (CWAs).3 The phosphylated 

enzyme  undergoes a hydrolysis process by nucleophilic attack of active site water molecules 

thereby liberating free enzyme; this process is  called spontaneous reactivation.113 Spontaneous 

reactivation depends on several factors. For example, the nature of the OP inhibitor and enzyme. 

The spontaneous reactivation occurs very slowly for many OP inhibitors of AChE, especially for 

toxic nerve agents. However, reactivation can be speeded up using strong nucleophile such as 

oximes. Use of oximes is the main treatment method currently used in OP intoxication.50,56 

The phosphylated enzyme may undergo a secondary dealkylation process called aging 

where the enzyme is irreversibly inhibited.51 The aged enzyme complex with monophosphonate 

anion is resistant towards the current treatments by oximes, hence, complete loss of active enzyme 

results.51 Therefore, sufficient doses of CWAs lead to death. For example, aging by soman is so 

fast (half-life < 4 min) that spontaneous reactivation is not clinically significant. Thus, it is 

important that immediate administration of oxime along with the atropine takes place to reactivate 

the inhibited enzyme before aging occurs. 

 It is suggested that if the phosphonate anion of the aged-AChE adduct is alkylated, known 

oximes could then be used to reactivate the OP-inhibited AChE. Therefore, we synthesized 

potential alkylating (methylating) agents and studied kinetic parameters to determine the ability of 

reactivation of the aged-AChE adduct. Our preliminary studies showed that some N-methyl-2-
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methoxy-pyridinium species are potential methylating agents for an analog of aged-AChE.52 

However, in vitro evaluation indicated that none of the species was able to reactivate the aged-

AChE adduct when known oximes such as 2-pyridine aldoxime methyl chloride (2-PAM) and 

monoisonitrosoacetone (MINA) were used as oxime reactivators for the resurrected (methylated) 

enzyme, if any. 

 However, recent mutagenesis studies indicated that replacement of some negatively 

charged amino acid residues with neutral residues results in significant reduction of the rate of the 

aging process.112 Therefore, further kinetic assessment of these potential methylating agents for 

the alkylation of those amino acids residues is important. 
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Objectives of the Study 

The aging process is a serious threat to the people exposed to OP inhibitors since the 

classical 2-PAM antidote is incapable of reactivating the aged enzyme complex. Thus, the 

development of an antidote which is capable of preventing or delaying aging is highly desired. 

According to the literature findings, we hypothesized that if the negatively charged amino acid 

glutamate residue (E202, which is proximal to the P-O-C linkage of OP-inhibited enzyme) is 

alkylated, the aging process could then be prevented or delayed112, and thereby reactivation of the 

OP-inhibited AChE by current antidotes such as 2-PAM and MINA would be practical. Presented 

here is the biological evaluation of some potential methylating agents (Figure 5.1) as potential 

aging delaying agents. 
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Figure 5.1: Chemical structures of some selected aging delaying agents used in this study 
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Materials and Methods 

All inhibitors used in this study were originally synthesized by Joseph J. Topczewski, Jacob 

Frueh, or Sarah Gross, or resynthesized by me or commercially bought. All reagents were 

purchased from commercial venders in the highest purity available and were used without further 

purification. Human acetylcholinesterase from erythrocytes (hAChE), acetylthiocholine iodide 

(ATCh), 5, 5’-dithiobis (2-nitro benzoic acid) (DTNB), and 2-PAM were obtained from Sigma 

Aldrich. ATCh, DTNB, and 2-PAM were prepared according to the methods explained in chapter 

2. Human acetylcholinesterase from erythrocytes is not as stable in 0.1% w/v BSA as recombinant 

human acetylcholinesterase. Therefore, hAChE from erythrocytes was prepared in 1% Triton X-

100 in 50 mM phosphate buffer (mono basic and dibasic sodium phosphate reagents were obtained 

from Alfa Aeser). 

Phosphylated hAChE was achieved by incubating the enzyme with excess sarin analog 

(umbelliferyl sarin). Herein, 1000 µL of 5.71 x 10-8 M hAChE in 1% Triton X-100 and sarin analog 

in acetonitrile (from Sigma Aldrich) (3 x 10-4 M) were prepared. A 483 µL aliquot of the hAChE 

was then mixed with 17 µL of sarin inhibitor solution or acetonitrile, respectively, to prepare 

experimental and control solutions. After 30 minutes of incubation at 27 ˚C, completeness of the 

inhibition was determined by checking initial rates of substrate hydrolysis of the uninhibited 

(control) and inhibited enzymes. Once enzyme is fully inhibited by sarin analog (< 2% of control), 

excess inhibitor was separated from the enzyme to avoid the re-inhibition of recovered enzyme if 

any during the reactivation process. A Sephadex G-50 Quick Spin Column (Roche) was used in 

the separation and the column was standardized with  1200 µL of 1%  Triton X-100 buffer by 

adding 300 µL each time for 4 times. The column was then packed by centrifugation at 1100 x g 

for 4 minutes. 500 µL from uninhibited and inhibited hAChE samples were loaded to two separate 
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columns by adding 250 µL at a time. Columns were centrifuged at 600 x g for 6 minutes. Enzymes 

(control and sarin inhibited) were diluted using 1% Ttriton X-100 buffer until a conveniently 

measurable enzyme activity for the control was realized in the spectrophotometric assay. After 

dilution, control and OP inhibited enzyme were incubated with 5 x Ki (previously determined by 

me and Alex during the other projects) of each aging delaying agents for 24 hours. Then  oxime-

induced reactivation of the hAChE in incubated solutions was determined at various time points 

of the incubation period by  following 30 minutes incubation of 10 fold diluted enzyme with  100 

µM 2-PAM prior to the measurement. Furthermore, non-oxime-induced reactivation was also 

determined by checking AChE activity of the incubated solutions without 30 minutes 2-PAM 

incubation.  

Initial rates of substrate hydrolysis were determined during the activity measurement. 

Another control experiment (no aging delaying agent incubation, named residual) was performed 

in parallel for comparison (to measure the extent of aging). For all the experiment, 5 x Ki of 2-

PAM (1 mM, measured by Dr. Alexander Lodge) was also used as a reference aging delay/ 

preventive agent. Percentages of reactivated hAChE incubated with each aging delaying agent in 

the presence of oxime or without oxime were determined at each time point during the incubation 

period. In addition to sarin analog, some selected compounds were also evaluated as aging delaying 

agent for soman analog (Me-Umbelliferryl-tBu-soman, synthesized by Alexander Lodge) inhibited 

hAChE. 

 

 

 


