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Dual Acting Oximes Designed for Therapeutic Decontamination of 
Reactive Organophosphates via Catalytic Inactivation and 
Acetylcholinesterase Reactivation 
Jayme Cannon,ab Shengzhuang Tang,ab Kelly Yang,a Racquel Harrisona and Seok Ki Choi*ab

A conventional approach in the therapeutic decontamination of reactive organophosphate (OP) relies on chemical OP 
degradation by oxime compounds. However, their efficacy is limited due to their lack of activity in the reactivation of 
acetylcholinesterase (AChE), the primary target of OP. Here, we describe a set of -nucleophile oxime derivatives which are 
newly identified for such dual modes of action. Thus, we prepared a 9-member oxime library, each composed of an OP-
reactive oxime core linked to an amine-terminated scaffold, which varied through an N-alkyl functionalization. This library 
was screened by enzyme assays performed with human and electric eel subtypes of OP-inactivated AChE, which led to 
identifying three oxime leads that displayed significant enhancements in reactivation activity comparable to 2-PAM. They 
were able to reactivate both enzymes inactivated by three OP types including paraoxon, chlorpyrifos and malaoxon, 
suggesting their broad spectrum of OP susceptibility. All compounds in the library were able to retain catalytic reactivity in 
paraoxon inactivation by rates increased up to 5 or 8-fold relative to diacetylmonoxime (DAM) under controlled conditions 
at pH (8.0, 10.5) and temperature (17, 37 ºC). Finally, selected lead compounds displayed superb efficacy in paraoxon 
decontamination on porcine skin in vitro. In summary, we addressed an unmet need in therapeutic OP decontamination by 
designing and validating a series of congeneric oximes that display dual modes of action.

Introduction
Reactive organophosphates (OPs) constitute a class of chemical 
threat agents that pose serious threats to human health.1, 2 They 
collectively refer to phosphorous-based (thio)esters which span 
from common pesticides such as parathion and its active 
metabolite paraoxon (POX) to nerve agents such as sarin (Fig. 
1).3, 4 Their high reactivity is ascribed to the electrophilic 
phosphorous ester which participates in covalent modifications 
of proteins and enzymes.3, 5, 6 Human toxicity induced by OPs 
results from the inactivation of acetylcholinesterase (AChE) as 
their primary target.1, 3, 5 This occurs within the enzyme catalytic 
pocket where OP forms a covalent adduct at serine-203 through 
O-phosphorylation.7 Such enzyme inactivation constitutes a 
fundamental basis of OP toxicity which involves acetylcholine 
accumulation and as a consequence, excessive stimulations of 
acetylcholine receptor at cholinergic nerve systems.1, 3

Therapeutic agents developed in the treatment of OP 
intoxication include atropine (acetylcholine receptor blocker)8, 9 
and quaternary oximes such as 2-PAM and obidoxime.3, 10, 11 
Each of these oximes serves as an enzyme reactivator due to its 

nucleophilic oxime reactivity that catalyzes the hydrolysis of the 
O-phosphorylated serine to a free serine (Fig. 1B). However, 
these oximes suffer from certain drawbacks12 that have 
stimulated significant efforts towards longer duration of 
action,13 improved bioavailability in the central nervous 
systems14-16 and the ability for resurrecting OP-aged enzymes.17

Another essential approach for OP treatment involves OP 
inactivation using scavengers such as OP-reactive oxime 
molecules,18-21 esterase-based bioscavengers22, 23 and OP-
responsive nanomaterials24 that include copper-chelated 
bipyridyl polymers,25 La(catecholate)-functionalized porous 
polymers,26 metal-organic frameworks27, 28 and dendrimer 
nanoreactors.29, 30 Development of these OP scavengers also 
plays a critical role in the therapeutic decontamination of the 
OP exposed skin because unless treated, extended OP 
absorption occurs leading to sustained toxicity.31 This is 
illustrated with reactive skin decontamination lotion (RSDL)18 
which is formulated with an active ingredient Dekon 139, the 
potassium salt of diacetylmonoxime (DAM), at 1.2 M, pH ≥ 10.8. 
This oxime molecule, which exists predominantly as an oximate 
form under the formulated condition, catalyzes OP inactivation 
via its nucleophilic attack at the phosphorous atom (Fig. 1B). 
However, despite importance in OP decontamination, lipophilic 
oximes are associated with undesired properties that include 
rapid percutaneous absorption, membrane distribution which is 
reported to account for skeletal muscle paralysis32, 33 and 
impaired wound healing.34 Due to such adverse effects, RSDL34, 

35 has been approved for intact skin decontamination only but 
not for open wounds or mucous membranes. Thus, there 
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Fig. 1 (A) Structures of representative reactive organophosphates (OP). (B) Structures of 
two classes of oxime-based therapeutic agents including 2-PAM, Dekon 139 (potassium 
sat of diacetylmonoxime) and monoisonitrosoacetone (MINA), each used in the 
treatment of OP poisoning or topical OP decontamination, respectively. (C) Two 
therapeutic mechanisms of action conferred by a dual acting oxime as illustrated with 2-
PAM as an acetylcholinesterase (AChE) reactivator and Dekon 139 as a catalytic OP 
inactivator.

remains a significant unmet need for developing more safe and 
effective OP decontaminants that enable to prevent persistent 
OP toxicity.

In the present study, we are interested in exploring a 
multifunctional approach in the development of OP 
therapeutics in which a single molecule confers dual modes of 
action: i) enzyme reactivation; ii) OP inactivation.  This concept 
has been previously tested using lipophilic oximes DAM and 
monoisonitrosoacetone (MINA) with limited success, in part, 
due to their poor reactivation activity.36, 37 However, if further 
optimized, dual activities can be more beneficial than either 
activity alone.

Here we present an enzyme structure-guided design of a 9-
member oxime library, their synthesis and in vitro evaluations 
performed with a focus on such dual actions. Each designed 
oxime molecule consists of two orthogonal moieties: an OP-
reactive core, which remains constant, linked to an amine-
terminated scaffold which serves a variable domain for 
improved ability in enzyme reactivation. We present 
biochemical evidence for the occurrence of enzyme reactivation 
as good as 2-PAM against several types of OP-inactivated AChE. 
We describe a kinetic assay for POX hydrolysis and present rate 
constants of these oximes that are indicative of faster 
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Fig. 2 Design of dual acting oximes via scaffold variations for optimized enzyme 
reactivation. Inset (right): PyMol™ visualization of the crystal structure of POX-
inactivated human acetylcholinesterase (hAChE-POX) complexed with 2-PAM in its 
catalytic site (pdb 5HFA7).

inactivation than DAM. Lastly, we present representative leads 
demonstrated for their high efficacy in POX decontamination on 
porcine skin in vitro. In summary, this article reports a new 
design concept for dual acting oximes and the identification of 
a few leads validated for their strong potential in therapeutic 
OP decontamination.

Results and discussion
1. Design of Dual Acting Oximes

In our recent works,19, 20 we validated hydrophilic scaffolds of 
oxime and hydroxamic acid-based -nucleophiles21 as the 
chemical scavengers of OP. These led to the identification of 
promising leads including 1 (Fig. 2), an amine scaffold tethered 
to an oxime reactive core that belongs in a 2-
hydroxyiminoacetamide series.20 In the current approach, 
oxime 1 served as a lead structure due to its superb OP 
reactivity enabled by its nucleophilic oxime (pKa = 9.1).20 Its 
amine-terminated scaffold also offers a good hydrophilicity 
(clogP = –1.488), which can be beneficial for preventing an 
adverse percutaneous absorption associated with lipophilic 
DAM. On the other hand, its activity for enzyme reactivation 
occurs only at a suboptimal level compared to 2-PAM.20 So, we 
considered keeping its 2-hydroxyiminoacetamide core to retain 
OP reactivity but making structural variations in its scaffold 
domain only by which the ability for enzyme reactivation can be 
optimized.

Ideas for scaffold variations were developed using the 
resolved structure of hAChE inactivated by POX7 which shows 
the presence of hydrophobic residues within its narrow catalytic 
pocket (inset, Fig. 2). These include an aromatic indole residue 
at tryptophan-86 which constitutes a choline binding site 
through its cation- interaction38 as well as two non-enzymatic 
ethoxy residues which are introduced as a result of POX 
phosphorylation at serine-203. Of particular note is their close 
proximity to an oxime reactivator (2-PAM) within ~4 Å in spatial 
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Table 1 Structures and physicochemical properties of oxime compounds 1–9

N
H

O

N
OH

RAmine Scaffold Oxime Core

Entry Scaffold (R) clogP a CMR b Pe × 106 c
Rel. 
Pe

DAM - 0.332 2.72 6.0 (±0.20) 1.00

1 H2N(CH2)2- –1.49 3.45 1.4 (±0.14) 0.23

2 Me2N(CH2)2- –0.590 4.38 2.2 (±0.22) 0.38

3 Me3N+(CH2)2- –4.56 4.93 1.6 (±0.14) 0.27

4 Et2N(CH2)2- 0.468 5.31 1.1 (±0.12) 0.18

5 (CH2)4N(CH2)2- 0.047 5.13 1.1 (±0.08) 0.18

6 Me2N(CH2)3- –0.317 4.85 1.8 (±0.16) 0.30

7 Im(C2)-CH2- –2.15 4.35 1.1 (±0.12) 0.19

8 H2NCH2CH(OH)CH2- –2.31 4.07 0.81 (±0.10) 0.14

9 HOCH2CH(OH)CH2- –1.68 3.86 0.61 (±0.10) 0.10

a cLogP = log of calculated partition coefficient (P) between 1-octanol and water 
where P = [oxime]1-octanol/[oxime]water. b CMR = calculated molar refractivity (m3 
mol−1). Both calculated using ChemDraw Software (Professional 16.0). c Effective 
permeability coefficient (Pe, cm s−1) determined as a mean value at 23 °C in a 
parallel artificial membrane permeability assay (PAMPA).39 Each value within 
parentheses represents a standard deviation (SD) associated with detection 
wavelengths. Rel. Pe refers to a ratio of Pe (oxime) to Pe (DAM).

distance. Thus, we hypothesized that adding a small 
hydrophobic motif at the amine terminus of 1 could help create 
more favourable interactions with those hydrophobic residues 
and as a consequence, induce a better fit at the phosphorylated 
site where its oxime core engages in a nucleophilic attack, 
releasing the serine as its active hydroxyl form.

Based on this strategy, we constructed a focused library of 
oxime compounds 2–9 as summarized in Table 1. These are 
variable only at the scaffold domain with the addition of 
hydrophobic motifs at a two (2–5) or three-carbon spacer (6). 
Thus, 2–6 each contains two or three small alkyl moieties such 
as methyl, ethyl or pyrrolidinyl attached at the amine terminus. 
A few comparators were also included in the library such as 7 
which is terminated with an imidazole heterocycle with a 
spacing of two atoms apart from its amide nitrogen. We 
included two hydrophilic comparators 8, 9, each presenting 
amine and hydroxyl moieties substituted at the three-carbon 
spacer. Other than these variations, we were not interested in 
longer spacers or other alkyl groups which are bulky, branched 
or lengthy because of potential detrimental effects caused by 
their steric congestion within the pocket. In summary, we 
selected a 9-member library, each structurally identical in their 
reactive core but variable in their scaffolds through 
hydrophobic augmentation (2–6), quaternary N-alkylation (3) 
and attachment with a flat heterocycle (7) or hydrophilic groups 
(8, 9).

2. Synthesis of Dual Acting Oximes

Compounds 1–9 were synthesized according to method A and 
method B in Scheme 1 using ethyl 2-(hydroxyimino)acetate, an 

Scheme 1 Synthetic methods of oximes 1–9
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2 h (26%); ii) Ethylenediamine, EtOH, rt, 3 h (quantitative); iii) Formaldehyde, EtOH, rt, 
30 min; then NaCNBH3, 50 °C, 16 h (66%); iv) Methyl iodide, MeOH, 40 °C, 12 h (75%); v) 
RNH2 (3 equiv), EtOH, 45 °C, 2 h to 48 h (68% to quantitative). Confer Table 1 for R-NH2. 
rt = room temperature

oxime ester which was prepared from ethyl glyoxylate by 
treatment with hydroxylamine.40 All oximes except 3 were 
prepared in one step through the amidation of the oxime ester 
(68% to quantitative) by reacting with a series of primary amine 
(R-NH2) as shown in Table 1. However, the synthesis of 2 by this 
method was less efficient due to its poor yield (26%), and 
alternatively it was prepared more efficiently in two steps 
(method A) via N-reductive alkylation of 1. Lastly, 3, the 
quaternary ammonium salt, was prepared through N-
methylation of 2 by treatment with methyl iodide.41

All compounds were purified by silica column 
chromatography and fully characterized for their homogeneity 
(≥95%) by ultra-performance liquid chromatography (UPLC) 
analysis and their identity by 1H and 13C NMR spectroscopy and 
high-resolution mass spectrometry (Fig. S1, S2) as described in 
Electronic Supplementary Information (ESI). These analytical 
data are supportive of their structural features and consistent 
with literature data reported elsewhere (1,10, 20 4,10 5,42 610). 
Oximes in this library set remained stable in phosphate buffered 
saline (PBS) solutions under a neutral or alkaline condition (pH 
10.5) as used in formulation of decontaminants such as RSDL for 
skin decontamination. No evidence of oxime degradation was 
detectable in UPLC traces for at least 3 days as reported for 
similar oximes.20

3. Membrane Permeability In Vitro

Our design approach for dual-acting oximes was focused on 
hydrophobic augmentation in their scaffold domain for 
improved enzyme reactivation. However, we also wanted to 
retain their hydrophilicity enough for preventing adverse 
effects as seen with the relatively lipophilic DAM (clogP = 0.332), 
which are induced by its rapid distribution into lipid membranes 
and suppression of membrane-bound calcium channels.32, 33 To 
evaluate such balanced properties, we compared predicted 
physicochemical properties as summarized in Table 1 that 
include calculated partition coefficient (P) between water and 
1-octanol and calculated molar refractivity (CMR) as a measure 
of molecular volume. Compared to DAM (clogP = 0.332; CMR = 
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Fig. 3 (A) Structures of four OPs tested that include paraoxon (POX), chlorpyrifos (CPS), malaoxon (MAL) and omethoate (OME). (B, C) Dose-dependent inhibition of human 
acetylcholinesterase (hAChE) and Electrophorus electricus acetylcholinesterase (eAChE) by OPs in PBS pH 8.0 at 23 °C in vitro. Each value represents a mean ± standard deviation (SD, 
n = 3–6).

2.72; charge = 0), oximes 1–9 each has a lower clogP value 
(except an outlier 4), a higher CMR value and a positive charge  
(+1) due to its protonatable amine at physiological pH or 
quaternary ammonium cation (4). Each of these is favored for 
greater hydrophilicity by oximes than DAM.

In addition to physicochemical predictions, we determined 
the effective permeability (Pe) of oximes in a parallel artificial 
membrane permeability assay (PAMPA) in vitro.39 This assay 
measures the kinetics of compound distribution through 
synthetic lipid bilayers from a donor well to an acceptor well. 
Despite its simplicity, this assay provides Pe values which can be 
positively correlated with human skin permeability.39 The 
permeability of compounds 1–9 was tested in PBS pH 7.4 at 23 
°C, and the fraction of compound distribution into the acceptor 
well was quantified by UV-vis absorption traces as shown in Fig. 
S3 (ESI). Their Pe values were calculated according to an 
established equation39 as summarized in Table 1. All oximes 
showed lower values of permeability relative to DAM (rel. Pe = 
1.0), which is consistent with their higher level of hydrophilicity 
suggested by predicted physicochemical properties. Three 
oximes 2, 3, 6 showed slight increases in permeability (rel. Pe = 
0.27–0.38) compared to 1 (rel. Pe = 0.23). However, these data 
suggest that oxime compounds still remain relatively low in 
membrane permeability despite modifications at the scaffold 
domain.

4. Reactivation of AChE-OP by Oxime

AChE Inhibition. Compound screening for enzyme reactivation 
was performed using two types of aqueous soluble AChE—
human recombinant (hAChE) and Electrophorus electricus 
(eAChE)—and acetylthiocholine (ATCh) as their substrate in PBS 
pH 8.0 at 23 °C according to the Ellman’s protocol.43 Use of 
these enzymes in the assays of AChE reactivation has been 
already validated in literature.19, 20, 44-46 Each enzyme was 
evaluated for its catalytic efficiency (0.2 U/mL) in terms of rate 
constant for substrate hydrolysis (k = A412 nm/t; min−1) and 
relative enzyme activity (%) as summarized in Table S1 (ESI). 
hAChE and eAChE showed consistency in catalytic rate under 
their assay condition in which both enzyme types displayed up 
to 1.2 ± 0.28 (accumulative n = 63) × 10−1 min−1 and 1.1 ± 0.013 
(n = 9) × 10−1 min−1 in k values, respectively, while their non-
enzymatic (blank) control where AChE was absent showed 
relatively a lack of ATCh hydrolysis (k < ~1 × 10−4 min−1).

Four OP pesticides were tested here to verify their potencies 
in enzyme inhibition that include POX, chlorpyrifos (CPS), 
malaoxon (MAL) and omethoate (OME) as classified in Fig. 3A. 
Each of these has an either P-O or P-S bond that offers chemical 
reactivity47 enough to serve as an OP surrogate to nerve agents 
and yet sufficient stability19, 20 in aqueous media suited for AChE 
inactivation assays. Their dose-dependent potencies are 
presented in Fig. 3B and 3C with enzyme activity (%) plotted 
against OP concentration. In hAChE, POX and CPS showed 
potent inhibitions while MAL and OME each displayed only a 
weak inhibition. In eAChE, potent inhibitions were observed 

Page 4 of 11RSC Medicinal Chemistry



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx RSC Med Chem, 2021, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

0.0

1.0

2.0

2-PAM 1 2 4 5 6 7

hAChE-POX + Oxime (0.5 mM)
hAChE-CPS + Oxime (1.0 mM)
Oxymolysis ([Oxime] = 0.5 mM)

*

Oxime

2-PAM vs

0

20

40

60

80

100

120

2-PAM 1 2 3 4 5 6 7 8 9

hAChE

1.0e-4 M 2.5e-4 M 5.0e-4 M 1.0e-3 M

hA
C

hE
-P

O
X

R
ea

ct
iv

at
io

n
(%

)
***

*** **

ns

Oxime

0

1

10

100

2-PAM 1 2 4 5 6 7
hAChE

1.0e-6 M 1.0e-5 M 1.0e-4 M 1.0e-3 M

(C)

Oxime

2-PAM vs

(A)

hA
C

hE
-C

PS
R

ea
ct

iv
at

io
n

(%
)

ns

nsns

ns ns

R
el

.R
at

e
of

R
ea

ct
iv

at
io

n
or

O
xy

m
ol

ys
is

(D)

hAChE-POX + Oxime

hAChE-CPS + Oxime

60

80

100

120

1.0E-06 1.0E-05 1.0E-04 1.0E-03 hAChE

2-PAM DAM 1 4 5 6 7 8 9

[Oxime], M

ns

ns
* *

ns

*
ns

vs hAChE

En
zy

m
e

A
ct

iv
ity

(%
)

(B) hAChE + Oxime

Fig. 4 (A) Dose-dependent reactivation (%) of hAChE-POX (50 nM) by oximes 1–9. (B) The effect of oximes on hAChE activity (%) as a function of oxime concentration. (C) Dose-
dependent reactivation (%) of hAChE-CPS (50 nM) by oximes. (D) Comparison of the rate (k = A412 nm/t) of enzyme reactivation vs the rate of non-enzymatic oxymolysis by 
representative oximes relative to 2-PAM (rel. rate = 1.0). Each value represents a mean ± SD (n = 3–6). * p value < 0.05. ** p < 0.01. *** p < 0.001. ns = no significance (p > 0.05).

from all three OPs except OME which remained weakly 
inhibitory at its test range. IC50 (half-maximal inhibitory 
concentration) values were calculated from their inhibition 
curves by regression analysis as summarized in Table S1 (ESI). 
Our result in IC50 (POX = 18 nM, 51 nM; CPS = 8 nM, 18 nM; MAL 
= 21 nM, >600 nM; OME >600 nM) is in reasonable agreement 
with inhibitory potencies reported for POX (15 nM,48 50 nM20), 
CPS (30 nM,49 86 nM50) and relatively weak activity by MAL and 
OME.2 Based on these results, only potent OP pesticides were 
selected for AChE inhibition in reactivation assays, in which the 
enzyme was treated with an OP at a concentration higher than 
its IC50 value.

Reactivation of hAChE-OP. Oxime compounds were 
screened to determine their abilities in the reactivation of OP-
inhibited hAChE. Of two hAChE-OP types that were identified 
above, hAChE-POX served in the evaluation of the entire oxime 
library 1–9. In this screening, hAChE was pre-inhibited by POX 
(IC50 = 18 nM) treatment at 50 nM for 30 min prior to the 
addition of test compounds at sub mM concentrations (10−4–
10−3 M). Thus, this POX treatment led to complete loss of hAChE 
activity (<5%) prior to reactivation by test oximes. Their 
activities for enzyme reactivation are presented in relative 
activity (%) in Fig. 4A or equivalently in rate constant (k; A412 

nm/t) values in Fig. S4 (ESI). As one of the standard 
reactivators,44, 51 2-PAM showed dose-dependent increases in 
enzyme activity with a maximal level of reactivation (45%) 
reached at 0.5 mM. All tested oximes showed lower 

reactivation activities than 2-PAM at similar or lower 
concentrations However, 5 was able to produce a similar 
activity at 0.5 mM. In addition, 4–6 were more effective at 1.0 
mM with 66–76% than 2-PAM (p < 0.01–0.001) while 1, 2 
showed no significant differences to 2-PAM.

Among the oximes, most remarkable activities are evident 
with an N-ethyl (4), N-pyrrolidinyl (5) and N-methyl (6) 
modification given their higher activities at most test 
concentrations (p value < 0.05–0.01). However, despite its 
tertiary or quaternary N-methylation, 2, 3 failed to improve its 
activity relative to 1. These results serve as evidence supportive 
of N-alkyl selectivity and the importance of spacer length. 
Heterocycle and hydrophilic comparators 7–9 exhibited either 
comparable or overall lower activities, which is not surprising 
given their unfavorable scaffold modifications.

In addition to enzyme reactivation, oximes were evaluated 
for their effect on hAChE activity compared to 2-PAM which 
shows a reversible enzyme inhibition in the millimolar range.42 
Fig. 4B summarizes hAChE activities measured after treatment 
with representative oximes. 2-PAM showed a significant 
decrease to 67% at 1.0 mM, which is consistent with earlier 
reports.19, 20 However, hAChE treated with oximes except 1 
retained the enzyme activity as effective as untreated hAChE. 
Interestingly, the treatment with 1 otherwise increased the 
activity by up to 25% at 0.1–1.0 mM. We examined whether this 
is attributable to an increase in the rate of oxymolysis, which 
refers to the hydrolysis of ATCh (0.25 mM) catalyzed by oxime 
without hAChE added. Relative rates of oxymolysis presented in 
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Fig. 4D indicate non-significant differences among tested 
oximes and thus no positive correlation between the enzyme 
reactivation and the non-enzymatic oxymolysis. Therefore, 
variations in enzyme activity could be better accounted for by 
modifications in the scaffold domain rather than the oxime core 
which is more responsible for oxymolysis.

Following their primary screening above, selected oximes 
were further evaluated against hAChE inactivated by CPS (50 
nM) as presented in Fig. 4C. In general, it was harder to 
reactivate hAChE-CPS than hAChE-POX at 0.1 mM or lower 
oxime concentrations where only 2–3% of enzyme activity could 
be restored. At the highest dose (1.0 mM), reactivation 
occurred to a greater extent by 2-PAM (27%) and oximes (14–
30%), suggesting their potential for a broad spectrum of enzyme 
reactivation. In summary, nine compounds were evaluated for 
enzyme reactivation against two types of hAChE-OP, and 4–6 
were identified as promising reactivators given their significant 
activities comparable to 2-PAM. 

Reactivation of eAChE-OP. Compound screening for enzyme 
reactivation was expanded to electric eel AChE. Thus, eAChE 
pre-inhibited by POX (500 nM) was treated with oximes 1–9 at 
sub mM concentrations and their reactivation activities were 
determined as presented in Fig. 5A and Fig. S6 (ESI) for rate 
constant values (k; min−1). 2-PAM showed a maximal activity of 
78% at 0.1 mM, which however gradually decreased at higher 
concentrations. This reversed concentration dependency, as 
noted in earlier works,52, 53 could be attributable to its ability for 
competitive enzyme inhibition as evident in Fig. 4B.

Like in hAChE-POX reactivation, 2 failed to show improved 
activities compared to 1 although its N-methyl quaternary 
compound 3 was able to restore reactivation activities as 
effective as 1. A majority of compounds 3–7 showed significant 
activities with 21–70% at 0.1 mM which grew higher in a 
concentration-dependent manner (Fig. 5A). Of particular note 
are 4 and 5, each more effective than 1 at most concentrations 
while 3, 6, 7 exhibited comparable or slightly lower activities. 
Nonetheless, each of these oximes was still more effective than 
2-PAM with 80–84% of enzyme activity restored at 1.0 mM. 
Comparators 8 and 9 showed overall lower activities than 1 as 
observed in hAChE-POX reactivation.

Screening of oximes 1–7 was also performed against eAChE 
pre-inactivated by CPS (50 nM) or MAL (250 nM) as presented 
in Fig. 5B and 5C. These plots show similarities in concentration-
activity trends between eAChE-CPS and eAChE-MAL. Thus, in 
general, 2 displayed overall lower activities than 1 while its 
quaternary analog 3 exhibited improved activities. It is notable 
that despite being less active than 2-PAM at 0.1 mM, all oximes 
turned out to be more active at 1.0 mM where the enzyme was 
fully and more effectively reactivated. The plot of oxymolysis 
compared at 0.125 mM (Fig. 5D) indicates no positive 
correlation with reactivation activity. In summary, oxime 
screening performed with three types of eAChE-OP led to 
identification of compounds 4–7 that displayed promising 
reactivation activities. These compounds demonstrated 
significant activities in the reactivation of hAChE-OP as well.

In summary, a 9-member oxime library was prepared and 
thoroughly investigated for reactivation activities against 
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hAChE-OP and eAChE-OP, each inactivated by POX, CPS or MAL. 
Significant enhancements in enzyme activity were observed 
from compounds with hydrophobic modifications with N-ethyl 
(4), N-pyrrolidinyl (5) and N-methyl (6). These were able to 
reactivate the enzymes with good potencies comparable to 2-
PAM and with a broad spectrum of activity against both enzyme 
subtypes and all three OPs. This result is in line with high 
sequence homologies in the catalytic pocket of AChE54 and the 
presence of identical or similar alkyl groups introduced after OP 
phosphorylation such as methyl (MAL) or ethyl (POX, CPS). In 
contrast, lower activities were observed from comparators 
modified with polar moieties (8, 9). These results enabled us to 
establish a structure-activity relationship in the scaffold domain 
by which our design concept could be validated. We anticipate 
that these experimental results can be better definable by 
employing computational approaches such as X-ray crystal 

structure-based modelling and docking studies,46, 55 which 
constitutes a follow-up study.

5. Oxime Screening for POX Inactivation

Rate Constants. Following enzyme assays, we focused on oxime 
reactivity in the chemical inactivation of OP. The mechanism of 
OP inactivation occurs through nucleophilic catalysis as 
illustrated with POX in Fig. 6A.19, 20 In the first step, the oxime 
molecule, which exists as either a neutral oxime or a 
deprotonated oximate, attacks POX and forms a neutralized 
adduct with the release of 4-nitrophenol (4-NP) (bimolecular 
rate constant k1). In the second step, the inactivated adduct 
undergoes fragmentations via Beckmann rearrangement (not 
shown)35, 56 and hydrolytic cleavage to diethyl phosphate (rate 
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constant k2), completing a catalytic cycle in OP inactivation. The 
first step occurs much more slowly than the second step (k2/k1 
≥ 100–1000), 47, 57 and thus its rate (k1) determines the overall 
rate of POX inactivation as measured in this study.

POX Inactivation. The chemical reactivity of oximes for OP 
inactivation was measured using POX as a model OP 
surrogate.35, 47 Their reactivities are quantifiable by the values 
of kobsd, the observed rate constant determined at a particular 
oxime concentration, and generally, by the values of k1 which is 
derived from kobsd values. Both of these kinetic parameters were 
determined in a chemical assay in which a fixed amount of POX 
(30 M) reacted with oxime 1–9 added in a large molar excess 
([Oxime]variable = 0.5–8.0 mM) in a 96-well microplate for high-
throughput screening.19, 20 Time courses of POX inactivation, 
which occurred under various pH (8.0, 10.5) and temperature 
(17, 37 °C) conditions, are presented by plotting A400 nm against 
reaction time as compiled in Fig. S7–S9 (ESI). These curves were 
analyzed to extract kobsd values by linear regression analysis 
(slope = A400 nm/t) (Fig. S10, SI).

Fig. 6B shows a representative set of kobsd values acquired at 
pH 8.0, 37 °C, the same condition as in enzyme reactivation. This 
figure (inset, right) illustrates how k1 values are calculated for 
DAM, 1 and 4 by linear regression analysis of kobsd vs oxime 
concentration under a pseudo-first order assumption (rate = 

k1[POX][Oxime]) ≈ kobsd[POX] where [Oxime] >> [POX]).57 It 
shows higher kobsd values (more reactive) by oximes than DAM. 
In particular, most remarkable reactivities were observed with 
3 and 4, each modified with N-methyl or N-ethyl moieties.

Fig. 6C (left) shows k1 values for oximes 1–9 determined at 
pH 8.0 at either 17 or 37 °C. These values confirm ~4 to 8-fold 
higher reactivities of oximes than DAM. In addition, most 
oximes including 3 and 4 show greater reactivities than 1 by a 
factor of up to 2 (37 °C) or 4 (17 °C). Their k1 values are generally 
higher at 37 °C than 17 °C, which is accordingly indicative of 
shorter POX half-life (t1/2 = log(2)/k) at a higher temperature. 
This dependency on temperature is consistent with the 
endothermic nature of the reaction of POX inactivation.19, 20

We also measured k1 values at an elevated pH 10.5 where 
due to an increased oxime acidity (pKa = 9.1), POX inactivation 
occurs predominantly by an oximate species (fraction > 0.95)20 
which is known to be more reactive than its neutral oxime (Fig. 
6A).20 Values of k1 determined for selected oximes 4–7 show an 
increase in rate up to 5.4 (DAM) or 2.6-fold at 37 °C than those 
acquired at pH 8.0 (Fig. 6C, right). This result is in agreement 
with faster OP inactivation at higher pH conditions in earlier 
works.19, 20 Temperature dependency remained applicable at 
pH 10.5 in which k1 values increased by a factor of 1.5–2.1 as the 
medium temperature was elevated from 17 °C to 37 °C.
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In summary, POX inactivation assays showed that all tested 
oximes are comparable to or more reactive than the unmodified 
oxime 1. They showed more effective catalysis up to 2 or 4-fold 
under an identical condition. Their rates varied with reaction 
conditions such that faster POX inactivation occurred at more 
alkaline pH (pH 10.5 > pH 8.0) and higher temperature (37 ºC > 
17 ºC). This suggests the importance of applying an oxime 
decontaminant under an optimal condition as performed here. 
In addition, unlike in AChE reactivation assays, we have not seen 
any loss of reactivity by scaffold modifications. This suggests a 
lack of any negative impact on oxime nucleophilicity by steric 
interference that might arise from scaffold modifications.

6. Skin Decontamination In Vitro

Following identification of oxime leads in enzyme reactivation 
and chemical OP inactivation, representative oximes 2, 4–6 
were investigated for their efficacy in POX decontamination on 
intact porcine skin. This assay was performed in a Franz cell 
setup as reported19, 20, 30 where a patch of dehaired porcine skin 
(thickness = 1.5 mm) was clamped as the test tissue between 
the donor and acceptor compartment (Fig. 7A). After 2 minutes 
of POX addition (50 M) in the donor side, the exposed skin 
surface was treated with 0.3 M DAM (RSDL) or oxime, each 
formulated in PBS pH 10.5, or the PBS vehicle alone (pH 10.5).

First, the decay kinetics of POX which occurred in the donor 
compartment was established by UPLC analysis of POX 
concentrations over incubation time (Fig. 7B). As anticipated, 
POX decay occurred rapidly after the treatment with DAM or 
each oxime but not with PBS pH 10.5 in which POX remained 
almost stable. POX half-life values were calculated from the 
decay curves as plotted in Fig. 7C. Treatments with 4–6 enabled 
faster POX decays (t1/2 = 4.6–4.9 min) than 2 (t1/2 = 7.8 min), 
DAM (t1/2 = 16.2 min) or the PBS vehicle (t1/2 = 1171 ± 215 min). 
Their superior efficiency in skin decontamination is consistent 
with their higher k1values of POX inactivation determined in 
solution kinetics, which are predictive of faster POX inactivation 
(Fig. 6B).

Second, we determined the level of POX penetration into 
the skin layer and subsequently flow through the acceptor side. 
The amount of POX in each analyte was quantified by LC mass 
spectrometry analysis of the skin harvested after 2 h treatment 
and the aliquot from the acceptor compartment (Fig. 7D). The 
highest level of POX was detected in the skin treated with the 
PBS vehicle (183 nM). This is 12 to 50-fold larger than the level 
detected in the skin treated with DAM or oximes. Similarly, the 
POX level was highest in the acceptor aliquot after the PBS 
treatment. The efficiency of POX decontamination is further 
corroborated with the rate of penetration, which is defined 
here as the amount of POX (ng) that penetrates into one gram 
of skin tissue per hour. As shown in Fig. 7D, oximes 4–6 (rate = 
0.62–1.2, unit = POX (ng)/[skin (g) × h]) show lower rates of POX 
penetration than DAM (2.6) or PBS (32).

In summary, lead oximes displayed superb efficacy in the 
skin decontamination of POX in vitro. Like RSDL which is 
formulated with DAM at pH >10.8, representative oximes were 
formulated at pH 10.5 and tested to demonstrate their efficacy 

in POX decontamination on porcine skin in vitro. Compounds 4–
6 were more effective in blocking POX penetration into skin by 
a factor of 2 to 4 than DAM. Overall, these results suggest a 
positive correlation between chemical reactivity in solution 
kinetics and skin decontamination efficacy.

Experimental
Synthesis of Oximes 1–9. Oxime 1 was prepared according to 
the method A reported in our earlier work (Scheme 1).20 All 
other oximes 2–9 were synthesized by either method A or B by 
reacting ethyl 2-(hydroxyimino)acetate20 with a requisite amine 
(3 molar equiv) at 45 °C. Details of their synthetic methods and 
characterizations are described in ESI.

Parallel Artificial Membrane Permeability Assay (PAMPA). The 
permeability assay was performed at 23 °C using a PAMPA kit 
(PION, Inc.) as described in SI. Permeability rate (Pe, cm s–1) was 
calculated as defined in literature.39, 58

AChE Assay. This assay employed two types of soluble AChE 
that include Electrophorous electricus AChE (eAChE) and human 
recombinant AChE (hAChE), both purchased from Sigma-
Aldrich. It was performed according to the Ellman’s protocol43 
using acetylthiocholine (ATCh) as its substrate in PBS pH 8.0 at 
23 °C as described in SI according to our earlier works.19, 20 The 
rate constant k for enzyme kinetics was obtained by plotting 
A412 nm against time (min) and calculating its slope (A412 nm/t; 
min−1) at an early linear phase (0–15 min). Efficiency (%) of 
enzyme reactivation was calculated from rate constants (k) as 
reported in literature.15, 19, 20, 43, 59

AChE inhibition by OP was performed by treating AChE (0.2 
U/mL) with OP (POX, CPS, MAL, OME) in a range of 
concentrations (10−9 – 10−6 M). Stock solutions for OPs were 
prepared each at 1.0 mM in DMSO and diluted with PBS pH 8.0 
103 to 106-fold to their test concentrations. IC50 values for each 
OP were estimated from its dose-enzyme activity (%) curves 
through a linear or non-linear regression analysis. For enzyme 
reactivation, AChE (0.2 U/mL) was pre-inhibited to less than 5% 
of its original activity by treatment with OP prior to treatment 
with a test oxime compound in a variable range of 
concentrations (10−5–10−3 M).

Screening of Chemical Reactivity in POX Inactivation. Reaction 
kinetics for POX (30 M in PBS 8.0 containing 0.3% DMSO) 
inactivation by oxime was performed by spectrometric analysis 
as reported previously.19, 20, 29 Its reaction progress was 
monitored by focusing on time-dependent growth in 
absorbance by its byproduct 4-NP at 400 nm (max) as described 
in SI. Data were processed and analyzed for determining rate 
constants (kobsd, k1) as described in earlier works.19, 20, 29

Skin Decontamination In Vitro. Topical decontamination of POX 
by oxime was performed following the protocol described in our 
earlier works.19, 20, 30 Porcine skin was purchased in a dehaired 
form (1.5 mm thick) from Stellen Medical and used as received. 
According to the supplier, its dehairing was performed simply 
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by shaving the skin as much as possible. It was clamped as a test 
tissue between the donor and acceptor compartment in a Franz 
cell device controlled at 37 ºC (Fig. 7A). The donor side was 
loaded with POX (50 M, 0.4 mL) in PBS pH 10.5 containing 0.5% 
DMSO and incubated for 2 min prior to loading a decontaminant 
(0.3 M, 0.4 mL) formulated in PBS pH 10.5. The device kept for 
2 h while analyte solutions were periodically aliquoted from the 
donor side as specified in Fig. 7. After the 2 h treatment, the skin 
tissue was recovered and treated with 100% EtOH (1.0 mL) to 
extract POX penetrated. In addition, an analyte was aliquoted 
from the acceptor side at the end of the experiment (t = 2 h). 
Analyte samples were analyzed for POX amounts by either UPLC 
or LC mass spectrometry (LCMS) following the methods 
developed earlier.19, 20, 30 The rate of skin penetration is 
arbitrarily defined here as the amount of POX (ng) detected per 
tissue weight (g) per treatment time (h): (unit = POX ng × (skin 
tissue g × h)−1).

Statistical Analysis. Statistical analyses were performed by a 
Student’s paired t-Test with a two tailed distribution. 
Differences with p values of less than 0.05 are considered as 
statistically significant.

Hazardous Materials. Caution: OP chemicals (paraoxon, 
chlorpyrifos, malaoxon and omethoate) are generically 
hazardous and should be handled carefully.

Conclusions
This article described a new approach in the structure-guided45, 

46, 55 or fragment-based60-62 methodologies developed to 
address current challenges and limitations in the design of 
effective therapeutics. It tested a concept of dual acting oximes 
with a focus on therapeutic OP decontamination that occurs 
through OP inactivation (scavenging) and AChE reactivation. 
Their design concept involved tethering a common core of OP-
reactive oxime to a variable amine-functionalized scaffold for 
optimal enzyme reactivation. This structural integration also 
allowed retention of beneficial physicochemical properties such 
as low membrane permeability (Pe) which can play a critical role 
in preventing rapid membrane distribution associated with 
lipophilic DAM.32 In summary, this study tested a new design 
principle for dual-acting oximes toward the development of OP 
decontaminants and identified a few leads on the basis of a 
unique set of data distinct from earlier studies16, 42, 46 of identical 
or comparable oximes.

This study offers new insights in the development of 
therapeutic decontaminants for OP exposure. Small oximes 
such as DAM18 have been demonstrated for their efficient 
scavenging of OP. However, despite their applications in skin 
decontamination, their efficacy is limited due to a lack of 
primary antidote activities such as AChE reactivation. In this 
study, we addressed such unmet needs by identifying dual 
acting oximes that are able to engage in not only OP scavenging 
but also AChE reactivation in OP-exposed tissues. This class of 
oximes have potential to serve as a new generation of 
therapeutic agents in the treatment of OP exposure. This aspect 

of their practical applications is anticipated to constitute a 
subject of future studies. 
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