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Organophosphorus nerve agents are highly toxic compounds which pose a 

threat worldwide. These compounds induce toxicity by covalently binding to the 

active site serine of acetylcholinesterase, which results in inhibition of the enzyme. 

Without functional acetylcholinesterase, the levels of the neurotransmitter 

acetylcholine in neuromuscular junctions rise quickly causing overstimulation of the 

nervous system, which will culminate in death if not treated. Current treatments rely 

on small molecules to interact with inhibited enzyme to disrupt the covalently bound 

phosphorus moiety at the active site. The most effective molecules incorporate a 

pyridinium oxime which acts via direct nucleophilic attack on the phosphorus to 

achieve reactivation of the enzyme. These compounds have limited effectiveness as 

the charged portion of the molecule does not allow them to cross into the central 

nervous system where acetylcholinesterase inhibition is most harmful. This study 

characterizes a small molecule reactivator that does not incorporate an oxime but is 

capable of reactivating nerve agent-inhibited enzyme as well as or better than current 

treatments in vitro. Through the use of a structure-activity relationship study and 

several biochemical techniques, the phenol moiety of 4-amino-2-

((diethylamino)methyl)phenol (ADOC) was determined to be essential for the 

reactivation characteristics of this molecule, likely through an indirect water-activation 

mechanism. This information was then used in the design of a second-generation 

molecule that showed increased reactivation potential.
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INTRODUCTION 

1.1 History 

Chemicals have been used in warfare for thousands of years in forms ranging 

from primitive weapons such as poison-dipped arrows and boiling tar to the advanced 

weaponry of today which includes the focus of the countermeasures in this study: 

organophosphorus (OP) nerve agents. The age of modern chemical warfare is 

generally considered to have begun during World War I in April, 1915, when the 

German military launched the first large scale chemical attack using chlorine gas, 

which causes asphyxiation [1, 2]. Several other chemicals were used in WWI, the 

most notable being phosgene, which causes pulmonary edema, and the vesicating 

agent mustard gas [1-3]. During the course of the war, an estimated 91,000 deaths 

were caused by the use of weaponized chemicals. 

1.1.1 Nerve Agents 

The first OP nerve agent, tabun, was discovered in 1937 by the German 

scientist Dr. Gerhard Schrader during his search for improved pesticides [1, 4]. Sarin 

was discovered shortly thereafter and both agents were immediately classified top 

secret by the German government; research into the weaponization of these 

compounds commenced. Soman and cyclosarin, two additional OP nerve agents, were 

discovered after the outbreak of World War II. Although Germany successfully 

produced weapons incorporating both tabun and sarin during WWII, these weapons 
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were never deployed. The Allies discovered the existence of OP nerve agents when 

the advancing Russian army captured a factory and storage facility in Dühernfurt, 

Germany, with intact stocks of both tabun and sarin weapons [5, 6]. After the end of 

the war, a sulfur-containing OP pesticide with potency greater than that of sarin and 

soman was discovered by Ghosh and Newman [7]; the compound was quickly 

recognized as a potential chemical weapon by the British government. This agent was 

later dubbed VX and, along with the Russian-developed structural isomer VR, 

comprises the final class of commonly studied OP nerve agent compounds. 

Although OP nerve agents were never deployed as a weapon during WWII, 

they have been used several times by both military forces and terrorists. The most 

recent of these events occurred in 2013 when sarin was released in the suburbs of 

Damascus, Syria, killing approximately 1,400 civilians [8]. Events such as this 

underscore the need for improved treatments of nerve agent intoxication such as those 

explored in this study. 

1.2 Organophosphorus Nerve Agents 

1.2.1 Chemical Structure 

OP nerve agents consist of two main classes, known in the U.S. as the G and V 

agents after the classifications assigned by the U.S. Army (Figure 1-1) [1].  The G 

agents, so named because of their initial development by the Germans, consist of 

tabun (GA), sarin (GB), soman (GD) and cyclosarin (GF). These agents all incorporate 

a central phosphorus atom with an oxygen, an ester, a methyl group, and a fluorine 

with the exception of GA which has an amide in place of the methyl group and a 

cyanide in place of the fluorine leaving group. The V agents, consisting of VX and 
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Russian VX (VR), incorporate a sulfur-containing group in place of the fluorine of the 

G agents. The ester of all compounds differs in size and branching. 

 

Figure 1-1. Chemical structures of G- and V-class OP nerve agents. 
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1.2.2 Mode of Action 

All nerve agents cause toxicity via the same mechanism. At a molecular level, 

OP nerve agent acts as a covalent inhibitor of the enzyme acetylcholinesterase 

(AChE), thereby rendering it incapable of hydrolyzing the neurotransmitter 

acetylcholine (Figure 1-2) [9]. The continued presence of excess neurotransmitter 

causes overstimulation of the neuron, leading to many physiological symptoms 

including seizures, respiratory failure and, without intervening treatment, death. 

 

Figure 1-2. Acetylcholinesterase mechanism of acetylcholine hydrolysis. 

The inhibition of AChE occurs when the nerve agent forms a covalent bond 

with the active site serine (203) of the enzyme. Upon bond formation, fluorine (GB, 
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referred to as the leaving group, is released by the OP (Figure 1-3). All nerve agents 

have at least one stereocenter (GD has two) and therefore at least two stereoisomers. 

In all cases, AChE is known to preferentially bind one of these stereoisomers: the 

stereoisomer with the phosphorus in the S (PS) or minus (P(-)) configuration [10-13]. 

This detail was used for experimental design purposes in Chapter 3. 

 

Figure 1-3. Mechanism of OP nerve agent (GF) inhibition of AChE. 

Once AChE is inhibited by an OP nerve agent, a secondary dealkylation of the 

ester, known as “aging,” occurs at rates dependent upon the identity of the OP nerve 

agent and environmental factors (Figure 1-4) [14, 15]. This dealkylation event leads to 

a negatively charged adduct on the active site serine of AChE [14, 16] which is unable 

to be removed by current means, an important detail for the work discussed in 

Chapters 2 and 3. 
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Figure 1-4. Mechanism of dealkylation event known as “aging” in GD-inhibited 
AChE [15]. Transition state is indicated in brackets. Products are 
indicated at the levels detected as a percentage of the total. 
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prophylactics, or pre-treatments, which can be administered to a subject before the 

exposure event to provide protection from intoxication and 2) treatments, meant to be 

administered after exposure, for both the alleviation of the cause of intoxication 

(AChE inhibition) and mitigation of secondary symptoms (respiratory depression, 

overstimulation of acetylcholine receptors, secondary activation of convulsions) [1]. 

While the following work focuses on the development of treatments for AChE 

inhibition, which is the cause of intoxication, general knowledge of other avenues of 

research is useful for later discussion and comparisons. 

1.3.1 Prophylactics and Pretreatments 

Prophylactics and pretreatments for nerve agent intoxication are most useful 

for the military community, which may have knowledge of possible exposure prior to 

the event such as in the case of entering a battlefield, or first responders, who would 

be responding to an exposure event to treat victims. To these ends, compound-based 

pretreatments and enzyme-based bioscavenger prophylactics have been explored. 

Pyridostigmine bromide (PB), a carbamate pretreatment for nerve agent 

exposure currently used by the U.S. military, is a reversible covalent inhibitor of 

AChE [22-26]. When this compound is present at a sufficient level before exposure to 

an OP nerve agent, the covalent interaction with the active site serine of AChE 

sequesters this enzyme from any interaction with the nerve agent [22]. As nerve agent 

rapidly clears from the body, these sequestered AChE molecules are able to regain 

acetylcholine hydrolysis activity as they become disassociated from PB. The 

protection provided by PB hinges on the balance between maintaining a level of the 

drug that will sequester enough AChE to be effective in the event of a nerve agent 

exposure while not causing any undesirable side effects resulting in stringent 
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procedures for use [27]. Given the safety concerns for this sort of pre-treatment, 

especially in the event of misuse, the search for safer and more effective prophylactics 

has moved to the study of bioscavengers. 

Bioscavengers are comprised of molecules, where to date only proteins have 

been successful candidates, which can interact with nerve agent before it can reach the 

nerve junction areas where AChE activity is critical for survival [1, 28]. To this end, 

two separate types of bioscavenger proteins have been studied: 1) stoichiometric 

bioscavengers, generally enzymes such as cholinesterases that irreversibly bind nerve 

agent molecules, and 2) catalytic bioscavengers, which not only bind to nerve agents 

but catalyze hydrolysis into less toxic products.  

Currently, human butyrylcholinesterase (BuChE) is one of the most studied 

stoichiometric bioscavengers. This enzyme, thought to be a result of a duplication 

event of the gene encoding AChE [29], is present in human blood plasma and, while it 

hydrolyzes acetylcholine, does not have any known physiological function in humans 

[30, 31]. Studies comparing AChE with BuChE have uncovered the major differences 

between these enzymes, including structural alterations and variances in expression. In 

humans, BuChE is typically found as a soluble tetramer in blood plasma [32] whereas 

the major form of AChE is a “tailed” form which associates with anchoring proteins 

such as ColQ, primary as a dimer or tetramer, at cholinergic synapses [33]. 

Structurally, BuChE differs from AChE in three main regions: the peripheral binding 

site [34], the gorge leading to the active site, and the acyl binding pocket within the 

active site [35]. In all three locations, large aromatic residues found in AChE have 

been replaced by smaller, hydrophobic residues in BuChE, allowing the enzyme to 

more easily accommodate the larger substrate butyrylcholinesterase[36]. Additionally, 
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these amino acid substitutions account for the selective inhibition of BuCHE by 

bisquaternary inhibitors as compared to AChE [34]. Finally, as a result of the 

structural differences noted above, while BuChE is inhibited by nerve agents in a 

manner identical to AChE, the enzyme undergoes aging at differing rates [37] , an 

important factor in Chapter 3.  

By binding nerve agent in the blood before it can enter the central nervous 

system, BuChE acts as a nerve agent “sink,” sequestering one molecule of agent per 

molecule of BuChE away from AChE and increasing the level of nerve agent required 

to induce intoxication. Both human plasma-derived and recombinant forms of BuChE 

have been shown to successfully provide protection against nerve agent intoxication in 

animal models [38-40]. Recently, some work has been done to show that with certain 

nerve agents administered via specific routes, BuChE may be useful as a post-

exposure treatment as well as a prophylactic [41-43]. 

While attempts have been made to design catalytic functionality into the 

stoichiometric bioscavenger BuChE [44, 45], these efforts generated enzymes that 

displayed limited hydrolytic activity and provided no protection in vivo. In contrast, 

several other candidate catalytic bioscavengers that show much greater protective 

efficacy against a variety of nerve agents have been engineered; the two front-runners 

are evolved variants of human paraoxonase 1 [46-51] and organophosphorus 

hydrolase originally discovered in Brevundimonas diminuta [52-55]. These enzymes 

have several advantages over stoichiometric bioscavengers, including the fact that 

each molecule of enzyme can bind and hydrolyze multiple molecules of nerve agent, 

allowing one dose of a catalytic bioscavenger to possibly protect against several 

exposure events, depending upon the stability of the enzyme in circulation [56, 57]. 
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While all prophylactics offer some protection against nerve agent intoxication, 

they need to be administered prior to exposure in order to be most effective. This is 

unlikely to happen in the event that nerve agents are used in terrorist attacks or other 

scenarios where the agents are released amongst the civilian population. Once an 

exposure event has occurred, treatments are the only viable course of action to 

increase survival. 

1.3.2 Treatments 

Current treatments for nerve agent intoxication can be grouped into two major 

categories: indirect and direct treatments. Compounds such as atropine and diazepam 

indirectly treat intoxication by moderating the symptoms. Atropine achieves this by 

inhibiting the receptor of acetylcholine to minimize signal induction by excess 

acetylcholine, while diazepam acts as an anticonvulsant by binding to gamma-

aminobutyric acid (GABA) receptors [58]. While these treatments modulate the 

effects of OP intoxication, the cause of the symptoms (inhibition of AChE) is not 

affected by these drugs. 

The only direct treatment of OP intoxication currently fielded is a class of 

compounds commonly referred to as oxime-based AChE reactivators (Figure 1-5). 

These compounds act directly on OP-inhibited AChE, and BuChE, to return the 

enzyme to an active conformation by removing the bound phosphonyl moiety via a 

direct nucleophilic attack mechanism (Figure 1-6). This mechanism is known to occur 

both in the enzyme active site (reactivation [59, 60]) and in a direct manner in solution 

(known as oximolysis [61]), an important point in Chapter 3. 
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Figure 1-5. Structures of common oxime-based reactivators.  
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Figure 1-6. Oxime-based nucleophilic reactivation mechanism [63]. 

While currently recognized as the best treatment for OP nerve agent 

intoxication, oxime-based reactivators have several drawbacks. First, as seen in Figure  

1-5, all currently fielded reactivators, with the exception of MINA, which is currently 

not fielded by any army, incorporate a permanent positive charge in the chemical 

structure. This charge has two major effects: 1) it acts to lower the pKa of the oxime 

moiety, thereby making it more likely to act as a nucleophile at a physiologically 

relevant pH [62], and 2) by imparting a permanent charge to the molecule, it greatly 

reduces/eliminates the passage of the compound across the blood brain barrier [64]. 

MINA demonstrates that this lack of brain penetrance by charged pyridinium oxime 

reactivators is important because this molecule increases protection against nerve 

agent intoxication despite greatly decreased reactivation potential in vitro [65, 66]. 

The importance of reactivation in the brain has been established and is a driving force 

behind the search for novel reactivators that can cross into the central nervous system.  

1.4 Reactivation Techniques and Theories 

The in vitro characterization of reactivators is a common starting point for 

evaluating suitability for in vivo testing of efficacy against nerve agents provided by 
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these compounds.  As with all assays developed to measure interactions at the active 

site of an enzyme, several compromises are made to create a system that mirrors in 

vivo conditions while simultaneously simplifying the parameters of the experiment. In 

order to discuss these variables for reactivation, a general discussion of enzyme 

kinetics is required. 

1.4.1 Enzyme Kinetics 

Generally, the kinetic parameters of an enzyme, especially those of a model 

enzyme like AChE, are described using the Michaelis-Menten model of kinetics [67]. 

In short, the initial rate of hydrolysis of a substrate at varying concentrations is 

measured using a fixed amount of enzyme, and these rates are then plotted against the 

concentrations of substrate. The resulting data are curve fit using an equation that 

incorporates the variables maximum rate of hydrolysis (Vmax) and apparent binding 

affinity of the substrate (KM; Figure 1-7). Several assumptions are made in order to 

use this simple system for modeling enzyme activity: 1) the concentration of the 

substrate does not change during the initial rate measurement (free ligand 

approximation), 2) the amount of enzyme-substrate complex does not change (steady 

state approximation), and 3) the rate of product formation is much slower than the rate 

of substrate binding and dissociation (rapid equilibrium approximation).  
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Figure 1-7. Example of Michaelis-Menten kinetic parameter determination using a 
colorimetric assay to measure the rate of substrate (butyrylthiocholine) 
hydrolysis by a recombinant form of butyrylcholinesterase. 

The commonly used in vitro substrate system for AChE is acetylthiocholine 

(AtCh), which is hydrolyzed by the enzyme to acetyl and thiocholine. The thiocholine 

then interacts with dithionitrobenzoic acid (DTNB, Ellman’s Reagent [68]) to form the 

easily detectable product 2-nitro-5-thiobenzoate (TNB). The formation of TNB is 

faster than that of thiocholine, so this system is an excellent reporter even for AChE, 

which is known to work at diffusion-limited rates except in the presence of AtCh 

concentrations that cause substrate inhibition [69]. This substrate inhibition behavior 

must be considered when designing experiments to determine parameters for 

reactivators such as enzyme inhibition and reactivation. 
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1.4.2 Reactivation Theory 

Reactivation kinetic parameters are typically determined using a pseudo-

Michaelis-Menten model (Figure 1-8) in which the inhibited phosphonylated enzyme 

and reactivator associate to form an intermediate complex which can then dissociate to 

the starting materials or undergo reactivation in which the phosphonyl group is 

removed from the enzyme active site [18, 70-73].  

 

Figure 1-8. Reactivation scheme depicting pseudo-Michaelis-Menten kinetics [18]. 

Using this model, the dissociation constant (KD), which is inversely 

proportional to the affinity of the reactivator for the phosphonylated enzyme, and the 

reactivation rate constant (kr) for the removal of the phosphyl residue from the enzyme 

of a particular reactivator against a specific nerve agent can be determined. These 

parameters are determined by measuring the reactivation of inhibited enzyme over 

time at varying concentrations of reactivator. Using linear or non-linear regression 

analysis, the observed rate of reactivation (kobs) is calculated by plotting the percent 

reactivation versus time for each concentration of reactivator. These values can then 

be replotted against the reactivator concentrations ([R]) tested, similar to a Michaelis-

Menten substrate vs. velocity comparison, and fit using Equation 1. An overall 

reactivation rate constant (kr2), calculated from the ratio of kr and KD, can be used to 

EP + X E + PXEPX
KD kr

kr2
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compare the efficiency of reactivators. Alternatively, the half-time of reactivation (t1/2, 

the time required to reach 50% reactivation in the presence of a specific reactivator 

concentration) can be used for comparison purposes if materials are available in 

limited quantities, similar to experimental methods described in Chapter 2.  

 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑘𝑘𝑟𝑟×[R]
𝐾𝐾𝐷𝐷+[R] (1) 

As with Michaelis-Menten kinetics, some assumptions are made to validate 

this model: 1) reactivation will continue to completion (all enzyme will be 

dephosphonylated by the reactivator) and 2) the reactivator concentration is in excess 

of the initial concentration of inhibited enzyme (similar to the assumption that 

substrate is in excess of enzyme in the Michaelis-Menten system). While the second 

assumption is easy to confirm, the first can pose a problem given the aging 

phenomenon mentioned earlier in this chapter. Since the amount of aged enzyme 

increases over time, the dealkylation event is generally avoided as much as possible by 

measuring reactivation over a relatively short period of time (< 1 hour) and 

performing data analysis with the assumption intact. 

1.4.3 Reactivation Techniques 

As an important note to the discussion above, no laboratory method directly 

measures the reactivation event. The technique currently used to measure reactivation 

relies on the fact that the main product of reactivation is uninhibited enzyme which 

can hydrolyze substrate. To this end, reactivation assays are a discontinuous 

measurement of the amount of active enzyme in aliquots of a sample of inhibited 

enzyme that has been exposed to reactivator. This activity is compared to the activity 
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of a time-matched control to calculate the percent reactivation. These percentages at 

discreet time points are used to calculate the observed rate of reactivation.  

While this method is effective, minute changes to details in experimental 

design can greatly change the assay. For instance, the source of enzyme (common 

sources include red blood cell ghosts and purified recombinant protein expressed in 

mammalian or insect systems), the method of inhibition (titration versus exposure to 

molar excess of agent followed by removal of unbound agent), along with standard 

enzyme assay concerns such as buffer, pH, and temperature, can greatly affect 

measurements of reactivation. Additionally, reactivator interaction with the 

AtCh/DTNB reporter system used to measure activity and direct inhibition of AChE 

by the reactivator can become concerns for some reactivators such as the one 

discussed in Chapter 2. Finally, the amount of sample handling by the operator and 

data manipulation required during analysis can introduce a large amount of error into 

the values generated using this method. However, at this time, no viable alternative to 

the indirect reactivation assay exists, a subject further discussed in Chapter 4. 

1.5 Dissertation Overview 

Novel reactivators are needed that can both eliminate the need for the 

pyridinium oxime moiety and thereby eliminate the need for the permanent positive 

charge which impedes passage into the brain. The work presented here characterizes a 

novel reactivator of nerve agent-inhibited AChE that does not rely on an activated 

oxime to mediate reactivation. 
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A NOVEL REACTIVATOR: INITIAL CHARACTERIZATION AND 
STRUCTURE-ACTIVITY RELATIONSHIP 

(Contents of chapter drawn from manuscript submitted for publication [74].) 

2.1 Initial Discovery and Characterization of ADOC 

In a study using high through-put screening to search for novel reactivators of 

AChE inhibited by the OP pesticide diisopropyl fluorophosphate (DFP), Katz et al. 

identified 4-amino-2-((diethylamino)methyl)phenol (1; ADOC; Figure 2-1) as a small 

molecule of interest [75]. In collaboration with these scientists, the United States 

Army Medical Research Institute of Chemical Defense (USAMRICD) tested ADOC 

in vitro for reactivation potential with recombinant human acetylcholinesterase 

(HuAChE) inhibited by sarin (GB) or VX. While reactivation was noted in both cases, 

complete reactivation to uninhibited HuAChE activity levels was not observed at the 

highest concentrations of reactivator tested (Figure 2-2).  

 

Figure 2-1. Chemical structure of ADOC. 
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Figure 2-2. Initial reactivation by ADOC of HuAChE inhibited by GB (▲) or VX (●). 
ADOC present at 1 mM (grey) or 0.1 mM (black). Each time-point was 
measured in triplicate. Errors bars are smaller than data point symbols. 

To determine if the lack of complete reactivation in the presence of 1 mM 

ADOC was due to direct inhibition of the apo enzyme by the reactivator, IC50 values 

(the concentration of compound at which enzyme activity is one half that of 

uninhibited enzyme) for ADOC (17.8 µM) and 2PAM (456 µM) were determined at a 

fixed concentration of HuAChE (Figure 2-3, Section 6.2.1). In a clinical setting, 

2PAM is administered at a dose of 145 µmol/kg [76], translating to a maximum 

theoretical concentration of ~2 mM in human blood plasma. This estimate assumes 

that a 70 kg adult has 5 L of blood and the full dose of administered drug reaches the 

blood stream. A study showed that in fact only a maximum 2.5% to 3% of 2PAM can 

be detected in the plasma after intramuscular injection [77], equating to a plasma 

concentration of approximately 60 µM after administration of the current 

recommended emergency treatment (Mark I Nerve Agent Antidote Kit) of three 

autoinjector doses per patient displaying symptoms of nerve agent exposure [76]. The 
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IC50 determined in this study (456 µM) suggests that 2PAM at the above concentration 

would not cause toxic effects via acetylcholinesterase inhibition. However, ADOC 

(IC50 = 17.8 µM) administered at a similar dose could result in toxic effects from the 

direct inhibition of acetylcholinesterase, assuming that the molecule has a 

pharmacokinetic profile similar to that of 2PAM.   

 

Figure 2-3. IC50 of ADOC(●) and 2PAM (▲) measured with HuAChE. 

Reactivation of OP-inhibited HuAChE is generally measured using an 

established discontinuous, indirect method. In short, the activity of an enzyme sample 

that has been inhibited by an OP is monitored and compared to a buffer-matched 

uninhibited control at several time points after the addition of a reactivator, typically at 

a variety of concentrations (Section 6.2.3). Because the high level of inhibition 

displayed by ADOC against apo HuAChE could interfere with in vitro reactivation 

testing, a traditional inhibition assay was conducted to determine the type of inhibition 
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caused by ADOC (Figure 2-4, Section 6.2.2). The referenced figure displaying the 

linear regressions of the inverse velocity of the enzyme versus the inverse substrate 

concentration at increasing concentrations of ADOC intersecting at a positive y-value 

and a negative x-value (not directly on either axis) is a classic example of a mixture of 

competitive (Ki = 6.3±0.9 µM) and noncompetitive (Ki
’
 = 37.4±2.1 µM) reversible 

inhibition. Mixed inhibition suggests the possibility of two binding sites for ADOC, a 

finding in agreement with Katz et al. [75], who proposed this idea after observing that 

reactivation rates of pesticide-inhibited HuAChE plotted versus ADOC concentration 

appeared sigmoidal in nature, generally indicating cooperativity, a phenomenon 

discussed later. 

 

Figure 2-4. Inhibition assay for ADOC as the inhibitor using AtCh as the competitive 
substrate in HuAChE. 
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Given these results, the extent of inhibition of HuAChE by reactivator 

molecules (ADOC or 2PAM) needed to be controlled for in all subsequent 

experiments. To accomplish this, the activity of the enzyme in the presence of each 

concentration of reactivator (absent any OP) was used as the baseline activity level 

(100%) for the corresponding OP-inhibited sample.  This was crucial to allow for the 

determination of appropriate experimental parameters used to test the reactivation 

potential of ADOC against nerve agent-inhibited HuAChE.  

As an additional note, cooperative behavior, the condition in which more than 

one molecule must bind to an enzyme to achieve maximum activity (substrate 

activation is a well-known example of this), was previously described during ADOC-

mediated reactivation of HuAChE after inhibition with OP pesticides [75]. No 

evidence of this was observed in the following experiments under the conditions 

described, and no attempts were made to analyze the data using a cooperativity model. 

Upon closer inspection of the article that describes this cooperativity phenomena, the 

behavior noted could have been due to the experimental conditions used by the author, 

which included an extended incubation of enzyme and reactivator (3 hours) prior to 

measuring reactivation and a substrate concentration that can cause substrate 

inhibition [78] especially at the enzyme/substrate concentration ratios used. 

2.2 Reactivation Potential of ADOC 

Under experimental conditions controlling for reactivator inhibition, the kinetic 

parameters of reactivation by ADOC and 2PAM of HuAChE inhibited by various OP 

nerve agents were measured using established reactivation methods (Figure 2-5, 

Section 6.2.3) [18, 70, 71, 79, 80]. In the cases of GB, GF, VX, and VR the rate of 

reactivation (kr, Figure 1-8) by ADOC (0.34±0.14 min-1, 0.13±0.03 min-1, 0.50±0.20 
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min-1, 4.01±2.37 min-1, respectively) was 3- to 67-fold greater than that mediated by 

2PAM (0.06±0.02 min-1, 0.04±0.02 min-1, 0.06±0.01 min-1, 0.06±0.04 min-1, 

respectively). This increase was only statistically significant in the case of GB, VX, or 

VR-inhibited HuAChE but overall was an indication that ADOC is better able than 

2PAM to perform the removal of the nerve agent adduct from the active site of 

HuAChE. However, the dissociation constant (KD) of ADOC (7.61±4.07 mM, 

4.45±3.37 mM, 2.08±0.94 mM, 5.46±2.02 mM respectively) relative to 2PAM 

(0.71±0.13 mM, 2.43±0.65 mM, 0.54±0.15 mM, 1.34±0.79 mM respectively) was 

similarly elevated, again with statistical significance in the case of GB, VX, and VR. 

This trend indicates that 2PAM displays better affinity for the active site of inhibited 

HuAChE than does ADOC.  

 

Figure 2-5. Reactivation rate constants (kr, min-1) and dissociation constants (KD, µM) 
for the reactivation of inhibited HuAChE by 2PAM (dark grey) and 
ADOC (light grey). Significant differences between 2PAM and ADOC 
values are indicated by *(t-test, p<0.05). 

The increase in both the reactivation rate constants and the dissociation 
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reactivation efficiency (overall rate constant of reactivation (kr/KD = kr2)) by ADOC 

relative to 2PAM: that for the reactivation of HuAChE inhibited by VR (Table 2-1). 

Table 2-1. Overall reactivation rate efficiency (kr2) for 2PAM and ADOC with several 
agents. 

Reactivator kr2 (M-1 min-1) 
 GA GB GD GF VX VR 

2PAM 7.0 
±4.4 

81.0 
±16 

17.6 
±16 

18.4 
±4.2 

121 
±29 

46 
±1.2 

ADOC 4.5 
±3.3 

45.4 
±7.2 

5.6 
±4.1 

40.5 
±29 

266 
±109 

719* 
±386 

Standard deviation of three independent experiments is 
indicated below value. Statistically significant increase of 
reactivation rate by ADOC as compared to 2PAM is indicated 
by *(t-test, p<0.05). 

 

While this result is slightly disappointing, the opportunity does exist to design 

novel reactivators using ADOC as a scaffold if the molecular components responsible 

for the mechanism of reactivation and those important for binding can be identified. 

With this in mind, a structure-activity relationship (SAR) study was undertaken. 

2.3 Structure-Activity Relationship Study of ADOC 

2.3.1 Determining the Importance of the Ring Substituents of ADOC 

An initial structure-activity relationship study was conducted using several 

ADOC structural analogs. As a general explanation of the assay conducted, the 

reactivation potential of analogs was determined using nerve agent-inhibited 

HuAChE. Each selected analog, along with ADOC and 2PAM as internal standards, 

was added (final concentration of 1 mM) to aliquots of a single batch of inhibited 
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enzyme and a buffer-matched apo control. Reactivation was measured at several time-

points by removing a small aliquot of each reaction and measuring the activity against 

AtCh as described earlier. The reactivation levels over time were fit using a non-linear 

regression analysis to calculate the half-time of reactivation (t1/2) for each analog. 

These experiments were conducted three times for each agent/analog combination. 

Every experiment contained an inhibited enzyme sample which only received buffer to 

act as a control for spontaneous reactivation. The reactivation potential of a given 

analog was compared to the reactivation of the spontaneous reactivation control by 

determining if there was a statistically significant decrease in the half-time of 

reactivation in the presence of the compound. To more easily compare these values, 

the fold increase in reactivation was calculated by determining the ratio of t1/2spontaneous 

to t1/2compound such that a larger ratio indicates a more effective reactivator. These 

values are reported in the following tables. As a visual reference, any analog that did 

not reactivate inhibited enzyme significantly faster than spontaneous levels has been 

colored grey. 

First, the importance of each substituent of the benzyl ring for reactivation of 

OP nerve agent-inhibited enzyme was explored (Table 2-2). The removal of the 

aniline group, as in compound 2, or the benzyl amine group, as in compound 3, caused 

a decrease in the magnitude of reactivation as compared to ADOC but also 

substantially decreased the inhibitory effects on apo HuAChE. These combined results 

could indicate that these substituents play a role in binding rather than reactivation 

chemistry, especially in light of the fact that removal of the phenol substituent, as in 

compound 4, abolishes all reactivation activity. Similarly, blocking the phenol, as an 

ether in compound 5, causes the loss of reactivation potential against enzyme inhibited  
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NH2

OH

N

Table 2-2. Initial exploration of active moieties of ADOC. Ratio 
(spontaneous/compound) of half-times (t1/2) of reactivation for 
compounds (1 mM) with HuAChE after inhibition by the indicated agent.  

 

 

 

 

 Inhibition 
of 

HuAChEŦ GB GF VX VR 
Spontaneous 
Reactivation 
(t1/2 in days) 

2.01 
(±0.07) 

1.25 
(±0.14) 

1.18 
(±0.21) 

0.35 
(±0.07) 

 

1 

ADOC 

361* 
(158-824) 

164* 
(97.3-277) 

1,069* 
(393.6-2911) 

14,723* 
(6.46-33,573,761) 

60% 
(±1) 

2 
 

1.51* 
(1.12-2.03) 

1.54* 
(1.34-1.78) 

1.87* 
(1.24-2.84) 

3.65* 
(3.14-4.24) 

0% 
(±6) 

3 

 

2.24* 
(1.98-2.53) 

1.48* 
(1.15-1.91) 

2.24* 
(1.16-4.32) 

14.3* 
(8.86-23.0) 

0% 
(±6) 

4 
 

0.98 
(0.81-1.20) 

0.93 
(0.89-0.97) 

0.97 
(0.66-1.43) 

0.96 
(0.61-1.51) 

0% 
(±6) 

5 

 

1.54* 
(1.28-1.84) 

0.89 
(0.77-1.03) 

1.11 
(0.53-2.34) 

1.25 
(0.90-1.73) 

5% 
(±4) 

* - indicates that t1/2 in presence of compound is significantly less than spontaneous using a ratio t-
test with p<0.05. Grey boxes are not significantly greater than spontaneous reactivation. 
Standard deviation of at least three independent experiments is indicated for spontaneous reactivation 
half-times in days. Ninety-five percent confidence intervals of ratios are indicated below each value. 
ŦAll half-times were determined using HuAChE in the presence of 1 mM compound as the positive 
control. The far right column indicates the level of inhibition of HuAChE caused directly by the 
compound at the concentration in the reaction well (~24.4 µM) when compared to a buffer only 
control of HuAChE. Standard deviation of this value determined using controls from all independent 
experiments is indicated. 

by three of the agents, with GB-inhibited HuAChE displaying greatly decreased 

reactivation as compared to ADOC. Taken together, these results strongly suggest that 

the phenol substituent is essential for reactivation. 
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2.3.2 The Role of the Benzyl Amine in ADOC 

Given that 3, in which the benzylic amine had been removed, was somewhat 

more reactive than 2, in which the aniline was removed, additional analogs of ADOC 

were used to probe the importance of this substituent (Table 2-3). In 6, altering the 

relative position of the benzylic diethylamine on the ring reduced the reactivation 

potential of the molecule but also nearly eliminated the inhibitory potential of 6 

against apo HuAChE. Interestingly, reducing the bulk of the benzylic diethylamine in 

the form of the dimethylamine of 7 greatly increased the inhibitory potential of the 

molecule against apo HuAChE; however, this affect could be negated by again 

altering the relative position of this smaller dimethylbenzyl amine to a position meta to 

the phenol, as in 8, similar to 6. In the hope of counteracting the inhibitory effects of 7, 

analog 9 incorporated diisopropylbenzyl amine at the position ortho to the phenol, 

effectively increasing the steric bulk at that site. Surprisingly, 9 also displayed 

increased inhibitory potential against apo HuAChE. Further increasing the bulk in 10 

to a dicyclohexylbenzyl amine resulted in loss of both inhibitory potential and 

reactivation potential, most likely from sterically driven decreased binding of the 

small molecule to the HuAChE active site. Given all of these results and the relatively 

high pKa (between 8.14 [81] and 8.66 [82]) of the diethylbenzyl amine, which would 

cause it to be mostly in a protonated state at physiological pH, it seems likely that this 

portion of the molecule contributes mainly to the binding strength, orientation and 

selectivity of ADOC rather than to playing a direct role in the reactivation 

functionality of the molecule. The possibility remains that this substituent could play 

an indirect role in reactivation, an idea that will be further explored in Chapter 3. 
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Table 2-3. Exploring the role of the benzylamine group of ADOC. Ratio 
(spontaneous/compound) of half-times (t1/2) of reactivation for 
compounds (1 mM) with HuAChE after inhibition by the indicated agent. 

 

  

 

 
Inhibition 

of 
HuAChEŦ GB GF VX VR 

1 
 

ADOC 

361* 
(158-824) 

164* 
(97.3-277) 

1,069* 
(393.6-2911) 

14,723* 
(6.46-33,573,761) 

60% 
(±1) 

6 

 

1.97* 
(1.54-2.52) 

1.80* 
(1.46-2.22) 

2.76* 
(1.95-3.93) 

4.06* 
(3.01-5.49) 

1% 
(±4) 

7 

 

--- --- --- --- 95% 
(±1) 

8 

 

2.13* 
(1.63-2.78) 

1.96* 
(1.92-2.01) 

2.72* 
(2.12-3.48) 

5.65* 
(1.20-26.5) 

18% 
(±6) 

9 

 

--- --- --- --- 94% 
(±1) 

10 

 

0.88 
(0.65-1.20) 

0.74 
(0.60-0.90) 

1.09 
(0.60-1.98) 

0.93 
(0.76-1.14) 

9% 
(±4) 

---Reactivation could not be determined due to high level of inhibition by compound. 
* - indicates that t1/2 in presence of compound is significantly less than spontaneous using a ratio t-test 
with p<0.05. Grey boxes are not significantly greater than spontaneous reactivation. 
Standard deviation of at least three independent experiments is indicated for spontaneous reactivation 
half-times in days. Ninety-five percent confidence intervals of ratios are indicated below each value. 
ŦAll half-times were determined using HuAChE in the presence of 1 mM compound as the positive 
control. The far right column indicates the level of inhibition of HuAChE caused directly by the 
compound at the concentration in the reaction well (~24.4 µM) when compared to a buffer only control of 
HuAChE. Standard deviation of this value determined using controls from all independent experiments is 
indicated. 
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2.3.3 The Role of the Aniline in ADOC 

Additional studies were conducted to analyze the contribution of the aniline 

substituent to the reactivity of ADOC (Table 2-4). The role of the electron-donating 

potential of the aniline group was explored by both increasing the electron-donating 

potential, as in the dimethylaniline group of 11, and decreasing that potential, as in the 

acetamide 12, as compared to ADOC based on the reported Hammett values (σp) for 

these substituents [83]. While both of these modifications displayed significantly 

increased reactivation compared to spontaneous levels for all agents, reactivation was 

markedly decreased compared to that of ADOC. Additionally, the alteration of the 

aniline in both cases abolished all inhibition of HuAChE, raising the question of 

whether the decreased reactivation activity of these molecules was a result of 

decreased binding (increased KD) or decreased reactivation rate (lower kr). 

Measurement of these values (KD: 11 = 0.39±0.23mM; 12 = 0.92±0.12mM; kr: 11 = 

0.07±0.02min-1; 12 = 0.03±0.01min-1) for each compound supports the conclusion that 

the loss of reactivation potential is due to a lower rate of reactivation rather than to a 

decrease in binding, a concept addressed again in Section 3.4. 

Given these data, compounds 13 and 14, which can still take advantage of the 

electron-donating affect (via the meta relationship of the aniline and the phenol) but 

were more sterically congested about the phenol, were tested for reactivation potential. 

While both of these compounds retained reactivation potential above that of 

spontaneous rates for some agents, reactivation rates were decreased by 100- to 

10,000-fold compared to ADOC. Taken together, the results suggest that while the 

para relationship of the aniline to the phenol is important, this relationship may have 

more to do with positioning the phenol upon binding to the inhibited HuAChE enzyme 

than to any electronic effects of the substituent.  
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Table 2-4. Exploring the role of the aniline group of ADOC. Ratio 
(spontaneous/compound) of half-times (t1/2) of reactivation for 
compounds (1 mM) with HuAChE after inhibition by the indicated agent. 

 
    

Inhibition 
of 

HuAChE
Ŧ 

Hammett 
Values 

(σp) [83] GB GF VX VR 

1 

ADOC 

361* 
(158-824) 

164* 
(97.3-277) 

1,069* 
(393.6-2911) 

14,723* 
(6.46-

33,573,761) 
60% 
(± 1) -0.66 

11 

 

6.15* 
(4.98-7.60) 

3.07* 
(2.92-3.23) 

16.5* 
(13.0-20.8) 

32.7* 
(24.1-44.4) 

0% 
(± 6) -0.83 

12 

 

3.85* 
(3.22-4.61) 

1.72* 
(1.67-1.77) 

6.95* 
(5.03-9.59) 

19.0* 
(15.2-23.7) 

0% 
(± 5) 0.00 

13 

 

1.43* 
(1.37-1.50) 

1.09 
(0.80-1.49) 

1.24 
(0.99-1.56) 

1.65* 
(1.54-1.78) 

35% 
(± 4) N/A 

14 

 

1.70* 
(1.40-2.06) 

1.30 
(0.90-1.89) 

1.61* 
(1.17-2.21) 

1.59* 
(1.35-1.87) 

43% 
(± 11) N/A 

* - indicates that t1/2 in presence of compound is significantly less than spontaneous using a ratio t-test with 
p<0.05. Grey boxes are not significantly greater than spontaneous reactivation. 
Standard deviation of at least three independent experiments is indicated for spontaneous reactivation half-times 
in days. Ninety-five percent confidence intervals of ratios are indicated below each value. 
ŦAll half-times were determined using HuAChE in the presence of 1 mM compound as the positive control. The 
far right column indicates the level of inhibition of HuAChE caused directly by the compound at the 
concentration in the reaction well (~24.4 µM) when compared to a buffer only control of HuAChE. Standard 
deviation of this value determined using controls from all independent experiments is indicated.  
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Recently, an article discussing the reactivation potential of the antimalarial 

drug amodiaquine (Figure 2-6) against nerve agent-inhibited HuAChE was published 

[84]. This molecule displayed modest reactivation potential against VX with 

reactivation occurring at a slower rate than that observed for ADOC (amodiaquine 

reactivated approximately 20% of VX-inhibited HuAChE in 30 minutes whereas 

ADOC at the same concentration reactivated >95%; see Figure 2-2). If amodiaquine is 

considered to be an ADOC analog with a large moiety attached to the aniline nitrogen, 

then this finding falls in line with compounds 11 and 12 discussed here and supports 

the hypothesis that the aniline, and any substituents attached at that site, are 

responsible for positioning the phenol in the active site. This idea may be further 

supported by the data of Bierwisch et al. [84] showing that amodiaquine-mediated 

reactivation of OP nerve agent-inhibited butyrylcholinesterase, which has a larger 

active site than HuAChE, occurs much faster. 

 

Figure 2-6. Structure of amodiaquine. 

2.4 Summary 

In summary, structural analogs were used to probe the mechanism of ADOC 

by systematically exploring the importance of each substituent of the benzyl ring. Both 

OH

N

NH
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the diethylbenzylic amine and the aniline appear to contribute to the binding, 

orientation, and specificity of ADOC. The possibility remains that these substituents 

may play indirect roles in the reactivation mechanism. Currently, only the phenol 

group appears to be essential for reactivation with functionality abolished when this 

substituent is removed or blocked. 
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A NOVEL REACTIVATOR: MECHANISM OF REACTIVATION 

Having identified the phenol substituent of ADOC as essential for the 

reactivation of OP nerve agent-inhibited HuAChE, the next goal was to determine the 

mechanism(s) by which reactivation occurs. Two potential mechanism categories were 

initially postulated: 1) the direct or indirect nucleophilic action of the phenol 

substituent or 2) the formation of a reactive quinone or semiquinone intermediate. 

Both of these possibilities are explored here. 

3.1 General Properties of ADOC 

An initial discussion of the chemical properties of ADOC seems appropriate 

before exploring the postulated mechanism of reactivation. ADOC incorporates 

several substituents around a benzyl ring allowing the molecule to take advantage of 

the delocalized nature of the π system of the aromatic ring [85]. This means that both 

the nature and position of the substituents are important, as discussed in Chapter 2 

Section 2.3. As mentioned earlier, the aniline group, which is positioned para- to the 

phenol and meta- to the diethylbenzylic amine, displays electron-donating properties 

in similar molecules (σp = -0.66 [83]). Of interest is the fact that the phenol group also 

displays electron donating properties (σp = -0.37 [83]) though not as strongly as the 

aniline. The benzylic amine group would be neutral or slightly electron withdrawing 

depending upon the protonation state of the amine.  

Chapter 3 
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The protonation state of the benzylic amine is dependent upon the pKa (-log10 

of acid dissociation constant) of that group and the pH of the environment; if the pH is 

higher (more basic) than the pKa, the group is less likely to be protonated, while if the 

pH is lower (more acidic) than the pKa the reverse is true. The reported pKa of 

diethylbenzyl amine is 9.48 [86]. However, studies of amodiaquine (Figure 2-6) have 

measured the pKa of the benzylic amine to be 8.14 [81] and 8.66 [82], respectively, 

reducing the amount of this group that would be protonated from >99% (calculated 

using the Henderson-Hasselback equation [85]) to 93.3% to 97.9% at the pH used in 

this study (7.0). Hawley et al. [81] attribute this reduction in the pKa of the benzylic 

amine to hydrogen bonding between the amine and the hydrogen of the phenol group. 

The phenol group, pKa = 10.3 [87], is likely (>99%) to retain a hydrogen at 

physiological pH (7.4) which would be well positioned to interact with the lone pair 

electrons of the benzylic amine. Conversely, the aniline group, with a pKa of 5.50 

[88], is likely (96.9%) to be present in basic form. Taken together, the predominant 

form of ADOC in solution at the pH used in the experiments described here (7.0) is 

likely to resemble Figure 3-1, before any activation to an intermediate state. 

 

Figure 3-1. Predicted forms of ADOC in solution at pH 7.0. 
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3.2 Exploring Possible Mechanisms of ADOC-Mediated Reactivation 

3.2.1 Direct and Indirect Nucleophilic Attack 

The proposed initial form of ADOC (Figure 3-1), along with the structure –

activity relationship study of Chapter 2, suggests the possibility that the phenol, with 

the hydrogen participating in a hydrogen bond with the benzylic amine nitrogen, could 

act as a nucleophile (Figure 3-2). This nucleophilic interaction could result in bonds 

forming with either the phosphorus atom of the OP adducted to HuAChE or with the 

hydrogen atom of a water molecule [75]. Precedents for both of these reactions exist. 

Oxime-mediated reactivation proceeds via direct nucleophilic attack of the phosphorus 

by the oxygen of the oxime group and leads to the production of a phosphonylated 

oxime product, which can be characterized using liquid chromatography and mass 

spectrometry [59, 60].  

 

Figure 3-2. ADOC nucleophilic reactivation mechanisms. a) depicts the direct 
nucleophilic reactivation mechanism mediated by the phenol group. b) 
depicts the indirect nucleophilic reactivation mechanism mediated by the 
phenol group. 
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As an example of an indirect nucleophilic mechanism, a variant of human 

butyrylcholinesterase , the stoichiometric bioscavenger discussed in Section 1.3.1, in 

which a glycine as residue 117 has been mutated to a histidine (G117H BuChE) 

gained the capacity to hydrolyze OP nerve agents [89]. This hydrolytic activity has 

been postulated to be mediated by H117 acting as a general base which activates a 

water molecule that attacks the phosphorus center [90-92]. The phenol of ADOC 

acting similarly as a general base to create an activated water molecule may be a 

viable possibility as a reactivation mechanism. 

The first interaction, a direct nucleophilic attack, would lead to the production 

of a phosphonylated ADOC product. Alternatively, the second interaction, an indirect 

nucleophilic attack, would generate a hydroxide ion which could then attack the OP 

adducted phosphorus, leading to the generation of a phosphonic acid product. While 

the phenol moiety of ADOC would be the most likely candidate for these reactions, 

the possibility remains that the aniline nitrogen could also participate in the same 

manner. 

3.2.2 Interaction of ADOC with OP Nerve Agent in Solution 

In an effort to determine if a direct interaction between ADOC and OP-nerve 

agent is possible, experiments monitoring the interaction of OP nerve agent and 

ADOC in a buffered solution were conducted. These experiments were meant to 

discover if ADOC can interact with nerve agent in a manner similar to oximolysis [61] 

and to other phenols [93]. If ADOC directly interacted with the OP in solution, then a 

product would form, and the structure of that product would likely be dependent upon 

the group (phenol or aniline) involved in a direct nucleophilic interaction. While these 

experiments were indicative of whether a product of direct interaction could form, 
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formation of any similar product during the reactivation of OP-inhibited enzyme is 

explored in later sections of this chapter. 

3.2.2.1 Absorbance Shifts of ADOC and Products of Solution Reaction 

Earlier work has shown that the products formed during oximolysis can be 

measured by tracking the shift of absorbance spectrums over time [61]. Given the 

aromatic nature of the chemical structure of ADOC, a similar approach was explored 

as a possible detection method for product formation in solution. The maximum 

absorbance of ADOC (λmax) in a buffered solution at pH 7.0 was measured at 303 nm 

(Figure 3-3).  

 

Figure 3-3. Absorbance spectrum of ADOC (λmax = 303 nm). 
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measured at several time points (Figure 3-4). Over the course of a three-hour 

incubation, the maximum absorbance of the spectra of the solution of ADOC and 

either GF or GD shifted from 303 nm to 297 nm. Meanwhile, an ADOC-only negative 

control under the same conditions showed no shift over the same time frame. These 

results indicate that there is a direct reaction of agent and ADOC in solution which 

results in formation of a product with altered absorbance properties. 

 

Figure 3-4. Absorbance spectra of the 180-minute time course of ADOC in the 
presence of 100-fold molar excess GF (λmax shifts from 303 nm to 297 
nm). 

3.2.2.2 Liquid Chromatography/Mass Spectrometry Analyses 

To further characterize the product formed during the experiment described 

above, the reactions were repeated and monitored by LC-mass spectrometry. Signal of 

the predicted mass/size ratio for products of both GF and GD direct nucleophilic 

attack interactions with ADOC (Figure 3-5) were detected (Figure A.1). Signal 
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strength of these ions increased as a function of time during the reaction, while the 

signal strength of the ion associated with ADOC+1 decreased compared to a negative 

control (Figure A.2 and A.3). Notably, all of the predicted products of the direct 

interaction of ADOC via a nucleophilic substituent (either phenol or aniline) with GF 

or GD would have the same mass/size ratio, respectively, and cannot be differentiated 

using this technique. 

 

Figure 3-5. Predicted products of direct interaction of ADOC with GD (left) or GF 
(right). Calculated mass/size ratio (m/z) for each product is displayed at 
the bottom. Note: Products with adducts attached at the aniline nitrogen 
would result in the same mass/size ratios. 

Previously, phosphylated oximes have been purified using chromatographic 

methods [59, 60], so this approach was explored as a way to purify the product of the 

direct reaction of ADOC with GF in the hopes of determining the structure of the 

molecule. Because ADOC is not highly soluble in organic solvents, a reverse-phase 

chromatography system was utilized. After exploring several different conditions, a 

simple water/methanol gradient mobile phase was utilized with a C-18 functionalized 
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column to purify the product of the direct interaction of GF and ADOC in solution 

(Figure A.4 and A.5). Initially, two distinct products with different retention times and 

conditions were detected; these were later determined to be the protonated and non-

protonated forms of the same product (Figure A.6). 

3.2.2.3 ADOC/Agent Reaction Product Structure 

3.2.2.3.1 High Resolution Mass Spectrometry and NMR 

The purified product of ADOC and GF in solution was analyzed using high 

resolution mass spectrometry to determine exact mass (355.2156 m/z) and elemental 

composition, which corresponded to the predicted products in Figure 3-5 (Figure A.7 

and A.8). Nuclear magnetic resonance (NMR) experiments were performed in an 

effort to determine the absolute structure of the molecule. A carbon (13C) NMR 

spectrum verified the presence of all expected carbons in the molecule (Figure A.9). A 

proton (1H) NMR spectrum was able to verify the presence of three protons attached 

to the aromatic ring (Figure 3-6). These signals were later clarified using heteronuclear 

multiple-quantum correlation (HMQC) NMR to verify the bonding of these protons to 

aromatic carbons (Figure A.10). This information will be referenced again later in this 

chapter while discussing other possible mechanisms of reactivation. While this 

information confirmed that the purified product was indeed a result of the direct 

interaction of GF and ADOC, NMR could not differentiate between the attachment of 

the phosphorus moiety at the phenolic oxygen or the aniline nitrogen.
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Figure 3-6. Proton (1H) NMR spectrum of purified product of GF/ADOC solution reaction. For the purpose of assigning 
protons, GF is shown attached at the phenolic oxygen of ADOC.
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3.2.2.3.2 Selective Interaction of Furfural 

To determine whether the OP adduct was attached to the phenolic oxygen or 

the aniline nitrogen of ADOC, an experiment utilizing the selective addition properties 

of furfural was conducted. Furfural, the product of heating pentose in acidic solution, 

selectively interacts with primary aniline amines. The addition of furfural causes an 

aniline compound to form a colored adduct (typically reddish brown). This 

colorimetric readout has historically been used as a qualitative assay for carbohydrates 

[94-96]. In ADOC, furfural should interact with the aniline group only if it is intact as 

an amine not a phosphonamine. As a negative control, 12 (4-acetamido-2-

[(diethylamino)methyl]phenol), used as an analog in Chapter 2, which has an acetyl 

group attached to the aniline nitrogen (making this group a secondary amide), should 

not be able to interact with furfural. Additionally, to increase the sensitivity of this 

assay, the reactions were monitored using mass spectrometry to detect product 

formation with ADOC (Figure A.11), negative control 12 (Figure A.12), and the 

purified product of the GF/ADOC solution reaction (Figure 3-7). The successful 

formation of the furfural adduct from the reaction with purified ADOC/GF product 

indicates that the aniline is intact as an amine, supporting the model that GF is 

attached to ADOC via the oxygen of the phenol. 

While these data further support the conclusion of Chapter 2 that the phenol 

substituent of ADOC is important for reactivation and confirm the fact that ADOC can 

form a stable OP nerve agent-adducted product, none of the previous experiments, all 

of which have been conducted with a product formed in a solution reaction, 

conclusively determine the mechanism of reactivation at the active site of HuAChE. 

The active site serine of HuAChE is buried approximately 23 Å deep inside the 

enzyme at the bottom of a narrow hydrophobic gorge [69, 97]. The microenvironment 
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Figure 3-7. Product formation in reaction of furfural with the purified GF/ADOC product. In the top panel, the signal of 
purified GF/ADOC product is indicated. In the bottom panel, the appearance of signal with the mass/size ratio 
of the GF/ADOC product with the addition of furfural is indicated.
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of the site of reactivation could be drastically different from that of a buffered 

solution. More importantly, the fluorine of intact GD or GF used in solution reactions 

above is a much better leaving group than the active site serine of HuAChE, and this 

could drastically alter the interaction of ADOC with the phosphorus moiety. In an 

effort to resolve this question of whether the same product is formed upon ADOC-

mediated reactivation of GF-inhibited enzyme, an experiment was conducted to 

determine the structure of the product released from OP nerve agent-inhibited 

HuAChE upon reactivation by ADOC. 

3.2.3 Product of ADOC-Mediated Reactivation of OP-Inhibited Enzyme  

Detection of the product formed by reactivation has been accomplished for 

oxime-based reactivators, which reactivate via a direct nucleophilic attack of the 

phosphorus by the oxime [60]. If ADOC is interacting via a similar direct mechanism 

with the phosphonyl adducted to the active site of HuAChE to generate a product 

similar to that recovered from the solution reaction described earlier, detection of the 

product of non-oxime reactivation via ADOC should be possible. Additionally, the 

conditions under which the solution reaction of OP nerve agent and ADOC was 

performed are favorable for enzymatic reactivation and for allowing the use of LC/MS 

methods established earlier in this chapter for the detection of solution product 

formation. To this end, an experiment was designed using goat milk-derived 

recombinant human butyrylcholinesterase (HuBuChE) [38] in place of HuAChE. This 

substitution was made because 1) this enzyme was available in a highly purified and 

concentrated form (90.7 mg/mL of >95% pure enzyme), and 2) although faster than 

GF with HuAChE, the slow aging rate of GF with HuBuChE (t1/2aging = 2.2 hours [37]) 

alleviated concerns about a large portion of inhibited enzyme undergoing dealkylation 
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to the aged form during the time course of the experiment. As discussed in Chapter 1, 

BuChE and AChE are inhibited by OP nerve agent and reactivated in identical 

manners with differences between reactivation rates attributable to the altered binding 

characteristics of reactivators for each enzyme [84]. To eliminate the need for removal 

of excess nerve agent after enzyme inhibition, only the purified P(-) stereoisomer of 

GF [98] was used to inhibit the enzyme at 0.9 molar equivalents.  

This sample, along with a positive control of apo enzyme, was split into two 

smaller samples, one of which was treated with ADOC and the other with a buffer 

control. Activity of the samples was monitored colorimetrically (Section 6.2.3 [68]) 

until GF-inhibited BuChE was reactivated >30% by ADOC as compared to apo 

BuChE samples. A portion of the sample was then analyzed using the LC/MS methods 

described earlier in this chapter to detect the formation of product. A standard curve, 

established earlier using purified product (Figure A.13), was used to calculate the 

amount of product detected, and this amount was compared to the theoretical total 

amount of product possible as calculated from the percent reactivation of a known 

amount of BuChE using colorimetric methods. A product was successfully detected 

that appeared to be equivalent to the molecule purified from the solution reaction of 

ADOC and GF. Unfortunately, the amount of product detected accounted for less than 

0.5% of the amount of reactivated enzyme, suggesting that this material was generated 

by the direct interaction of ADOC with trace amounts of unbound GF in solution. 

Conversely, under the same experimental conditions, cyclohexyl 

methylphosphonic acid (CMPA, the phosphonic acid of GF) was detected at a level 

that was calculated to be equivalent to 26% of the total moles of product generated by 

the reactivated sample. Once again a standard curve was determined with 
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commercially produced standards and used to calculate these values (Figure A.14). 

While this amount of CMPA only accounts for about one third of the predicted 

amount of material, it is substantially greater than the trace amount of phosphonylated 

ADOC detected (CMPA standard curve was linear with an R2 value of 0.9999 and a 

lower limit of detection more than ten times lower than the measured signal). These 

results, combined with the trace amounts of phosphonylated ADOC detected, support 

the indirect reactivation mechanisms proposed earlier in this chapter. Briefly, in this 

mechanism, the phenolic oxygen acts as a base to remove a proton from a water 

molecule to form a hydroxide ion which could attack the OP adducted to the enzyme 

active site, thereby driving reactivation. Katz et al. [75] proposed this general base 

mechanism of reactivation as a possibility for ADOC-mediated reactivation as well. 

3.2.4 Quinone Formation as a Mechanism of Reactivation 

Despite the results discussed above, the possibility of an alternative mechanism 

of ADOC reactivation exists. Many studies of molecules with structural similarities to 

ADOC, including acetaminophen [99, 100] and the anti-malarial drug amodiaquine 

[101-103], have shown that these molecules form highly reactive quinone species. 

Similar forms of ADOC may be possible, including a quinone methide species [104] 

or a quinone imine species, likely through a semiquinone imine intermediate [102]. 

Any of these reactive species could participate in reactivation. That possibility is 

explored in the following discussions. 

3.2.4.1 Quinone Methide Species 

The formation of quinone methides (QM) is commonly known to occur with 

substituted phenolic compounds in both synthetic and biological systems [105]. While 
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the formation of ortho- and para-QMs is most common, meta-QM formation is known 

to happen as well (Figure 3-8). QMs in biological systems typically serve as 

electrophiles for Michael-type addition of nucleophiles [106]. Additionally, Weinert et 

al. [107] have shown that the rate of nucleophilic addition to an ortho-QM is 

dependent on the electron-donating or -withdrawing properties of the para-ring 

substituent with electron-withdrawing groups increasing the rate of product formation 

and electron-donating groups decreasing it. These rate changes appear to be mostly 

dependent upon the stability of the QM intermediate, so the presence of an electron-

donating group at the para-position to the phenol may increase the likelihood of ortho-

QM formation. 

 

Figure 3-8. Common quinone methide (QM) structures. 

ADOC would be a prime candidate for the formation of an ortho-QM via 

alkene formation by loss of the diethylbenzylic amine (Figure 3-9). However, the 

presence of the electron-donating para-aniline (σp = ˗0.66), while increasing the 

stability of the QM, would be likely to slow any subsequent nucleophilic addition. 

Also, if the phosphonyl adduct in the active site of HuAChE is not dealkylated, it  

OO O O

ortho- para- meta-
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Figure 3-9. Quinone methide mechanisms of ADOC. a) ADOC QM formation. b) 
Postulated mechanism for reactivation of unaged phosphonylated AChE 
by ADOC QM. c) Postulated mechanism for addition of ADOC to aged 
phosphonylated AChE [104]. 

would be unlikely to act as a nucleophile. Molecules of this type have been postulated 

to have the capability to interact with the nucleophilic dealkylated “aged” phosphonyl 

adduct attached to the active site of HuAChE, regenerating a moiety that could then be 
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reactivated by conventional reactivators [104]. However, no evidence suggests that 

ADOC is able to accomplish this (note the lack of reactivation against GD, which ages 

extremely rapidly in HuAChE, in Chapter 2 Figure 2-5 and Table 2-1).  

Finally, the inhibition and reactivation results of 9 and 10 (Table 3-1) offer 

further insight into the possibility of an ADOC QM mechanism of reactivation. If 

these molecules formed QMs, the benzyl amine substituent of each would be released 

to generate the same reactive intermediate as ADOC (Figure 3-9a). This would allow 

both molecules to reactivate OP nerve agent-inhibited HuAChE, likely at levels 

similar to ADOC. Conversely, if the QM does not form, it is likely that the steric 

congestion caused by the large groups attached to the amine (diisopropyl for 9 and 

dicyclohexyl for 10) would reduce the binding affinity of these molecules for the 

active site of OP nerve agent-inhibited HuAChE. While neither of these compounds 

reactivates inhibited enzyme, 9 displays greater inhibition of apo HuAChE than 

ADOC, indicating that binding is enhanced by the diisopropyl amine substituent, 

possibly due to interactions of these groups at the peripheral binding site of HuAChE.   

Several combined attributes of the QMs decrease the likelihood that ADOC 

QM formation is a preferable mechanism for reactivation of OP nerve agent-inhibited 

HuAChE. A QM typically acts as an electrophile in reactions, and the deactivation of 

an ADOC QM due to the presence of a para-amino group would likely make it a poor 

electrophile. The most convincing evidence that QM formation is not important for 

reactivation lies in the reactivation and inhibition characteristics of 9 and 10. If QM 

formation occurred, either in solution or upon entering the active site of the enzyme, 

both of these molecules should be nearly as reactive as ADOC. Not only is that not the 

case, but 9 displays significant inhibition, indicating that it is likely interacting with 
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the enzyme intact. Therefore quinone methide formation is likely not a major 

mechanism of reactivation by ADOC of HuAChE inhibited by OP nerve agents. 

Table 3-1. Compounds likely to form quinone methides as an intermediate of 
reactivation of OP nerve agent-inhibited HuAChE. Ratio 
(spontaneous/compound) of half-times (t1/2) of reactivation for 
compounds (1mM) with HuAChE after inhibition by the indicated agent. 

 

  

 

 
Inhibition 

of 
HuAChEŦ GB GF VX VR 

9 

 

--- --- --- --- 94% 
(±1) 

10 

 

0.88 
(0.65-1.20) 

0.74 
(0.60-0.90) 

1.09 
(0.60-1.98) 

0.93 
(0.76-1.14) 

9% 
(±4) 

---Reactivation could not be determined because of high level of inhibition by compound. 
Grey boxes are not significantly greater than spontaneous reactivation. 
Standard deviation of at least three independent experiments is indicated for spontaneous reactivation 
half-times in days. Ninety-five percent confidence intervals of ratios are indicated below each value. 
ŦAll half-times were determined using HuAChE in the presence of 1 mM compound as the positive 
control. The far right column indicates the level of inhibition of HuAChE caused directly by the 
compound at the concentration in the reaction well (~24.4 µM) when compared to a buffer only 
control of HuAChE. Standard deviation of this value determined using controls from all independent 
experiments is indicated. 

 

3.2.4.2 Quinone Imine Formation as a Reactivation Mechanism 

While quinone methide formation appears to be an unlikely mechanism of 

reactivation for ADOC, quinone imine (QI) or semiquinone imine (sQI) formation 

seems much more plausible. Amodiaquine is known to be associated with 

agranulocytosis and liver damage [108-111] caused in part by the formation of QIs 
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(Figure 3-10) [102]. Specifically, these reactive species are known to form on the 

portion of the molecule with structural properties identical to those of ADOC. Several 

other phenol compounds with para-amino groups, such as acetaminophen and 4-

aminophenol, are known to undergo similar activation to QIs, usually via sQI 

formation [103, 112]. 

 

Figure 3-10. Structure of amodiaquine (top) and the formation of semiquinone imines 
(middle) and quinone imine of amodiaquine (bottom). 

ADOC could undergo similar activation to a species capable of reactivation of 

OP nerve agent-inhibited HuAChE (Figure 3-11). Of note is the work of Huang et al. 

[112], in which the authors note that 4-aminophenol oxidation can occur at either the 

aniline or the phenol to generate the initial semiquinone intermediate. ADOC, with a 
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Figure 3-11. ADOC quinone imine formation via semiquinone. ADOC (top, center) could undergo the loss of one electron 
and one proton from the phenolic oxygen (top, left), the aniline nitrogen (top, right), or both to form a 
zwitterion semiquinone (center). All semiquinones undergo the loss of an additional electron and proton to 
form the ADOC quinone imine (bottom, center).

+е, +H+

-е, -H+ -е, -H+

+е
+H+

-е
-H+

+е, +H+

-е
-H+

+е
+H+

+е
+H+

-е
-H+

+е
+H+

-е
-H+

O

N

NH

O

N

NH2

OH

N

NH2

O

N

NH2

OH

N

NH

O

N

NH2

O

N

NH2

O

N

NH2

OH

N

NH

OH

N

NH

OH

N

NH



 

 53 

similar para- phenol/aniline relationship, could be similarly oxidized at the aniline 

nitrogen or the phenolic oxygen (Figure 3-11), and either of these species could 

proceed to form the same quinone imine. Additionally, under alkaline conditions a 

zwitterion radical has been shown to form in 4-aminophenol [113] which could form 

in ADOC as well, although this would be unlikely under the experimental conditions 

used here (pH = 7.0) in the presence of the protonated benzylic amine. 

The QI of ADOC can interact electrophilically in an addition reaction, similar 

to the reaction known to occur between amodiaquine or acetaminophen and 

glutathione [99, 103]. This interaction would likely lead to a product in which the 

phosphonyl added directly to the ring, which NMR data presented earlier shows is not 

the case. However, one could imagine that the ADOC semiquinone intermediates 

pictured above could participate in reactivation. These species could interact directly 

with OP nerve agent adduct of inhibited HuAChE, most likely interacting at the 

phenolic oxygen (Figure 3-12), although this reaction is likely to be energetically 

unfavorable. More likely, these reactive species could act indirectly to achieve 

reactivation via the activation of a water molecule, leading to the production of the 

phosphonic acid product noted in the experiment described earlier in this chapter. 

 

Figure 3-12. Possible semiquinone reactivation mechanism of ADOC.  
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3.2.5 The Role of Oxidation in Reactivation 

The role of oxidation in ADOC-mediated reactivation of OP nerve agent-

inhibited HuAChE was explored in an effort to shed light on any possible role of the 

quinone forms of ADOC in reactivation. Quinone imine formation is an oxidative 

process that can be promoted in vitro by the addition of horse radish peroxidase (HRP) 

and hydrogen peroxide, a technique established with both 4-aminophenol and 

amodiaquine [103, 112].   Assuming that ADOC can undergo activation in similar 

conditions and the mechanism of reactivation includes the formation of an oxidized 

species, these conditions should increase the rate of ADOC reactivation. Conversely, 

under conditions that limit oxidation of ADOC, achieved by utilizing Trolox (6-

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), the water-soluble Vitamin E 

analog, the reverse should be true [114-119]. To explore this hypothesis, reactivation 

half-time (t1/2) of ADOC under both oxidizing (in the presence of HRP and hydrogen 

peroxide) and reducing (in the presence of Trolox using nitrogen-sparged media) 

conditions was measured (Section 6.2.4). Initially, this experiment was conducted with 

HuAChE inhibited by GA, GB, GD, GF, VX or VR and reactivated with either 2PAM 

or ADOC. 2PAM was used as a negative control because the nucleophilic potential of 

the oxime is driven by pH [62] and should not be affected by these conditions. 

Reactivation was only detected for GB-, GF-, VX-, or VR-inhibited enzyme, and the 

half-time of reactivation of replicate samples was determined for each reactivator with 

each of these agent-inhibited HuAChE samples (Figure 3-13).  
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Figure 3-13. Reactivation of OP nerve agent-inhibited HuAChE by 2PAM (top) or 
ADOC (bottom) under standard (●), oxidizing (□), or reducing (▲) 
conditions. Each point represents the half-time of reactivation (t1/2) in 
minutes calculated for a replicate sample in a single experiment. 
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In the case of 2PAM, no major differences in reactivation half-times were 

noted across the varied conditions for any of the agents tested. Meanwhile, ADOC 

reactivation half-times for GB-, GF-, and VX-inhibited HuAChE were increased 2- to 

4-fold in reducing conditions as compared to either standard or oxidizing conditions. 

This trend was not noted for the reactivation of VR-inhibited HuAChE by ADOC, but 

this may be because this reactivation occurs so quickly that measurement is difficult 

using the discontinuous assay. Notably, no difference was seen between the 

reactivation half-times for ADOC in standard versus oxidizing conditions in this initial 

experiment. To determine if this observation was due to the extremely fast reactivation 

mediated by ADOC, reactivation of VX-inhibited HuAChE was conducted multiple 

times under all of the conditions using 2PAM or ADOC at a lower concentration to 

slow reactivation (Figure 3-14). 

 

Figure 3-14. Reactivation half-times (t1/2) of ADOC and 2PAM under standard, 
oxidizing and reducing conditions against VX-inhibited HuAChE. 
(***significant difference between these values, p<0.001) 
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Once again, no significant differences were noted in the half-times of 

reactivation for 2PAM under any sample conditions. Conversely, the half-time of 

reactivation was significantly increased for ADOC reactivation under reducing 

conditions as compared to both oxidizing and standard conditions. Half-time of 

reactivation was slightly, though not significantly, decreased under oxidizing 

conditions (2.5-fold less than standard conditions). Together these observations 

support the hypothesis that oxidation may play a role in the reactivation mechanism of 

ADOC. Interestingly, the reactivation half-time of ADOC under reducing conditions is 

similar to (i.e., not significantly different from) the reactivation of 2PAM, indirectly 

suggesting, once again, that the nucleophile-based, non-radical mechanism is 

important for reactivation. 

Taken together with the finding presented earlier in this chapter, the evidence 

suggests that oxidation may play a role in reactivation, although the exact nature of 

this interaction has not been determined in this study. It may be difficult to determine 

the role of oxidation if it is secondary to the nucleophilic mechanism discussed earlier. 

The possibility remains that both mechanisms are viable with the predominant 

mechanism being dependent upon the environment prior to or upon entering the active 

site of the enzyme. All evidence supports the hypothesis that for either mechanism 

(oxidative activation or indirect nucleophilic attack), the phenol group is of primary 

importance. Armed with that knowledge and the narrowed possibilities for the 

mechanisms of reactivation, efforts were made to design a second generation 

reactivator with improved reactivation potential. 
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3.3 Designing a Better Reactivator 

3.3.1 Activating the Phenol of ADOC 

In an effort to better define the importance of phenol activation in the enzyme 

reactivation mechanism, compounds 11 and 12 of Chapter 2 (Table 2-4) were 

revisited. Briefly, 11 was an analog of ADOC in which the aniline had been 

substituted to a dimethyl amino group, slightly increasing the electron-donating 

potential across the benzyl ring per the decreased Hammett σp value as compared to 

ADOC (-0.83 and -0.66, respectively). Conversely, 12 was an analog with an acetyl 

amino group in place of the aniline, abolishing all electron-donating potential of that 

group (σp = 0.00). While the half-times of reactivation determined earlier for both of 

these compounds were much longer than for ADOC (reactivation was much slower 

than with ADOC), both compounds were capable of reactivating nerve agent-inhibited 

HuAChE at a rate significantly faster than spontaneous reactivation. In an effort to 

determine if these differences in reactivation were due to binding issues (high KD, 

supported by the complete lack of inhibition of apo HuAChE by these analogs) or a 

decrease in the rate of the reactivation step (low kr), reactivation kinetics for VR-

inhibited HuAChE were measured (Table 3-2). 

Both 11 and 12 display significantly decreased kr compared to ADOC as well 

as significantly better binding to inhibited HuAChE (decreased KD). This combination 

of results may arise from a situation in which the analogs bind to inhibited enzyme but 

the presence of sterically hindering groups attached to the aniline nitrogen causes the 

binding configuration to be non-productive in terms of reactivation. 
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Table 3-2. Reactivation kinetic parameters of ADOC and two analogs (11 and 12) for 
VR-inhibited HuAChE. 

Reactivator KD (mM) kr (min-1) kr2 (M-1 min-1) 

ADOC 5.46 
±2.02 

4.01 
±2.37 

719 
±386 

11 0.39* 
±0.23 

0.07* 
±0.02 

204 
±69.3 

12 0.92* 
±0.11 

0.03* 
±0.01 

39.3* 
±20.8 

Standard deviation of two independent experiments with 
three replicates of each is indicated below value. Statistically 
significant decrease of value compared to ADOC is 
indicated by *(One-way ANOVA of log values followed by 
Tukey test, p<0.05). No significant difference between 
analogs was observed. 

 

3.3.2 Designing a Better Reactivator Utilizing the Aniline of ADOC 

In an effort to further explore the correlation between the size of any 

attachments at the aniline nitrogen of ADOC and increases in the binding affinity of a 

compound for OP-inhibited HuAChE, compounds 15 and 16 were designed and 

synthesized (Figure 3-15). Both of these compounds attempted to take advantage of 

the proposed distal binding site at the mouth of the HuAChE active site gorge [69, 

120] by incorporating a diphenyl amine at the end of a seven-atom carbon chain 

attached to the aniline nitrogen. Compound 15 incorporated a non-branched alkyl 

chain, whereas compound 16 incorporated a branched amide structure into the chain 

attached at the aniline nitrogen.  

Initial analysis of these compounds for reactivation potential revealed that they 

could reactivate OP-inhibited HuAChE but appeared to do so at a slower rate than  
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Figure 3-15. Analogs incorporating either an alkyl chain, 15 (left), or a branched 
amide chain, 16 (right) from the aniline nitrogen of ADOC to a diphenyl 
amine group. 

ADOC (t1/2 was increased 4.5- and 10.5-fold for 15 and 16, respectively, Figure A.15 

and Table A.1). Additionally, inhibition of apo enzyme was reduced compared to the 

values with ADOC: 15 and 16 inhibited 22% of the apo activity when present at the 

concentration of ADOC that inhibits 40% of apo activity. Reactivation kinetics were 

determined for the compounds and compared to ADOC (Table 3-3). Although these 

values were determined using a single experiment, the reactivation rate (kr) for both 

molecules is at least ten-fold slower, whereas binding (KD) is comparable or much 

tighter than ADOC. Of particular interest are the kinetic values for the reactivation of 

VX-inhibited HuAChE, which indicate that both analogs have similar rates of 

reactivation, with 15 binding much better than 16. Drawing from all of the previous 

data presented here, one wonders if reduction in the rate of reactivation is due, at least 

in part, to the altered positioning of these molecules within the active site, reducing the 
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number of opportunities for interaction between ADOC and any water molecules 

present in the active site. 

Table 3-3. Reactivation kinetic parameters of analogs 15 and 16 for VX- or GB- 
inhibited HuAChE. 

Reactivator 
 

ADOC 

  

GB 

KD (mM) 7.61 
±4.08 

2.75 
±0.64 

2.12 
±0.39 

kr (min-1) 0.34 
±0.14 

0.007 
±0.001 

0.039 
±0.004 

kr2 
(M-1 min-1) 

46.7 
±6.4 

2.69 
±1.05 

18.4 
±2.69 

VX 

KD (mM) 2.08 
±0.94 

3.64 
±0.54 

0.65 
±0.11 

kr (min-1) 0.50 
±0.2 

0.033 
±0.003 

0.047 
±0.004 

kr2 
(M-1 min-1) 

266 
±108 

8.99 
±2.32 

72.4 
±18.6 

Standard deviation of triplicate readings of a single experiment is indicated below value with 
the exception of ADOC values, which are calculated using three individual experiments.  
 

To further explore the idea that altering the aniline group affects the binding 

and possibly the positioning of a compound in the active site of HuAChE, several 

factors were considered. First, large groups attached to the aniline amine seemed to 

greatly disrupt reactivation as evidenced by the compounds in Figure 3-15. Second, 

increasing the “bulk” of the aniline amine by either replacing both hydrogens with 

larger groups as in the dimethyl amino group of 11 or replacing one hydrogen with a 
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group that is immediately branched in nature as in the acetyl amino group of 12 and 

the branched amide chain of 16 seems to enhance binding to the OP-inhibited enzyme 

but simultaneously decreases the reactivation potential of these molecules. In an effort 

to enhance binding of a reactivator to OP-inhibited HuAChE without decreasing the 

reactivation potential of that molecule, novel compound 17 was synthesized and 

characterized (Figure 3-16).  

 

Figure 3-16. ADOC analog designed as a second generation reactivator of OP-
inhibited HuAChE (17, EADOC) 

While 17 incorporates a modest structural change compared to ADOC, the 

hope was that this molecule, which incorporated a short ethyl chain on the aniline 

nitrogen, would reduce the amount of inhibition in apo HuAChE and enhance binding 

to OP-inhibited HuAChE while retaining the reactivation potential of ADOC. 

Characterization of this molecule revealed that while inhibition of apo HuAChE was 

similar to that by ADOC, the KD of 17 was significantly lower than that of ADOC for 

both GB- and VX-inhibited HuAChE, closely resembling the values of 2PAM (Figure 

3-17 (A)). The rate of reactivation for this molecule was similar to ADOC’s in the  
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Figure 3-17. Reactivation kinetic parameters of 17 with GB- and VX-inhibited 
HuAChE. A) Dissociation constant (KD), B) reactivation rate constant 
(kr), and C) overall reactivation (kr2) are reported. (*significant difference 
determined by one way ANOVA followed by Tukey test, p<0.05) 
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case of GB and increased in the case of VX (Figure 3-17(B)). Finally, 17 displayed 

significantly increased reactivation efficiency of both GB- and VX-inhibited HuAChE 

as compared to both 2PAM and ADOC (Figure 3-17 (C)). 

3.4 Summary 

In summary, several proposed mechanisms of reactivation were evaluated 

using a variety of techniques. While the formation of a phosphonylated ADOC 

product occurred in a solution reaction, confirming that direct interaction of ADOC 

and OP nerve agent can lead to a product, no similar product was detected in 

significant amounts during an enzyme reactivation event. The phosphonic acid of the 

agent was detected in significant amounts during the same reactivation experiment, 

supporting the hypothesis that reactivation occurs via the activation of a water 

molecule which attacks the phosphorus. Precedent for this type of reactivation event 

can be found in the postulated mechanism of G117H BuChE in which the additional 

histidine in the active site can act as a general base to form a reactive hydroxide which 

attacks the phosphorus to catalyze hydrolysis. While G117H BuChE is not suitable for 

development as a bioscavenger or treatment for other reasons, the evidence presented 

here suggests that ADOC acts in a similar general base manner to activate water in an 

indirect nucleophilic attack mechanism.  

This is additionally supported by the observation that, when the oxygen levels 

of the environment are reduced, ADOC-mediated reactivation of VX-inhibited 

HuAChE slows to the same rate as 2PAM-mediated reactivation, which is known to 

occur via a nucleophilic attack mechanism, albeit a direct one. The effects of 

oxygenation in ADOC-mediated reactivation of inhibited HuAChE suggest that a 

secondary mechanism involving the formation of a semiquinone or quinone imine may 
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contribute to reactivation under standard conditions. Two possible mechanisms of 

reactivation may help to explain the speed of reactivation comparable to or improved 

over 2PAM achieved by ADOC as a non-oxime reactivator with no permanent charge.  

Finally, the observed reactivation trends of ADOC analogs with groups 

attached at the aniline nitrogen (increased bulk lessened or abolished inhibition of apo 

enzyme while increasing affinity to inhibited enzyme) were used to design 17, a 

second generation reactivator compound. Unfortunately, 17 retained apo enzyme 

inhibition characteristics similar to ADOC. However, this reactivator displayed 

binding affinity to inhibited enzyme similar to that of 2PAM while simultaneously 

retaining or increasing the rate of reactivation displayed by ADOC, effectively 

improving reactivation efficiency significantly over both ADOC (8.5- and 13-fold for 

GB and VX, respectively) and 2PAM (5- and 29-fold for GB and VX, respectively). 

This new compound represents the first known instance of a reactivator lacking both 

an oxime and a permanent charge as a pyridinium that can mediate reactivation of OP 

nerve agent-inhibited HuAChE with greater efficiency than 2PAM, the currently 

fielded treatment of the United States Army. 
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ISOTHERMAL TITRATION CALORIMETRY:  
A POSSIBLE TOOL TO MEASURE REACTIVATION 

Isothermal titration calorimetry (ITC) is a technique typically used to 

characterize binding events, especially those that cannot be easily tracked using other 

methods. ITC takes advantage of changes in enthalpy, the fact that heat is generated or 

absorbed in every chemical process, to measure interactions. This technique has been 

used to successfully study the kinetic properties of several enzyme-substrate 

interactions [121-127]. The following chapter discusses the feasibility of utilizing this 

method to determine the kinetic parameters of small molecule-mediated reactivation 

of OP nerve agent-inhibited cholinesterases. 

4.1 General Calorimetry Concepts 

The modern calorimeter instrument utilized in ITC techniques is known as a 

differential instrument and consists of two identical cells (sample and reference) made 

of chemically inert, thermally conducting material such as an alloy or gold. The 

reference cell is filled with water or a buffer and is then sealed; the reference cell does 

not interact directly in the experiment. The sample cell is filled with a molecule of 

interest (generally a protein or other macromolecule) in a suitably compatible buffer. 

In a typical binding experiment, the second molecule of interest (typically a ligand for 

the protein of interest) is loaded into a specialized syringe system capable of both 

injecting the ligand solution and mixing the sample in the sample cell.  
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An ITC experiment is conducted by initially establishing the sample and 

reference cells at the same temperature, generally selected by the user. Once this 

baseline is established, repeated small volume injections of the ligand solution are 

made into the sample cell while mixing. Each injection of ligand will cause the 

temperature of the sample cell to change at a magnitude directly proportional to the 

strength of the interaction between the two experimental components. That 

temperature change is monitored by sensors and constantly compared to the reference 

cell temperature. Via a thermocouple, the two cells are constantly maintained at the 

same temperature. The electrical energy required to maintain the temperature of the 

sample cell is measured and converted into the heat either absorbed or generated by 

the reaction [128].  

Experiments are generally designed so that over the course of all the injections, 

the concentration of ligand increases to be two- to three-fold higher than that of the 

protein in the sample cell. Under these conditions, the heat of the first injection of 

ligand into a solution of completely unbound protein will be the maximal heat of 

interaction, with subsequent injections generating less heat as fewer binding events 

occur. This continues until all binding sites are occupied, at which point any new 

injections will only generate a small heat of mixing. The changes in heat are plotted 

for the time course of the experiment, and the areas of the peaks generated by 

injections can be used to determine several parameters of the interaction (Figure 4-1). 
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Figure 4-1. Example of data generated during binding experiment using ITC. Binding 
of racemic VX to human butyrylcholinesterase was measured. The top 
panel shows the raw power measurements collected during the 
experiment while the bottom panel displays the fit to a single-site model 
for the data in the top panel. 
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Measuring enzymatic hydrolysis of substrates can be accomplished using 

similar experiments. Todd et al. [121] proved this using several different enzymatic 

reactions and was further able to provide the mathematical relationship between heat 

(Q), product formed (n), and the measured molar enthalpy (ΔHapp) by incorporating 

the volume of the ITC sample cell (V0)  (Equation 2).  

 𝑄𝑄 = 𝑛𝑛 ∙ ∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 = [𝑃𝑃]𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∙ 𝑉𝑉0 ∙ 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 (2) 

Given that the calorimeter measures the power needed to maintain temperature over 

time (Equation 3), these power measurements can be directly related to the change in 

the concentration of product over time, otherwise known as the rate of the reaction 

(Equation 4). 

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (3) 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑑𝑑[𝑃𝑃]𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑑𝑑𝑑𝑑

= 1
𝑉𝑉0∙∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

∙ 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (4) 

These relationships have been used to describe classical Michaelis-Menten kinetic 

interactions many times [121, 122, 124, 125], including experiments conducted by the 

author (similar to those conducted by Tsai et al. [129]); shown in Figure 4-2 is an 

example of a multiple injection method enzymatic activity measurement using a 

calorimeter. 
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Figure 4-2. Example of hydrolysis activity as measured by ITC. Activity of 
phosphotriesterase enzyme against GD as measured using a multiple 
injection ITC method. Top panel graphs the raw power data measured 
during the experimental time course. Bottom panel illustrates data 
processed using Equation 4. 
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The precedent for using ITC to determine Michaelis-Menten kinetic 

parameters combined with the currently used pseudo-Michaelis-Menten model which 

describes the reactivation of OP nerve agent-inhibited enzyme by reactivators (Section 

1.4.2) suggested that this technique could potentially be used to measure reactivation 

rates of OP-inhibited cholinesterases. This possibility was appealing for several 

reasons. First, ITC would allow for a direct measurement of the reactivation event, in 

contrast to the indirect measurement of the “return of enzyme activity” currently used. 

Additionally, reactivation in a calorimeter would remove a substantial amount of the 

error introduced by the large amount of liquid handling required by current methods. 

Finally, the measurement of heat would remove the need to use the enzyme activity 

reporter system and alleviate any concerns about direct reactivator interaction with 

that system which can convolute reactivation measurements. 

4.2 ITC to Measure Reactivation 

With this in mind, an experiment looking at the reactivation of VX-inhibited 

human plasma-derived butyrylcholinesterase (HuBuChE; Baxter Healthcare, Corp.) by 

2PAM was conducted. These conditions were chosen because the reactivation rate of 

VX-inhibited HuBuChE by 2PAM is documented [130] to be slower than 

acetylcholinesterase reactivation rates, which should make it relatively easy to track 

using a calorimeter. Initially, the results of these experiments looked quite promising, 

as seen in Figure 4-3. The values for reactivation kinetic constants calculated using the 

ITC measurements (kr = 0.00605±0.00013 sec-1; KD = 0.197±0.019 mM) were in 

reasonable agreement with the previously reported values (kr = 0.00467 sec-1; KD = 

0.759 mM [130]) determined using standard reactivation measurement techniques. 
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Figure 4-3. Initial reactivation assay measured via ITC. 2PAM was injected into a 
solution of VX-inhibited HuBuChE, and the resulting heat of reaction 
was measured. 
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Figure 4-4. Graph of raw power measurements during injections of 2PAM into VX-
inhibited HuBuChE. 
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amount of product formed by the reaction (much the same way that product formation 

or substrate depletion can be directly related to a colorimetric or absorbance-based 

readout in other systems).   

Unfortunately, these assumptions do not hold true for a reactivation 

interaction. In reactivation, the enzyme is not a catalyst. In fact, the inhibited enzyme 

would be better described as a “substrate” that undergoes a process to form the 

“product” of uninhibited enzyme. Following through with the comparison, the 

reactivator would be the candidate for “enzyme” in the reactivation interaction. 

However, oxime reactivators (such as 2PAM) would become phosphonylated and so 

would not meet the catalyst criteria of an “enzyme” because they would remain altered 

at the completion of the reactivation event. Upon further evaluation the reactivation 

event could be better classified as a transfer event in which the phosphonyl adduct is 

transferred from the enzyme to the small molecule reactivator. 

This may be further complicated in the case of a reactivator with an alternative 

mechanism, such as ADOC. Given that ADOC appears to reactivate via an indirect 

mechanism, at least in part, it is possible that this reactivator could act as a “catalyst” 

in an ITC experiment. All of the other complications discussed earlier would still 

apply to the experiment, making analysis of such a system additionally convoluted, 

assuming that this difference in mechanism could even be detected using a 

measurement of enthalpy. 

For the purposes of using enthalpy as a measurement to track the progression 

of a reaction, the fact that the reactivation interaction does not follow a traditional 

enzymatic process sheds light on the observation earlier that the ITC data of 2PAM 

and VX-inhibited HuBuChE more closely resembles a binding experiment than a 
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kinetic experiment. In reactivation, the majority of the enthalpy change of the 

interaction would likely be during the initial binding event of the small molecule to the 

much larger inhibited enzyme. The nucleophilic attack of the oxime reactivator which 

would follow binding would result in the counteracting exothermic bond formation 

and endothermic bond breaking in the active site of the enzyme. The resulting 

phosphonylated reactivator would then dissociate from the enzyme, but discerning any 

enthalpic contributions of this event as separate from the initial binding event would 

be experimentally difficult. 

Additionally, review of the techniques for current assays to measure 

reactivation brings to light conditions that promote detection of product in the form of 

uninhibited enzyme. Namely, a dilution step before enzyme substrate is added for 

detection lowers the reactivator concentration such that substrate will out-compete 

reactivator at the active site of the enzyme. While this procedure is useful for 

colorimetric detection of uninhibited enzyme, a similar interaction would not occur in 

the experiments described earlier using ITC to measure reactivation. Effectively, the 

reactivator would reach a binding equilibrium in the sample cell of the calorimeter 

with both the inhibited and uninhibited enzyme without the presence of a substrate to 

compete for the active site. While an experiment including the enzyme substrate in the 

ITC method might be designed, careful evaluation of the data would be required to 

determine the viability of any such experiment as the enthalpic contributions of a 

progressive reactivation event coupled with the enzymatic hydrolysis of the substrate 

would be difficult to parse out in a single experiment. 

As another possible complication, while 2PAM is not a prime example of an 

inhibitor of apo enzyme, other reactivators, including ADOC in this study, have been 



 

 76 

found to have substantial inhibitory capacity towards apo enzyme. While ITC can be 

used to determine inhibition parameters for an inhibitor, a separate experiment with 

different conditions would be needed to measure this interaction. Any inhibition could 

not be detected in the reactivation ITC experiment described earlier in this chapter but 

would be easily detected in the discontinuous assay currently used to measure 

reactivation. 

4.3 Additional Thoughts about ITC as a Tool for Reactivation 

Recently, an alternative analysis method for ITC data has been proposed in 

which the initial binding and a subsequent event (in this case, RNA folding) in a 

kinetic interaction have been dissected in a single experiment [131, 132]. Each 

injection of a multiple injection method experiment is analyzed separately, and then 

these results are combined and described using a bimolecular association model with 

or without a subsequent kinetic step. While this method was useful for calculating 

quantitative parameters for the RNA binding/folding system tested and is postulated to 

be useful for other systems that incorporate a structural element into kinetic 

interactions [132], reactivation almost certainly does not include a large structural 

rearrangement. It is possible that comparing the measured heats after injection of a 

reactivator into a sample of inhibited enzyme across many different reactivators could 

offer a qualitative comparison system, but the value of those data is questionable. 

4.4 Summary 

While ITC appeared to offer a possible alternative to current methods used to 

measure reactivation, experiments appeared to measure the initial binding of 

reactivator with little or no enthalpy measured for the actual reactivation event. While 
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this measurement may be utilized for qualitative comparison purposes, determining 

the exact experimental parameters for this comparison is beyond the scope of this 

study. ITC likely cannot be used to measure reactivation kinetic parameters 

quantitatively because of the nature of the reactivation reaction as compared to 

traditional enzymatic hydrolysis reactions as outlined in this chapter. 
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DISCUSSIONS AND FUTURE DIRECTIONS 

5.1 ADOC as a Reactivator 

ADOC shows promise as a first-generation compound of a novel class of 

reactivators, one of the first reactivators to incorporate neither an oxime motif nor a 

permanent charge since 2PAM was discovered in the mid-twentieth century. Of 

particular interest is the opportunity ADOC may afford the scientific community to 

leverage the knowledge that has been gained in the last century about drug design. 

Most pharmaceutical drug design efforts are focused on modulating the binding 

affinity of a small molecule. Historically, reactivators have posed a unique problem in 

that these molecules not only must bind their target but then must perform a function 

and dissociate from that target to be successful candidates.  

Most reactivators today, including 2PAM, bind inhibited enzyme fairly well 

but proceed through the “work” of reactivation at a relatively slow rate. ADOC poses 

the unique problem of displaying poor binding affinity towards the inhibited enzyme 

active site, only coming to the attention of the reactivation community because of an 

extremely high rate of reactivation which was able to overcome poor binding. This 

initial study to elucidate the mechanistically important portions of ADOC versus those 

significant for binding will provide insight useful for the design of improved future 

reactivators, as has been demonstrated here with 17. 

Finally, this study uncovered the two mechanistic pathways by which ADOC 

may be achieving reactivation. While a nucleophilic attack mechanism involving the 

Chapter 5 
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activation of a water molecule appears to be the primary mechanism of reactivations, 

the results indicating that oxidation plays a role in ADOC reactivation are extremely 

interesting. Hopefully, future studies will be able to determine the exact nature of the 

mechanism of ADOC reactivation that is oxygen dependent and utilize this 

mechanistic insight in the design of improved reactivators. 

5.2 ITC as a Tool for Measuring Reactivation 

While ITC has been utilized to measure enzymatic hydrolysis in other systems 

successfully, the use of this method to measure reactivation reactions seems to be 

quite limited. The pseudo-Michaelis –Menten kinetic model currently used to describe 

reactivation reactions utilizes the formation of an active enzyme as the “product” 

which is formed, differing substantially from the catalytic process assumed for other 

Michaelis-Menten processes. Combined with the possibility that any ITC method 

optimized for reactivation by oxime-mediated nucleophilic attack of the 

phosphonylated active site may not be viable for a reactivator that operates via another 

mechanism, the non-classical nature of the reactivation reaction currently diminishes 

the potential of ITC as a robust measurement tool. Future work may find that the 

recently developed analysis methods could be utilized to better model the enthalpy 

measurements made during a reactivation ITC experiment, but currently the utility of 

ITC in reactivation may be limited only to characterization of reactivator binding to 

enzyme. 
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MATERIALS AND METHODS 

6.1 General Materials 

6.1.1 Buffers 

23. 0.1 M potassium phosphate buffer: 1 M K2HPO4 and 1M KH2PO4 were 
mixed to a measured pH of 7.0 and diluted to 0.1 M with ddH2O. 
Buffer was filtered using a 0.22 µm pore cellulose acetate vacuum filter 
system (Corning, Inc.). 

24. 0.1 M MOPS buffer: 3-(N-Morpholino)propanesulfonic acid sodium 
salt was made to 0.1 M in ddH2O and the pH of the solution was 
adjusted using  0.1 M MOPS acid solution. Buffer was used at pH 7.0 
or 7.4 depending on the experiment. Buffer was supplemented with 50 
µM CoCl2, if indicated. Buffer was filtered using a 0.22 µm pore 
cellulose acetate vacuum filter system (Corning, Inc.). 

6.1.2 Common Reagents 

1. Recombinant human acetylcholinesterase (HuAChE; AA780, 
Chesapeake PERL, Inc., Savage, MD) 

2. Acetylthiocholine iodide (AtCh; Sigma-Aldrich Co. LLC., Catalog# 
A5751) 

3. 5,5′-dithiobis-2-nitrobenzoic acid (DTNB; Sigma-Aldrich Co. LLC., 
Catalog# D8130) 

4. Bovine serum albumin (BSA; Sigma-Aldrich Co. LLC., Catalog# 
A7906) 

5. Organophosphorus nerve agents (tabun [GA], sarin [GB], soman [GD], 
cyclosarin [GF], VX and VR; US Army Edgewood Chemical 
Biological Center, Aberdeen Proving Ground, MD) 

Chapter 6 
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6. Trolox ((±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid, 
Sigma-Aldrich Co. LLC Catalog # 238813) 

7. Protexia recombinant butyrylcholinetserase (PharmAthene, Inc., 
Annapolis, MD) 

8. Cyclohexyl methylphosphonic acid (Sigma-Aldrich Co. LLC Catalog # 
ERC-034) 

9. Human plasma-derived butyrylcholinesterase (Baxter Healthcare, 
Corp., New Providence, NJ) 

6.1.3 Study Specific Compounds 

10.  4-amino-α-diethylamino-O-cresol (ADOC; Sigma-Aldrich Co. LLC 
Catalog # S561274) 

11. 2-[(diethylamino)methyl]phenol (Princeton BioMolecular Research 
Catalog# OSSK_515806) 

12. 4-aminophenol (Sigma-Aldrich Co. LLC Catalog #  60034) 

13. (3-aminobenzyl)diethylamine (Sigma-Aldrich Co. LLC Catalog #  
CBR00121) 

14. 3-[(diethylamino)methyl]-4-ethoxyaniline (Enamine Catalog# EN300-
80977) 

15. 4-amino-3-((diethylamino)methyl)phenol [74] 

16. 4-amino-2-((dimethylamino)methyl)phenol [74] 

17. 4-amino-3-((dimethylamino)methyl)phenol [74] 

18. 4-amino-3-((diisopropylamino)methyl)phenol [74] 

19. 4-amino-2-((dicyclohexylamino)methyl)phenol [74] 

20. 2-((diethylamino)methyl)-4-(dimethylamino)phenol [74] 

21. 4-acetamido-2-[(diethylamino)methyl]phenol (Sigma-Aldrich Co. LLC 
Catalog #  S414026) 

22. 2-amino-6-((diethylamino)methyl)phenol [74] 
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23. 2-amino-6-((dimethylamino)methyl)phenol [74] 

24. 4-((4-(benzhydrylamino)butyl)amino)- 2-((diethylamino)methyl)phenol 
(synthesized for this study by Yuchen Zhang) 

25. N1-benzhydryl-N4-(3-((diethylamino) methyl)-4-
hydroxyphenyl)succinamide (synthesized for this study by Yuchen 
Zhang) 

26. 2-((diethylamino)methyl)-4-(ethylamino)phenol (synthesized for this 
study by Benjamin Rupert) 

6.1.4 Equipment 

27. SpectraMax Plus 384 Microplate Spectrometer (Molecular Devices, 
Sunnyvale, CA) 

28. Liquid Chromatography/Triple Quadrapole Mass Spectrometry System 
(LC/QQQ): 1260/1290 mixed module Infinity Quaternary Liquid 
Chromatography System with 6460 Triple Quadrapole Mass 
Spectrometer with Electrospray (ESI) source (Agilent Technologies, 
Santa Clara, CA) 

29. Liquid Chromatography/Mass Spectrometry System (LC/MS): 1100 
series mixed module Quaternary Liquid Chromatography System with 
6130 Single Quadrapole Mass Spectrometer with Electrospray (ESI) 
source (Agilent Technologies, Santa Clara, CA) 

30. Triple TOF 5600+ System (AB Sciex Pte. Ltd., Framingham, MA) 

31. Varian Unity Inova 600 MHz Nuclear Magnetic Resonance System 
with 5mm PFG Penta probe controlled via VNMRJ 3.2 (Agilent 
Technologies, Inc., Santa Clara, CA) 

32. MicroCal iTC200 Isothermal Titration Calorimeter (Malvern 
Instruments, Ltd., Worcestershire, UK) 

6.1.5 Software 

33. Prism, GraphPad Software, Inc. (La Jolla, CA) 

34. Origin 7, OriginLab Corporation (Northampton, MA) 
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6.2 Methods 

All inhibition and reactivation assays were conducted using recombinant 

human acetylcholinesterase (HuAChE, AA780, Chesapeake PERL, Inc., Savage, 

MD). Hydrolysis of acetylthiocholine iodide (AtCh, A5751, Sigma-Aldrich Co. LLC., 

St. Louis, MO) was measured using 5,5′-dithiobis-2-nitrobenzoic acid (DTNB, D8130, 

Sigma-Aldrich Co. LLC., St. Louis, MO). Measurements were made using a 

SpectraMax Plus 384 microplate reader (Molecular Devices, Sunnyvale, CA) utilizing 

96-well clear bottom plates (655101, Greiner Bio-One GmbH, Frickenhausen, 

Germany). Unless otherwise indicated, all assays were performed in 0.1 M potassium 

phosphate buffer at pH 7.0 with 1 mg/mL bovine serum albumin (BSA, A7906, 

Sigma-Aldrich Co. LLC., St. Louis, MO) included to help stabilize HuAChE.  

6.2.1 Measurement of IC50 

In 96-well plates, HuAChE activity against AtCh was measured in the 

presence of the indicated compound at concentrations ranging from 60 nM to125 mM. 

Maximum activity (100%) was determined using a negative control containing 

enzyme alone, and all activities were compared relative to this control. The resulting 

activities were plotted against the log value of the compound concentration and fit 

using a variable slope dose-response curve (Prism, GraphPad Software, Inc., La Jolla, 

CA). 

6.2.2 Inhibition Assay 

To determine the type of inhibition displayed by ADOC, the activity of 

HuAChE was measured in the presence of several concentrations of that compound at 

varying concentrations of AtCh. Inverse velocities were plotted according to the 
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inverse AtCh concentration and fit using a linear regression analysis (Prism, GraphPad 

Software, Inc., La Jolla, CA) to determine the nature of the inhibition [75]. 

6.2.3 Discontinuous Reactivation Assay 

HuAChE was inhibited with a molar excess of nerve agent for a minimum of 

10 min at room temperature. Excess free nerve agent was removed using Centri-Sep 

spin columns (Life Technologies, Grand Island, NY), and the inhibited sample was 

diluted to an appropriate concentration for use in further assays. An uninhibited 

positive control was similarly treated using buffer in place of nerve agent. Enzyme 

samples were mixed with reactivator compound to initiate reactivation, and aliquots 

were removed at various time points, diluted twenty-fold and measured for activity 

against AtCh. Percent reactivation was calculated by comparing each sample to a row-

matched positive control of uninhibited HuAChE in the presence of reactivator. 

Residual activity at time zero was subtracted from each following time point to 

account for incomplete inhibition, and then triplicates were averaged. Nonlinear 

regression assuming maximal reactivation of 100% was used to determine kobs [133, 

134] at each reactivator concentration. These kobs values were plotted against 

reactivator concentration and fit using a modified Michaelis-Menten equation [80] to 

calculate all parameters and associated standard deviations. Alternatively, the half-

time of reactivation (t1/2) was calculated for compounds tested at a single 

concentration (1 mM) using a one-phase association fit of the percent reactivation over 

time (Prism, GraphPad Software, Inc., La Jolla, CA), and these times were then 

compared to the spontaneous reactivation half-time of sample-matched inhibited 

enzyme using a ratio t-test. 
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6.2.4 Oxidation Dependence Experimental Conditions 

An initial reactivation experiment to determine the reactivation half-times of 

2PAM or ADOC against enzyme inhibited by GA, GB, GD, GF, VX, or VR was 

conducted using the conditions described below. Reactivators were present at 0.5 mM 

during reactivation incubation. No statistical analysis was conducted on these results, 

which were only used qualitatively to inform further experiments. 

Additional experiments measured reactivation of VX-inhibited HuAChE to 

determine half-times of reactivation for 2PAM or ADOC at 0.2 mM using the 

discontinuous method described in the previous section. These data were analyzed 

using repeated measures one-way analysis of variances (ANOVA) followed by 

Tukey’s multiple comparison tests. Measurements were repeated three times for each 

condition with each set of conditions (standard, oxidizing and reducing) in a replicate 

being performed on a single batch of inhibited enzyme. 

6.2.4.1 Oxidizing Conditions 

Potassium phosphate buffer as described earlier was used with the addition of 

0.25 µg/mL horse radish peroxidase conjugated antibody (Innovative Research, Novi, 

MI) and 10 mM hydrogen peroxide. Incubation of the reactivation sample was 

conducted in a 96-well 1mL plate with a sealing cap (Nunc Thermo Fisher Scientific, 

Waltham, MA) at room temperature (approximately 25ºC). 

6.2.4.2 Reducing Conditions 

Potassium phosphate buffer as described earlier was sparged with nitrogen for 

at least one hour before adding Trolox (Sigma-Aldrich, St. Louis, MO) to a 

concentration of 320 µM. All media manipulations were conducted under a nitrogen 
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cone, and incubation of the reactivation sample was conducted in a 96-well 1 mL plate 

with a sealing cap at room temperature (approximately 25ºC). 

6.2.5 ADOC/GF Solution Reactions 

6.2.5.1 Absorbance Spectra Measurement 

Using quartz cuvettes, the absorbance of ADOC was determined in 0.1 M 

MOPS buffer (pH 7.4, 50 µM CoCl2) at wavelengths from 200 nm to 400 nm at 

concentrations ranging from 15 µM to 6.67 mM using a SpectraMax Plus384 

microplate spectrometer. The linear range of detection was determined to be between 

15 and 878 µM (R2 = 0.9975) at 303 nm. 

For the measurement of ADOC/agent interaction, 75 µL ADOC at 2 mM in 0.1 

M MOPS (pH 7.4, 50 µM CoCl2)  was added  to 1.425 mL 10.5 mM GF, GD, or 0.1 

M MOPS (pH 7.4, 50 µM CoCl2) (agents were provided in this buffer) to begin time 

course. Absorbance spectra at wavelengths from 255 nm to 355 nm or 500 nm were 

measured in 1 nm increments at time points ranging from <1 min after addition of 

ADOC to 208 min after addition. Samples were kept in quartz cuvettes sealed with 

Parafilm at room temperature (~25ºC) away from light except during measurement for 

the entire time course of the experiment. 

6.2.5.2 Liquid Chromatography/Mass Spectrometry 

6.2.5.2.1 Initial Characterization of ADOC/Agent Reaction Product 

ADOC and GF, GD, or buffer were mixed as described in Section 6.2.5.1, and 

ions were measured using the LC/QQQ system described in Section 6.1.4 (1 µL direct 

injection, mobile phase: 50:50 H2O:MeOH, 0.1% formic acid, fragmentation: 80, 
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mode: positive, Detection: scan 50 to 600 m/z). Peak area was determined after 

extracting detection of ions at 355 m/z (ADOC-GF+1), 357 m/z (ADOC-GD+1), and 

195 m/z (ADOC+1) and plotted versus time to determine rates of formation and decay, 

respectively. 

6.2.5.2.2 ADOC/Agent Reaction Product Isolation 

An ADOC/GF mixture similar to that described in 6.2.5.1, with the exception 

of having equimolar amounts of ADOC and GF, was used to generate the 

phosphonylated-ADOC product (ADOC-GF) described earlier. To purify the product 

from the reaction mixture, the solution was passed over a Zorbax Eclipse C-18 Plus 

liquid chromatography column (2.1 x 50 mm, 5 µm, Agilent Biotechnologies, Inc. 

Catalog # 959746-902) using a water:methanol gradient program eight minutes long in 

total (0 to 3 min = 23% MeOH/77% H2O, 3 to 4 min = gradient ramp to 85% 

MeOH/15%  H2O, 4 to 6 min = 85% MeOH/15%  H2O, 6 to 7 min = gradient ramp to 

23% MeOH/77%  H2O, 7 to 8 min = 23% MeOH/77%  H2O). Separation was 

followed using both absorption at 303 nm and mass spectrometry with ADOC 

appearing between 0 and 2 minutes, the protonated form of the product appearing 

between 2.1 and 2.6 minutes, GF appearing between 4 and 4.5 min, and the 

deprotonated form of the product appearing between 5.1 and 5.3 minutes (Figure A.4 

and A.5). The products eluted at 2.5 and 5.2 minutes from several injections (typically 

10 to 12 injections performed in a single day) were collected separately and exchanged 

into 100% MeOH by binding it to an Oasis HLB 3 cc cartridge (Waters Corp., 

Milford, MA), washing, and eluting as described in the product’s recommended 

protocol. The purified products in MeOH were then lyophilized, weighed, and 

subsequently stored in MeOH at -80ºC for use in later experiments. 
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Later experiments determined that the products eluted at 2.5 and 5.2 minutes 

respectively were actually the same compound at different protonation states 

(Appendix) and all later experiments were conducted using the 5.2-minute ADOC-GF 

product only. 

The purified ADOC-GF was analyzed in a time of flight (TOF) mass 

spectrometer (see section 6.1.4) to determine the mass/charge ratio of the molecule at 

a high resolution. In short, 5 µL of the purified sample in MeOH was directly injected 

into a Sciex 5600+ system. The detected mass was then used to predict the elemental 

composition of the compound, which after elimination of three candidates that were 

not possible, corresponded to the predicted structure of the product.  

6.2.6 NMR  

All NMR measurements were conducted on sample dissolved in deuterated 

methanol (CD3OH). Proton and carbon NMR was conducted using a standard 2-pulse 

sequence (S2PUL). 1D and 2D gradient-selected heteronuclear multiple quantum 

coherence (g-HMQC) NMR was conducted using standard pulse sequences. 

6.2.7 Specific Reaction of Furfural 

In a solution of 1 N hydrochloric acid, approximately equimolar amounts of 

furfural was mixed with ADOC, 12, or phosphonylated ADOC and allowed to 

incubate at room temperature. Each sample was measured via direct injection of 2 µL 

in 100% MeOH mobile phase using LC/QQQ (no column; Mode: Positive, Scan: 50 to 

600 m/z; Fragmentation: 80). Control samples of each compound in 1 N HCl were 

also analyzed. 
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6.2.8 Enzyme Product Detection 

6.2.8.1 Standard Curve Measurements 

Initially, standard curves to determine the limits of detection for the ions 

corresponding to phosphonylated ADOC (ADOC-GF+1 m/z = 355) and 

cyclohexylmethyl phosphonic acid (CMP-1 = 177) were determined using purified 

ADOC-GF (isolation described earlier) and a commercially available standard, 

respectively. ADOC-GF was detected after injection over the column system 

described in section 6.2.5.2.2 with the addition of a Zorbax Eclipse Plus-C18 narrow 

bore guard column (2.1 x 12.5 mm, 5 µm, Agilent Technologies, Inc. Catalog # 

821125-936). CMP was detected using only the guard column and detection was 

achieved using negative mode ionization (Mobile phase: 100% MeOH, fragmentation: 

80, mode: negative, Detection: scan 50 to 350 m/z). The area of each of the detected 

ions was determined using several compound concentrations. The resulting plots were 

analyzed to determine the relationship between the number of moles injected and the 

signal detected (Appendix).  

6.2.8.2 ADOC-mediated Enzyme Reactivation Product Detection 

Protexia BuChE, 267.5 nmols in 250 µL, was mixed with 0.9 molar 

equivalents of the P(-) isomer of GF and incubated at room temperature for one hour. 

Residual activity of the sample was measured by AtCh hydrolysis and compared to a 

buffer control to determine the level of inhibition (~85% inhibited). To a portion of the 

inhibited sample, along with a matched uninhibited control, containing 51.4 nmols of 

enzyme (43.6 nmols of which should be phosphonylated) was added ADOC to a final 

concentration of 40 mM (~100-fold molar excess of phosphonylated enzyme) to begin 
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reactivation. Reactivation was monitored using the assay described in 6.2.3 until 

greater than 50% of the sample had regained activity (~1 hour).  

ADOC-GF and CMP production in the samples, including controls, was 

measured as described in the previous sections, and the detection levels were 

compared to the standard curve to calculate the moles of each.  

6.2.9 Isothermal Titration Calorimetry 

Human plasma-derived butyrylcholinesterase was inhibited with a ten-fold 

molar excess of racemic VX incubated at room temperature for 15 minutes. Excess 

VX was removed using a Centri-Sep spin column as described in Section 6.2.3. This 

sample was diluted to a final concentration of 150 µM in 0.1 M KPO4 buffer at pH 7.0 

and added to the sample cell of a MicroCal iTC200 calorimeter. The sample was not 

degassed, although care was taken to avoid introduction of excess air to the cell. 

2PAM at 20 mM or 10 mM in identical buffer as enzyme sample was loaded into the 

syringe of the calorimeter using the semi-automatic program included in the MicroCal 

iTC200 software for this purpose. Assay was conducted at 30°C with no less than 20 

injections at volumes of 1 to 1.5 µL each. An initial baseline of 60 seconds was used 

for all experiments. All experimental data were visualized and analyzed using Origin 7 

software with the MicroCal specific add on provided by the instrument manufacturer. 
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ADDITIONAL FIGURES AND TABLES 

 

Figure A.1. Mass spectrometry ion spectra of ADOC/agent reactions highlighting the 
ions of the agent (GF or GD) and the corresponding phosphonylated 
ADOC product. 
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A.1 Mass spectrometry analyses of ADOC/agent solution reaction 
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Figure A.2. Peak area of ADOC ion (m/z = 195) in buffer only (●), buffer with GF 
(▲), or buffer with GD (▼) over the time course of ADOC/agent 
solution reaction. 

 

Figure A.3. Peak area of phosphonylated ADOC ion (GF m/z = 355; GD m/z = 357) 
over the time course of ADOC/agent solution reaction. 
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Figure A.4. Gradient used to separate phosphonylated ADOC product (Section 
6.2.5.2.2). The blue line represents the percent water in the mobile phase; 
the red line represents the percent methanol in the mobile phase. The 
black line represents the absorbance measured at 303 nm over the course 
of the experiment with peaks numbered 1 through 5. 
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Figure A.5. Mass spectrometry spectra for each of the peaks labeled in Figure A.4. 
Peak 1 appears to be buffer only, Peaks 2 and 3 are comprised of mainly 
ADOC, and Peaks 4 and 5 are the phosphonylated ADOC product. 
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To determine nature of the two products (2.5- and 5.2-minute elution) collected 

using the method described in Section 6.2.5.2.2 (Figure A.4), the purified samples 

were analyzed by injecting them into the LC/QQQ system described earlier using the 

column and gradient conditions for purification with small modifications: 

1. The time course of the gradient method was extended from eight 
minutes to thirteen minutes (0 to 3 min = 23% MeOH/77% H2O, 3 to 4 
min = gradient ramp to 85% MeOH/15%  H2O, 4 to 10 min = 85% 
MeOH/15%  H2O, 10 to 11 min = gradient ramp to 23% MeOH/77%  
H2O, 11 to 13 min = 23% MeOH/77%  H2O) 

2. The gradient program described in 1 was performed with either 
water/methanol only or water/methanol with 0.1% formic acid to lower 
the pH of the mobile phase. 

The ion corresponding to phosphonylated ADOC (m/z = 355) was measured 

over the time course of the experiment via mass spectrometry, and the level of 

detection was graphed versus time in the figure below (Figure A.6). 

A.3  Deconvolution of phosphonylated ADOC product 
forms 
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Figure A.6. Chromatogram of phosphonylated ADOC ion (m/z = 355). A) and C) are 
purified products collected at 2.5 and 5.2 minutes respectively injected in 
a water/methanol mobile phase. B) and D) are the same samples injected 
in a water/methanol + 0.1% formic acid mobile phase.

A)

B)

C)

D)



 

 

111 

 

Figure A.7. High resolution mass spectrometry of purified product with ion corresponding to product as major detected 
peak. 

A.4 High resolution mass spectrometry of phosphonylated ADOC purified product  
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Figure A.8. Elemental composition determination of the major ion detected using high resolution mass spectrometry (Figure 
A.7). Note that the fourth candidate is the elemental composition predicted for the product of the ADOC-GF 
reaction. 
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Figure A.9. Carbon13 NMR spectrum of phosphonylated ADOC. 

10
9

12
611

14
16,18

7
2,3

1

4,5

15,17

8

O

N

NH2

P
O

O1

2

3

4

5
6

7

8
9

10
11

12
13

14 15
16

17
18

A.5 NMR spectrum of phosphonylated ADOC purified product 



 

 

114 

 

Figure A.10. HMQC NMR spectrum. Red indicates an odd number of protons attached to the corresponding carbon, 
whereas blue indicates an even number of protons.
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Figure A.11. Mass spectrometry chromatogram of ADOC and furfural-ADOC product after reaction described in Section 
6.2.7. 
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Figure A.12. Mass spectrometry chromatogram of 12 and reaction mixture of furfural and 12 with no detectable product 
formation. 
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Figure A.13. Standard curve (linear) generated using purified phosphonylated ADOC. 
(Linear fit Y=mX+b; m = 6.878x106 ± 0.433x106; b = 6.961x105 ± 
4.292x105; R2 = 0.9921) 

 

Figure A.14. Standard curve (linear) generated using purified CMP. (Linear fit 
Y=mX+b; m = 4.991x106 ± 0.031x106; b = 7.485x104 ± 3.141x104; R2 = 
0.9999) 

ADOC (nmols)

Si
gn

al
 A

re
a

0.0 0.5 1.0 1.5 2.0 2.5
0

5.0×10 6

1.0×10 7

1.5×10 7

CMP (nmols)

Si
gn

al
 A

re
a

0.0 0.5 1.0 1.5 2.0 2.5
0

5.0×10 6

1.0×10 7

1.5×10 7

A.7 Standard curves for the detection of ADOC and CMP using mass 
spectrometry  



 

 118 

 

Figure A.15. Reactivation of VX-inhibited HuAChE by ADOC (▲), 15 (▼), 16 (●), 
and buffer control (■). Black lines indicate the non-linear regression 
analysis used to determine half-times of reactivation. 

Table A.1. Half-times of reactivation of VX-inhibited HuAChE by ADOC, 15, and 16 

Compound Half-time of Reactivation 
(t1/2, min) 

Buffer Only Control 649.3 
(491.1 to 958.0) 

ADOC 4.616 
(4.202 to 5.121) 

15 20.91 
(20.34 to 21.52) 

16 48.65 
(47.04 to 50.37) 
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Figure A.16. Specific activity of enzyme samples used in ITC kinetic assay. “Apo” is 
the apo enzyme sample in the presence of 2PAM, “VX-inhibited” is the 
inhibited enzyme sample which has not been exposed to 2PAM, and 
“Reactivated in ITC” is the VX-inhibited enzyme sample recovered from 
the ITC sample cell after 2PAM injections. VX-inhibited sample = 
0.005±0.002% activity of Apo while reactivated in ITC = 0.26±0.02% 
activity of Apo. Activities were measured after completion of ITC assay 
which was conducted over the course of 58.3 minutes. 
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