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Reactivity and mechanism of a-nucleophile scaffolds as catalytic
organophosphate scavengers

Pamela T. Wong,**® Somnath Bhattacharjee,*» Jayme Cannon,*® Shengzhuang Tang,>® Kelly Yang,® Sierra Bowden," Victoria
Varnau,’Jessica J. O’Konek®? and Seok Ki Choi*2

Despite their unique benefits imparted by their structure and reactivity, certain a-nucleophile molecules remain
underexplored as chemical inactivators for the topical decontamination of reactive organophosphates (OPs). Here, we
present a library of thirty a-nucleophile scaffolds, each designed with either a pyridinium aldoxime (PAM) or hydroxamic
acid (HA) a-nucleophile core tethered to a polar or charged scaffold for optimized physicochemical properties and
reactivity. These library compounds were screened for their abilities to catalyze the hydrolysis of a model OP, paraoxon
(POX), in kinetic assays. These screening experiments led to the identification of multiple lead compounds with the ability
to inactivate POX two- to four-times more rapidly than Dekon 139—the active ingredient currently used for skin
decontamination of OPs. Our mechanistic studies, performed under variable pH and temperature conditions suggested
that the differences in the reactivity and activation energy of these compounds are fundamentally attributable to the core
nucleophilicity and pK,. Following their screening and mechanistic studies, select lead compounds were further evaluated
and demonstrated greater efficacy than Dekon 139 in the topical decontamination of POX in an ex vivo porcine skin model.

In addition to OP reactivity, several compounds in the PAM class displayed a dual mode of activity, as they retained the

ability to reactivate POX-inhibited acetylcholine esterase (AChE). In summary, this report describes a rationale for the

hydrophilic scaffold design of a-nucleophiles, and it offers advanced insights into their chemical reactivity, mechanism,

and practical utility as OP decontaminants.

Introduction

Phosphate-based chemical threat agents, collectively referred
to as reactive organophosphates (OPs), cause serious life-
threatening neurotoxicity upon human exposure.> 2 These OPs
comprise a broad range of phosphoester compounds ranging
from the agricultural pesticides paraoxon (POX), malaoxon and
omethoate to the nerve agents sarin and VX, exploited in
chemical terrorism (Figure 1).» 2 Despite continuing efforts
over the past several decades, no single therapeutic agent or
regimen has been proven to be fully effective in the treatment
of OP intoxication.! Increasing threats of OP exposure
underscores an urgent need for more effective therapeutic
modalities, in particular, by developing OP antidotes with
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central nervous system (CNS) bioavailability,3 4 enzyme-based
OP bioscavengers for systemic use,>’ and small molecule-
based OP scavengers for topical decontamination.®1° Here, we
present a new approach for the design and validation of small
molecule scavengers based on oa-nucleophiles. While a-
nucleophiles have demonstrated their therapeutic values as
OP antidotes over several decades, their potential role as OP
scavengers has remained relatively underexplored until
recently.811 This article addresses such a significant gap in our
current knowledge on the a-nucleophile scavengers by
establishing their structure-reactivity trends, determining their
molecular and kinetic mechanism of OP inactivation, and
evaluating their efficacy in OP decontamination in a skin
model.

The biochemical basis of OP neurotoxicity relates to its
specific reactivity with acetylcholinesterase (AChE). As the
target enzyme, AChE is covalently inhibited by OP through O-
phosphorylation at serine-203, the catalytic residue in the
active site pocket.'? This enzyme inhibition leads to the rapid
accumulation of acetylcholine at the synaptic cleft which
results in the symptomatic overstimulation of cholinergic
receptors.> 13 Current regimens approved for OP intoxication
rely on pralidoxime chloride (2-PAM), a primary antidote
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Fig. 1 (A) Representative reactive organophosphates (OPs). (B) Reactivation of OP-
inactivated acetylcholine esterase (AChE) by pyridine-2-aldoxime methochloride (2-
PAM). Inset: an X-ray crystal structure of POX-inactivated human acetylcholine esterase
(hAChE) in complex with 2-PAM (protein data bank (PDB) code 5HFA'?).
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Fig. 2 a-Nucleophilic scavengers of organophosphate (OP). (A) Chemical inactivation of
OP by Dekon 139 through a nucleophilic catalytic mechanism. (B) Structures and
protonation states of the three a-nucleophiles investigated in this study.

known for its ability to reactivate OP-inhibited AChE (Figure 1),
in combination with one or two complementary drugs,’ 2
which include atropine (a cholinergic receptor antagonist) and
an anticonvulsant for epileptic seizure relief. However, despite

2| J. Name., 2018, 00, 1-12

its essential role in the treatment of OP intoxication, 2-PAM is
ineffective for preventing neuronal damage due to its lack of
CNS bioavailability,® 4 and due to its short half-life (< 2 h) in
plasma.l4

In addition to systemic antidote administration, topical
decontamination of OPs is essential to effective treatment, as
the exposed surface serves as a depot for extended OP
absorption, and thus promotes sustained toxicity.'® Various
decontamination kits,*® materials,'¥ 1720 and methods?! have
been developed that include the FDA-approved reactive skin
decontamination lotion (RSDL) for skin decontamination.?? The
active ingredient in RSDL is Dekon 139 (formulated at 1.2 M,
pH =10.8), a potassium salt of diacetyl monooxime (DAM),
which displays strong catalytic reactivity towards OP, leading
to its inactivation through hydrolysis (Figure 2). However,
despite such beneficial reactivity which is attributable to its o-
nucleophilic oxime moiety, Dekon 139 is rapidly absorbed
percutaneously as its neutral form, DAM, and can lead to
adverse systemic effects such as skeletal muscle paralysis.?3

Here, we wish to advance our fundamental knowledge in
the design and optimization of chemical scavengers for OP
inactivation.819 24 Specifically, we are interested in advancing
the chemical strategy for scavenger design based on two well-
known a-nucleophile cores, with the goal of improving their
reactivity while avoiding the high membrane permeability
associated with lipophilic DAM. It involves designing a library
of hydrophilic scaffolds of a-nucleophile molecules in which
each a-nucleophile core is conjugated to a polar or charged
scaffold that acts as a physicochemical modulator.® First, we
verify the mechanistic aspects of these compounds for their
reactivity as OP inactivators.?> 26 Second, we present their
chemical reactivity towards the hydrolysis of POX employed as
a model OP measured under pH and temperature-controlled
conditions in a high-throughput (HT) colorimetric screening
assay, and identify multiple lead compounds based on their
rates of POX inactivation. Finally, we evaluate the therapeutic
potential of lead compounds for POX decontamination on
porcine skin in vitro. In summary, we present a rational design
strategy that resulted in multiple a-nucleophile scaffolds that
display potent reactivity and practical utility as small molecule
OP scavengers.

Results and discussion

Design concept of a-nucleophile scaffolds

We designed thirty a-nucleophile compounds of two classes,
each containing two functionally orthogonal elements in their
structure (Table 1 and 2): (i) a reactive a-nucleophile core and
(ii) a covalently linked scaffold (R). The core is the reactive
element that engages in the nucleophilic displacement
reaction with the phosphoesters for hydrolysis. Of various
types of nucleophiles,?® 27 we selected two a-nucleophiles,
pyridinium aldoxime (PAM)® 25 27 and hydroxamic acid (HA),2®
28,29 35 the reactive cores of our compounds because of their
relatively strong reactivity due to the a-heteroatom adjacent
to the nucleophilic atom (Figure 2).26 This current library

This journal is © The Royal Society of Chemistry 20xx
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includes a few compounds, which were previously reported as
enzyme reactivators,® 3% 31 however, their potential as OP
inactivators remain unknown.

Our design efforts in the PAM core were made with a focus
on three subcores with differences in their orientation such
that their oxime acidity varies due to electronic effects (pK,: 2-
PAM < 4-PAM < 3-PAM). We also included a set of halogen
substituted 4-PAM compounds 8-12, each with an
electronegative Cl or F at the C-3 position. We hypothesized
that its high electronegativity in combination with its proximity
to the oxime moiety would be able to reduce the pK, of the
oxime. Thus, the pK, values calculated for these compounds
are lowered (7.9-8.0) by approximately 0.3—0.4 units
compared to that of the parent 4-PAM (pK, = 8.3) compound.

Rationale for hydrophilic scaffolds

Absorption of molecules across the skin layer is known to
occur primarily through passive diffusion across hydrophobic
cellular membranes.32 As an approach to prevent potential
percutaneous absorption associated with small sized or
lipophilic a-nucleophile molecules,® we conjugated each a-
nucleophile core to a scaffold residue (R) consisting of a spacer
terminated with a polar or charged handle such as a carboxylic
acid, alcohol or primary amine. As compared to the two core
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types, the structure and functionality of the scaffold domain
had more variations as shown in Tables 1 and 2 including in
the spacer length (one to three atoms) and composition
(carbon, nitrogen and/or oxygen). They were then additionally
substituted with a polar group for increased hydrophilicity,
such as with a hydroxyl group for the HA class compounds.
Spacer groups that were too lengthy, bulky or heavily
substituted were not considered because of their unfavourable
steric congestion to the reaction center.

Tables 1 and 2 provide summaries of the calculated
physicochemical properties of the core-scaffold conjugates.
First, each library molecule in the PAM class is larger than DAM
(M, = 101 g mol™) in size as suggested by their molecular mass
(M) and calculated molar refractivity (CMR). In addition, each
compound has a negative value of clogP (the partition
coefficient between water and 1-octanol®**) and has more than
five H-bond donors/acceptors, supportive of increased
hydrophilicity compared to DAM (clogP = 0.332; four H-bond
donors/acceptors).3? 33 Most compounds in the HA class also
show such improved properties that are considered to help
reduce the permeability of a molecule across the skin layer.33
Second, the core acidity for both classes as predicted by the

Table 1 Library of pyridinium aldoxime (PAM) scaffold compounds

2-PAM 3-PAM 4-PAM Non-pyridinium
I‘\ld X, .OH \(-\3 X, -OH. (—\4 X _OH (neu"al) pK,10.8
Z pKa7.75 Z PK,9.2 Nz PK,8.3 H°\©A\N/°H
13
Scaffold (R) Oxime Core HO,C S -OH
COM + XS OH m
2 - _ 4 ——— Orientation: HO
OH Handle—Spacer N(\;/>A 23, and 4-PAM
X
X=Cl,F
Structure b
Compound Number pKa (oxime) clogP® CMR®
Oxime Core (X) Scaffold (R)
Dekon 139 DAM - 9.32 0.332 (-0.114)® 2.717
2-PAM 2-PAM H5C- 7.75 -3.666 4.142
1 2-PAM HO,CCH,- 8.0 -6.783 4.795
2 3-PAM HO,CCH,- 9.2 -6.783 4.795
3 3-PAM HO,C(CH,),- 9.2 -6.287 5.259
4 3-PAM HO(CH,),- 9.2 -3.509 4.759
5 4-PAM HO,CCH,- 8.3 -6.783 4.795
6 4-PAM HO,C(CH,),- 8.3 -6.287 5.259
7 4-PAM HO(CH,),- 8.3 -3.509 4.759
8 4-PAM (3-Cl) HO,CCH,- 79 -6.721 5.286
9 4-PAM (3-Cl) HO,C(CH,),- 7.9 -6.226 5.75
10 4-PAM (3-Cl) HO(CH,),- 7.9 -3.447 5.251
11 4-PAM (3-F) HO,CCH,- 8.0 -7.041 4.810
12 4-PAM (3-F) HO,C(CH,),- 8.0 -6.546 5.274
13 Non-pyridinium HO- 10.8 1.830 4.107
14 Non-pyridinium HO,C- 10.6 -3.159 4.607

Abbreviations: pK, =

-log(K,). P = partition coefficient between water and 1-octanol; calculated clogP = log([oxime]i-octanol/[0XiMe]water). CMR = calculated molar

refractivity (m3 mol-1). Physicochemical parameters calculated by ChemDraw Software (Professional 16.0)? or Advanced Chemistry Development (ACD/Labs) Software

V11.02 (©1994-2017).b

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Library of hydroxamic acid (HA) scaffold compounds Library of pyridinium aldoxime (PAM) scaffold compounds

Hydroxamic acid (HA) Q N’gH
Scaffold (R) Core
NH, } — i pKa=93 Handle—Spacer—N
COH } — > Handle—Spacer— ~n-O\_/
oH N NH
[¢] OH
Monomeric HA Dimeric HA
Structure
ci::;iitd PK, (HA)™” clogP® CMR?
Scaffold (R)
15 HO,CCH,- 8.4 -1.524 (-0.811)* 2.315
16 HO,C(CH,),- 9.1 -1.562 (-0.711)* 2.779
17 HO,C(CH,)s- 9.3 -1.245 3.243
(-0.436)°
18 HO,CCH,;NHCH,- 6.8 -3.871 3.148
19 HO,CCH,N(CH;)CH,- 6.8 -3.115 3.611
20 HO,CCH,0CH,- 8.9 -1.562 2.932
21 HO,CCH,C(CH3),CH,- 9.3 -0.447 4.170
22 HOCH,- 9.5 -1.855 1.816
23 H,N(CH,),- 8.6 -1.909 2.495
24 HN(CH3)CH,- 10.1 -1.857 2.495
25 HO(CH,)s- 9.3 -1.701 2.743
26 H,NCH(CH,0H)- 9.0 -2.928 2.648
27 H,NCH(CH,CO,H)- 9.0 -3.542 3.516
28 Dimer HO,CCH,- 8.8 -3.580 5.560
29 Dimer HO(CH,),- 8.8 -2.12 5.525
30 Dimer HO,C(CH,),- 8.8 -4.305 6.024

For abbreviations, see Table 1. Physicochemical parameters calculated by ChemDraw Software (Professional 16.0)? or Advanced Chemistry Development (ACD/Labs)

Software V11.02 (©1994-2017)>

pK, value shows variations depending on the core type,
substitution group and scaffold moiety. In general, the PAM
core family of compounds have a lower range of pK,’s (7.9—
9.2) than the HA core family compounds (8.4-9.3). However,
most compounds in the library showed lower pK, values than
DAM (9.32) with the exception of only a few compounds in the
HA class.

Synthesis of a-nucleophile scaffolds

As methods for PAM compound synthesis, we used the
quaternary N-alkylation of pyridine aldoxime, the approach
well established for preparing enzyme reactivators.® 30 31
Compounds 1-7 in the PAM series were prepared by the N-
alkylation of pyridine-n-aldoxime (n = 2, 3, or 4) with a
requisite halogen (Br, I)-terminated alkane scaffold such as
iodoacetic acid, 2-bromoethanol and 3-bromopropionic acid as
detailed in the Supporting Information (SI). PAM compounds
8-12, each with a chlorine or fluorine substitution at the C-3
position, were prepared similarly except for the use of 3-chloro
or 3-fluoropyridine aldoxime. Two non-pyridinium oxime
compounds 13, 14, which show lower oxime acidity than the
PAM compounds, were prepared as controls from their
corresponding aldehydes by treatment with hydroxylamine.

4 | J. Name., 2018, 00, 1-12

The synthesis of scaffold compounds 15-30 in the HA class
was performed conveniently in a one-step process through the
hydroxyamidation reaction of an anhydride or ester molecule
with hydroxylamine in methanol (details in the Sl). Their
reactants were selected from cyclic anhydrides (e.g., glutaric,
succinic), a/B-amino acid esters (N-methyl glycine, B-alanine,
L-serine methyl ester) and linear monoesters terminated with
a carboxylic acid or hydroxyl group at the other end. Dimeric
scaffold compounds 28-30 were prepared by applying the
same method from the corresponding dimeric esters.

Each compound in both classes was fully characterized for
its identity and homogeneity (295%) using standard analytical
methods that included 'H and '3C NMR spectroscopy, mass
spectrometry, and ultra-performance liquid chromatography
(UPLC) as detailed in the SI. Compound stability was tested for
selected compounds in phosphate buffered saline (PBS) at pH
10.5, the condition that is used in the formulation of Dekon
139 in RSDL (Figure S2). UPLC analysis indicated no evidence of
compound degradation at pH 10.5 after incubation for at least
three days at ambient temperature.

Nucleophilic catalysis of POX hydrolysis

Figure 3 shows proposed mechanisms of OP inactivation
applied for POX with Dekon 139.% 25 26,35 The OP inactivation

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Kinetics and mechanism of paraoxon (POX) inactivation by Dekon 139. The rate is
determined by the nucleophilic attack at the first step (rate constant k;) which occurs
much more slowly than the subsequent hydrolysis of an oxime-POX adduct (k,)° and/or
the potential degradation via Beckmann fragmentation (k;').3

Diethyl phosphate

occurs in two steps: (i) a slower nucleophilic attack that results
in an OP-oxime (DAM) adduct; (ii) the faster degradation of the
adduct. Thus, the overall rate of OP inactivation shows
dependency on rate constant (kq) in the first step. Compared
to the first step that involves a single mechanism, the second
step could involve two mechanisms as shown in Figure 3
(lower). These include catalytic hydrolysis® or stoichiometric
degradation via Beckmann fragmentation,?* 3> each
contributing to a variable extent under certain reaction
conditions.

To verify the applicability of such mechanisms to the
current library compounds, we performed 'H NMR
experiments for two representative compounds, 7 and 17, by
reacting POX (2.5 mM) with either compound added at 8.0
mM in deuterated phosphate buffered saline (dPBS, pD 10.5).
Overlaid H NMR spectra showed the time-dependent
decrease of POX signals as reflected by the appearance and
increase of new peaks corresponding to 4-nitrophenol (4-NP)
and diethyl phosphate (Figure S3). No POX was detectable
after 24 h of inactivation by compounds 7 and 17, indicating
complete POX inactivation with half-life (t;/2) than Dekon 139,
which still had ~50% intact POX remaining after the same
period. As a control, POX alone (pH 10.5) remained fully stable
over 72 h.

The NMR spectral traces of these compounds show
evidence for catalytic POX hydrolysis because signals
corresponding to 7 or 17 remained largely unchanged in each
spectral set. Certain degradation products such as MeCN or O-
Ac DAM were not detectable that might result from a second-
order Beckmann fragmentation as suggested earlier for Dekon
13924 35 under non-aqueous conditions (path b; Figure 3). This
lack of spectral changes is supportive of a catalytic function for

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 '"H NMR spectral traces of the hydrolysis of malaoxon (2.5 mM) in a deuterated
phosphate buffered saline (dPBS, pD 10.5) alone, or catalysed by Dekon 139 (8.0 mM),
7 (8.0 mM), and 17 (8.0 mM), each in pD 10.5 at 23 °C after 2 h. The fraction (%) of
malaoxon hydrolysed was estimated by the integration of its signals for OMe groups.

compounds 7 and 17 in POX hydrolysis (path a) rather than
stoichiometric consumption (path b).

In addition to POX, we performed similar 'H NMR
experiments using two other OP surrogates, malaoxon and
omethoate, each having a P-S bond like VX. As shown in the
overlaid spectra (Figure 4, Figure S3E), compounds 7 and 17
showed evidence for their catalytic reactivity. For example,
malaoxon remained intact in PBS (pD 10.5) for 2 h (up to 24 h;
not shown). However, it was inactivated rapidly by 7 or 17,
each displaying t;; (calculated from decay curves) of 2.7 h and
0.6 h, respectively, which is comparable to or better than
Dekon 139 (2.9 h).

In summary, *H NMR experiments performed with three
OP surrogates (POX, malaoxon, and omethoate) provide new
evidence for the mechanism of OP inactivation by 7 and 17 as
nucleophilic catalysts. This result strongly supports their broad
reactivity for catalytic cleavage of both P-O and P-S bonds.

Reaction kinetics by colorimetric assay

Performing a colorimetric assay enables to measure the
kinetics of POX inactivation due to the release of 4-NP
(absorbance at 400 nm) upon its hydrolysis, as illustrated in
the UV-Vis spectral traces (Figure S4). It also has amenability
to a microplate reader, which offers high-throughput (HT)
capabilities for compound screening.? °

Following this HT method, we monitored POX hydrolysis at
37 °C by adding a fixed concentration of POX (30 uM) to a test
compound formulated at four different concentrations (0.5—
8.0 mM). The large molar excess of the test compound allows
the determination of the rate constant k; under pseudo first-
order conditions. Compound screening was performed at pH
7.4 and 10.5 in order to compare the reactivity of each test
compound in the neutral oxime or hydroxamic acid form
(295%, pH 7.4) or in the negatively charged oximate or

J. Name., 2018, 00, 1-12 | 5
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Fig. 5 (A—C) Kinetic traces of paraoxon (POX, 30 uM) hydrolysis catalysed by Dekon 139,
5 and 16 in PBS, pH 10.5 at 37 'C. (D, E) kopsq and POX half-life t; (= 10g(2)/kobsa) plotted
as a function of compound concentration. k; refers to a bimolecular rate constant
obtained from linear regression analysis. Data points are mean + standard deviation
(SD) (n23).

hydroxamate form (295%, pH 10.5) as predicted by the
Henderson-Hasselbalch equation.3®

Figure 5 shows reaction kinetics of POX hydrolysis
performed at pH 10.5 as illustrated with Dekon 139 and two
representative compounds, 5 and 16. Growth curves in Figure
5A-5C suggest 4-NP production as a function of time and
compound concentrations. Regression analysis of each curve
provided an observed rate constant kopsq (Min~t) as the slope of
absorbance (A) growth (AA/At) at each concentration, and
calculated the POX half-life (t;» = log(2)/kobsa). The plots of
kobsq and t1/; values presented in Figures 5D and 5E show that
Dekon 139 is less effective for POX inactivation than 5 and 16
given its lower kgpsq values and accordingly, longer half-life
values. As defined in Figure 3, a bimolecular rate constant k;
was obtained from kgpsg-concentration plots under pseudo-
first order conditions.® 25> Comparison of individual k; (M
min~1!) values indicates approximately 2-fold lower reactivity of
Dekon 139 (0.22) compared to 5 (0.45) and 16 (0.44) which
display almost equal reactivity.

In summary, the colorimetric assay illustrated with these
representative library compounds shows that the rate of POX
inactivation is dependent on both compound reactivity and
the test concentration of the compound, which is inversely
correlated with POX half-life. Each linear regression plot for a
test compound (Figure 5E) serves as an important tool for us
to predict an optimal scavenger concentration for faster POX
inactivation, such as 0.3 M to reach a target half-life of <10
min, as applied in the topical decontamination of POX as
described later.

Screening of library compounds

Under the same microplate condition, we performed screening
of all compounds 1-30 for their reactivity of POX hydrolysis.
The rate constants (kopsg, k1) summarized in Figure 6 show
significant variations dependent on a-nucleophile types and
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pH conditions. This primary screening led to the identification
of 14 lead compounds in both classes which include 2-8
(PAM), and 16, 17, 21, 23, 25, 29, 30 (HA). Each of these shows
reactivity (k1) ~2 to 4 times greater than Dekon 139 at pH 10.5.

Use of Cl or F-substituted 4-PAM resulted in reactivity not
as effective as would have been anticipated based upon their
lowered pK,. Except 8, these compounds 10-12 displayed
undesirable reaction properties such as non-catalytic
consumption and/or partial degradation even at pH 7.4 as
evident by 'H NMR and mass spectrometry analyses (not
shown). As controls, two non-pyridinium compounds, 13 and
14, showed either a non-detectable or a very low level of
reactivity, emphasizing the essential role played by the core.

The results also show pH-dependent variations in
reactivity.® ° At pH 10.5, POX hydrolysis was faster by up to an
order of magnitude as compared to at pH 7.4. This result
confirms our general postulation that the greater reactivity
relates to the oximate or hydroxamate anions, which are the
predominant species (>95%) at pH 10.5 (Figure 2), compared
to the neutral species which predominates at pH 7.4.

Structure-reactivity correlation

We observed certain structure-reactivity trends in the core
and scaffold domain. First, core type appears to account for
generic differences in reactivity observed between the two a-
nucleophile classes. At pH 7.4, rate constants are broadly
higher by PAM compounds (Figure 6B), which display lower
pK, values (pK, = 7.75-9.2; Table 1) and thus higher fractions
(Fr) of the oximate anion. Such core-dependent differences
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disappear at pH 10.5 in which each oxime or HA core is
deprotonatable predominantly to its anionic species
([Oximate/Hydroxamate]/[Oxime/HA] = elrH —pKal) 36

In the PAM class, the core orientation plays a fundamental
role in determining reactivity. Greater reactivity is with the
compounds 6—8 in the 4-PAM subclass than in the 3-PAM or 2-
PAM subclass. Our result is in line with an earlier report which
predicts higher Brgnsted-type nucleophilicity for 4-PAM
relative to 2-PAM.?7 In addition to this core nucleophilicity and
its associated acidity (pK,), we attribute such greater reactivity
to the lower steric congestion of the 4-PAM core in its
nucleophilic attack on the phosphoester center.

Lastly, the scaffold structure most frequently found in lead
compounds from the PAM class is composed of a two-carbon
spacer terminated with a hydroxyl or carboxylic acid group.
However, it appears to have less of an impact on reactivity
than the orientation of the PAM core. Similarly, good scaffolds
that were found in the HA class are composed of a two or
three-carbon spacer. In contrast, scaffolds which are based on
a single carbon spacer were less reactive than those with
longer carbon spacers such as 15 (1 CH,) compared to 16 (2
CH,) and 17 (3 CH,). It is also notable that scaffolds with a
single carbon spacer terminated with an amine or hydroxyl
group such as 18, 19, 22, and 27 were much less reactive than
those with longer carbon spacers, pointing to unfavourable
electronic and steric effects.

Role of physicochemical parameters

In our library design, we varied three physicochemical
properties for two independent purposes: i) core acidity (pK,)
as a primary determinant for enhancing OP reactivity; ii)
scaffold hydrophilicity and size, each as a physicochemical
modulator for addressing percutaneous penetration.3® We
determined the extent of the correlation of these properties
with reactivity as presented in Figure 7A, 7B (core acidity) and
Figure S5 (hydrophilicity, size).

First, higher core acidity led to greater reactivity for the
majority of compounds (upper left quadrant). The correlation
analysis of these plots suggests a positive (inverse) correlation
between core acidity (pK,) and reactivity despite relatively low
values for the coefficient (r). Thus, these analyses suggest the
significant role of core acidity in dictating reactivity. Second,
plotting of reactivity versus physicochemical modulators,
cLogP (a predictor for hydrophilicity) and CMR (size), showed a
weak but positive correlation (Figure S5). It suggests that the
optimization of physicochemical properties does not make a
negative impact on the reactivity of the library compounds.

pH Models of POX hydrolysis

As briefly discussed in the library screening above, the pH of
the reaction media plays a critical role in the rate of POX
hydrolysis because the fraction of reactive oximate or
hydroxamate species varies with pH. To quantitatively
formulate the pH dependence of the rate, we performed
reaction kinetics at variable pH conditions for Dekon 139 and
selected lead compounds in the PAM (1, 3-5, 7) and HA (15—
17, 23, 24) class, as presented in the plots of Figures 7C—7F and
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Fig. 7 Effect of pK, and pH on reactivity. (A, B) Plots of reactivity versus core acidity
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Figure S6. Each plot shows the rate of POX hydrolysis (ki) as a
function of medium pH (7.4-10.5) along with the predicted
fraction hydroxamate species present
(deprotonation fraction = elPH — pKal36) Fach plots also shows a
fitting curve (blue line) generated to model the reactivity-pH
relationship based on a linear combination of two parallel
catalytic pathways for POX hydrolysis—one through a neutral
species, and the other through an anionic species (Figure 3).
Each compound shows maximal reactivity at pH 10.5 as

of oximate or

anticipated by the greater fraction of oximate or hydroxamate
species (fraction = 0.95; red dotted line). The reactivity
decreases as the fraction of anionic species decreases at the
lower pH. These pH models also show that core pK, does not
solely account for the pH-dependent variation in reactivity
among lead compounds. This is evident by the two orientation
isomers 1 (Figure 7D) and 5 (Figure 7E) in the PAM class.
Despite having identical scaffolds, compound 1 (pK, = 8.0)
shows lower reactivity than 5 (pK, = 8.3) over the entire range
of pH conditions. Thus, these pH models provide evidence that
corroborates the effect of the oxime orientation or perhaps
steric congestion as discussed above. In summary, we built pH
models of POX hydrolysis for the lead compounds that
correlate compound
deprotonation.

reactivity with the fraction of core
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Temperature effect

In addition to compound screening at 37 °C, we evaluated
reaction kinetics at two lower temperatures, 2 °C and 17 °C, to
gain insights into the thermodynamics of POX hydrolysis.
Figure 8 summarizes the results acquired with the selected
compounds, showing that k; is temperature dependent at
both pH conditions. At pH 10.5, Dekon 139 showed an increase
in ky by a factor of 2.9 or 2.0 as the temperature was raised
from 2 °C to 17 °C or 17 °C to 37 °C, respectively. This
temperature effect occurred similarly across all of the tested
compounds.

Activation energy (E,) associated with POX hydrolysis was
calculated according to the Arrhenius equation, In(k;) = In(A) -
(Ea/R)(1/T) where A, R and T refers to a pre-exponential factor,
gas constant and absolute temperature (K), respectively. As
summarized in Figure 8C, E, values are positive, indicating
endothermic process of POX hydrolysis by PAM and HA
compounds. Their values are generally lower at pH 10.5 than
at pH 7.4. These differences are attributable to the higher
reactivity of the deprotonated core species.
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Skin decontamination of POX ex vivo

For validating the practical use of the a-nucleophile library
compounds, we selected four lead compounds, 7, 17, 23, and
30, based on their core class, scaffold diversity and reactivity
(Figure 6). We investigated their effectiveness in POX
decontamination in a skin model in a Franz cell (Figure 9). Use
of POX as an OP surrogate for skin penetration offers benefits
because of its similar lipophilicity (clogP = 1.98) close to
prominent OP molecules such as VX (clogP = 2.28). As
described in our previous report, a patch of porcine skin
(dehaired, thickness = 1.5 mm) was clamped between the
donor and receptor chambers (Figure S7).° The skin surface
was pre-exposed to POX (50 puM), and immediately after 2 min,
was treated for 2 h with Dekon 139 or each compound at 0.3
M, or with a vehicle control (PBS, pH 10.5).

The kinetics of POX hydrolysis in the donor chamber was
determined by UPLC analysis of the remaining POX in the
donor chamber over the treatment time (Figure 9A, 9B). As
anticipated, treatment with Dekon 139 and each test
compound showed a rapid decay curve for POX as compared
to the PBS treatment (pH 10.5) in which POX remained largely
stable. The effectiveness of the test compounds was evident
with POX half-life (t;;, = 12.7 min) values calculated from
individual decay curves: 7 (8.2 min); 17 (3.6 min); 23 (4.1 min);
30 (5.1 min). All of the compounds were more effective than
Dekon 139 (t;/; = 12.7 min) and the PBS vehicle control (720 +
311 min) (p < 0.05).

We quantified the fraction of POX that undergoes skin
penetration, and subsequently flows through to the receptor
chamber by LC MS/MS spectrometry (limit of quantitation or
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LOQ = 1 nM). Figure 9C shows that the skin treated with the
PBS vehicle contained the highest amount of POX (304 + 7 nM)
as compared to the skin treated with Dekon 139 (28.1 + 11.4
nM), 7 (<1.0 + 0.3 nM), 17 (<1.0 + 0.3 nM), 23 (7.7 + 0.8 nM) or
30 (<1.0 + 0.3 nM). The concentration of POX (nM) in the skin
extract was converted to the rate of skin penetration (= POX
(ng)/[skin weight (g) x h]) as a normalized unit indicative of
decontamination efficacy. As shown in Figure 9D, each lead
compound showed a decrease in the penetration rate larger
than Dekon 139 (4.9 + 1.6) or the PBS control (58.4 + 11.1; p
value < 0.05).

In the receptor chamber, the amount of POX detected was
much lower than that in the skin for each treatment. Such
preferred distribution in the skin could be attributable to the

high lipophilicity of POX.3* In summary, this result
demonstrates the improved efficacy of the four lead
compounds as compared to Dekon 139 in skin

decontamination of POX ex vivo.

Reactivation of POX-inhibited AChE

In the experimental designs above, we focused on screening
and identifying lead a-nucleophile scaffolds as potent OP
scavengers. These results provide clear evidence supportive of
their potent utility for topical OP decontamination. In addition
to this main objective, we were also interested in certain o-
nucleophiles for their inherent ability that pertains to the
reactivation of OP-inactivated AChE.

Of the two nucleophilic cores employed here, the PAM
core has the potential ability to reactivate OP-inhibited AChE
as well established with 2-PAM and obidoxime.37-3° Here, we
investigated whether hydrophilic PAM compounds retain such
activity using AChE (Electrophorus electricus; 0.1 U/mL) in PBS,
pH 8.0 at 23 °C according to Ellman’s method.*® 41 As shown in
Figure 10A, POX showed dose-dependent inhibition of AChE
activity with 1Cso of 50 nM (calculated) as reported in the
literature.*? 2-PAM and obidoxime were then tested for their
ability to reactivate AChE pre-inhibited by treatment with POX
(500 nM) for 60 min. As anticipated, they showed activity for
AChE reactivation in a dose-dependent manner to a maximal
level of 67% by 2-PAM (0.1 mM) and 70% by obidoxime (0.01
mM) (Figure 10B).

A dozen of library compounds were similarly tested in this
enzyme assay, and only three compounds 5-7, all in the 4-
PAM subclass, were found to show AChE reactivation activity
to a various degree (Figure 10B). Observation of their activity is
notable, as other PAM compounds including 3 in the 3-PAM
subclass and 29 and 30 in the HA class failed to show any
activity at the same dose range (not shown). Among the three
compounds, 7 was most active, and though less active than 2-
PAM or obidoxime, it continued to increase its reactivation
activity up to 37% at 1.0 mM. Like 2-PAM and obidoxime, 7
showed enzyme inhibition in a dose-dependent manner
(Figure 10C), which could be attributable to their intrinsic
ability to inhibit the enzyme via competitive occupation in the
catalytic pocket.*3 44 Differences in the reactivation activity
among the three 4-PAM compounds are attributable to the
structural difference in their scaffold. Conjugation with a
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neutral hydroxyl scaffold (7) is more effective for reactivation
activity than a negatively charged scaffold (6). In summary,
compounds in the 4-PAM subclass retain the ability to
reactivate AChE inhibited by POX. This activity may serve as an
additional benefit in their use for skin decontamination.
Having such activity is not necessary for OP decontamination,
but its determination would be valuable for expanding our
knowledge base in the design of enzyme reactivators, and
potentially as an early lead in the design of multifunctional
antidotes for treating OP exposure.*>

Conclusion

This study offers significant advances in the design of a-
nucleophile compounds as the chemical scavengers of OPs.
Despite its essential role in skin decontamination, Dekon 139
suffers from adverse systemic effects arising from the rapid
percutaneous absorption of its neutral form, DAM.2 In this
work, we investigated a core-scaffold binary approach in the
design of potent small molecule scavengers of OPs in which
the scaffold involves to improve a physicochemical property
while each linked a-nucleophile core directly engages in the
catalytic reaction. We prepared and tested 30 library
compounds, which show improvements in their molecular size,
hydrophilicity, and/or core acidity than DAM. We presented
NMR evidence supportive of their catalytic reactivity against
three OP surrogates (POX, malaoxon, omethoate), each having
a P-O or P-S bond. We identified 14 reactive compounds highly
effective for catalysing POX hydrolysis using a colorimetric
assay under variable pH and temperature conditions. Some of
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these further displayed greater efficacy for POX
decontamination in a skin model as compared to Dekon 139.

Oure results offer significant insights into the practice of
OP decontamination. Our pH models established with multiple
lead compounds suggest that compound formulation should
be performed at or above the pH that leads to the significant
fraction of core deprotonation (295%) for high reactivity.
Variable temperature models, which verified the endothermic
pathway associated with POX hydrolysis catalysed by o-
nucleophile compounds, provide solid evidence for applying
decontaminant solutions at temperatures as high as permitted
by the skin.

Finally, the chemical handle terminating each scaffold
allows further modifications of the lead compound into a
much larger construct through its covalent attachment to a
polymer molecule or nanoscale carrier. As reported in the
design of delivery systems for antidote drugs® 4648 and
bioscavengers,'” such oxime/HA-polymer conjugates can be
highly advantageous in topical applications as they provide an
excellent route to further reduce percutaneous permeation
and facilitate extended duration of action via polymer
pharmacokinetics.*® This aspect of nanoscale scavenger design
will constitute the subject of future studies.

Overall, we identified multiple lead compounds from the
current library of a-nucleophile scaffolds that offer substantial
benefits as OP scavengers based on their structure-reactivity
trends, their catalytic mechanism of OP inactivation, and their
potent efficacy demonstrated for POX decontamination in the
skin model. These results strongly support their development
potential as the topical decontaminant of OPs.

Experimental section

Synthesis of a-nucleophile scaffolds

Full details for compound synthesis and characterization (1—
30) are provided in SI with references cited therein. Copies of
spectral data are also provided for the selected compounds
including 'H NMR spectra, mass spectra and UPLC traces.

1H NMR spectroscopy

The NMR experiments for POX hydrolysis were performed at
room temperature (23 + 1 °C).% % 48 |n a typical experiment,
Dekon 139 or a test compound, each prepared at 8.0 mM in a
deuterated PBS buffer (pD 10.5), was mixed with POX at 2.5
mM. The kinetics was monitored under a standard acquisition
condition?® 47 by collecting spectra at variable time points as
specified in Fig. S3.

UV-Vis spectrometry

The kinetics of POX hydrolysis by UV—Vis spectrometry was
performed as reported earlier.® ° POX (30 uM) was added to a
test solution prepared at 4.0 mM in PBS, pH 10.5 at 37 °C. The
fraction of POX hydrolysed was determined by measuring an
increase in 4-NP absorbance at 400 nm (Figure S4).

Colorimetric screening of compound reactivity

10 | J. Name., 2018, 00, 1-12

As a primary method for compound screening of POX
hydrolysis, a colorimetry assay was performed in a plate
reader (Synergy™, BioTek). In a representative experiment,
Dekon 139 or a test compound formulated in PBS at either pH
10.5 or 7.4 was loaded in a 96-well microplate (180 pL; n = 3)
and serially diluted 2-fold using the same buffer to a range of
test concentrations (0.5-8.0 mM). A POX solution (20 pL, 0.30
mM) freshly prepared in the test PBS condition was then
added to each test well. Immediately after mixing, the
microplate was read in an absorbance mode (400 nm). After
this first read (A;- 1), the plate was incubated in a temperature-
controlled environment such as at 37 (+ 1) °C, and it was taken
out shortly for reading at variable time points (A;-,to A;-g) as
specified in Figure 5.

Rate constants of POX hydrolysis

Data analysis for determining rate constants was performed as
previously reported.® First, absorbance at a specific time point
(AA; =) was calculated by subtraction of the first read (A;-,, —
A:-1). Second, standard calibration curves of 4-NP absorbance
vs. concentration were acquired in the range of 0.1-100 uM in
PBS at two different pH conditions: A (400 nm) = slope x [4-
NP]; slope = 1.01 (+0.02) x 107 at pH 10.5, and 1.46 (+0.03) x
10 at pH 7.4. Each curve was used to calculate the
concentration of 4-NP produced ([4-NP]; - ,) and thus POX
remaining ([POX];-, = 3.0 x 10> M - [4-NP];. ). Rate constants
for POX hydrolysis were extracted according to a second-order
rate law under pseudo-first order conditions ([PAM/HA] >>
[POX]; Eq 1-Eq 4). The bimolecular rate constant k; was
determined as the slope of the linear plot of kgpsq versus
PAM/HA concentration (Eq 2). The values of the kinetic
parameters including kopsq and POX half-life (t1/;) are reported
as a mean (#SD) value obtained from at least three
independent measurements (n > 3).

Rate = -d[POX]/dt = k;[POX][PAM/HA] where k; << k; Eq1l
Rate = kopsq[POX] where k1[PAM/HA] = kqpsg Eq2
IN[POX]; = IN[POX]; = 0 — Kobsat Eq 3
t172=1n(2)/Kobsa Eq4

pH model of POX hydrolysis

The pH-rate (ki) curves were simulated under an assumption
that POX hydrolysis occurs via two parallel catalytic
pathways—one through a neutral species, and the other
through an anionic species (Figure 3). We applied the weighted
linear combination of the two pathways, each dependent on
the fraction (Fr) of either a neutral species (oxime/HA) or an
anionic species (oximate/hydroxamate) (Eq 5-Eq 7). The
fraction of core deprotonation for a test compound was
calculated according to its core pK,-pH approximation.3® A
curve fitting of k; versus pH was made through a linear
combination of two fractional rate constants using ki, oxime (=
k1, pt7.4) @and ki, oximate (= K1, pr 10.5) (EQ 7).
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Rate = rate (Oximate) + rate (Oxime) Eq5
Rate = —d[POX]/dt = k1 oximate[OXimate][POX] +
klloxime[OXime][POX] Eq 6
Rate = (kl,oximate-Froximate + kl,oxime-Froxime)[OXime +
Oximate]iotal[POX] where (Froximate + Froxime) = 1 Eq 7

Skin decontamination ex vivo

Porcine skin was used as the test membrane for POX
decontamination in a Franz cell device with a water jacket
controlled at 37 2C. The dehaired skin (1.5 mm thick; Stellen
Medical, LLC) was clamped between the donor and receptor
chambers. A solution of POX (0.4 mL, 50 uM) in PBS pH 10.5
containing 0.5% DMSO was added to the donor chamber. After
2 min exposure, a solution (0.4 mL) of Dekon 139 or a test
compound (7, 17, 23, 30), each formulated at 0.3 M in PBS pH
10.5, was added to the POX solution in the donor side. The PBS
pH 10.5 vehicle alone was also tested as a control. After the
decontaminant addition, analyte samples were taken from the
solution in the donor side at specific time points (t = 0, 6, 15,
30, 60, and 120 min) and from the receptor side at t = 120 min.
After 2 h of treatment, each skin sample was recovered,
thoroughly rinsed with PBS, and weighed. Skin was cut into
small pieces, and POX was extracted in 100% ethanol (1.0 mL)
on a shaker at room temperature overnight. Samples were
centrifuged at 2,000 rpm, and the supernatant was filtered
through a nylon cell strainer to obtain clarified extract.

Sample solutions from the donor side were analysed by
UPLC as detailed in the SI. The concentration of intact POX in
each sample was determined from the area under curve (AUC)
analysis of its peak relative to its calibration curve prepared
from a series of standards with known POX concentrations (50
uM-0.1 pM). The POX half-life was calculated from the
exponential decay of the AUC values over time.

Samples of skin extracts and the flow-through in the
receptor chamber were analysed by LCMS mass spectrometry
using an injection volume of 10 pL as described below. The
concentration of POX was determined from the AUC value of
the POX peak compared to its standard calibration curve. The
total amount of POX (ng) was calculated, and used to calculate
the rate of skin penetration (unit = POX ng/(skin tissue g x h))
measured in a skin sample (g) after 2 h exposure.

POX analysis by mass spectrometry

LCMS spectrometry spectrometry (Waters Acquity UPLC
system equipped with a Waters TQ detector mass
spectrometer) was employed for quantitative analysis of POX
from samples collected in the skin decontamination
experiment. The chromatographic system had an ODS column
(Acquity UPLC BEH C18 1.7 um; 2.1 x 100 mm, with an XBridge
C18 2.5 um guard column, Waters) at a column temperature of
40 °C with a flow rate of 0.45 mL/min. Column elution was
performed using a gradient mode with two mobile phases:
95% A (0-0.25 min), 95—-0% A (0.25-7.75 min), 0% A (7.75-8.5
min), 0-95% A (8.5-8.51 min) over a 10 min cycle. Mobile

This journal is © The Royal Society of Chemistry 20xx

Organic& Biomolecular Chemistry

phase A = 0.1% formic acid in 98:2 water:methanol; Mobile
phase B = 0.1% formic acid in methanol.

POX was detected using a method of multiple reaction
monitoring (MRM) parameters (positive ionization mode;
source temperature = 150 °C; desolvation temperature = 400
°C; cone voltage = 27 V; collision energy = 20 eV). POX was
identified as the species at t, = 6.0 min in the LC trace which
produced a parent mass (m/z) of 276.036. A calibration curve
for POX was generated in the range of 1.0 nM to 1000 nM:
AUC = slope x [POX] (slope = 1640.6, R? = 0.996).

Acetylcholine esterase (AChE) assay

The enzymatic assay used AChE from Electrophorous electricus
(Sigma-Aldrich) and thioacetylcholine as the substrate in PBS,
pH 8.0 at 23 °C.%0 50, 51 Reaction kinetics were measured
spectrophotometrically at 412 nm using a 96-well microplate
in a plate reader. For enzyme reactivation, AChE (0.1 U/mL)
was completely inhibited to 295% by pre-incubation with POX
(500 nM) for 60 min prior to treatment with 2-PAM or a test
compound over a range of test concentrations (1077—10-3 M).

The efficiency of enzyme reactivation is reported as %
activity as previously established:>?> AChE activity (%) = 100 x
[(koxime - kPOX-inactive)/(kactive - kPOX-inactive)] where each of the
terms refers to a first-order rate constant k (dA/dt; min-1)
determined from a fully active enzyme (kacive), the POX-
inactivated enzyme (kpox.inactive)) OF the POX-inactivated
enzyme after an oxime treatment (koxime). The activity of
enzyme inhibition by an oxime compound alone is reported as
% inhibition which was calculated as: Enzyme Inhibition (%) =
100 x (koxime/kactive)~

Hazardous Materials

Caution: The following chemicals are hazardous and should be
handled carefully: paraoxon-ethyl (POX), malaoxon, and
omethoate.!

Statistical analysis

Analysis of statistical significance was performed by one-way
ANOVA with GraphPad Prism 7 software. Differences with p
values of <0.05 are reported as statistically significant.

Supporting information

Details of materials and analytical methods not detailed above,
synthetic methods, copies of NMR and UV-Vis spectra,
supplementary figures and tables.
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