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netic analyses yields efficient CNS penetrating antidotes.
\_

(Bacl(ground: Contemporary oxime antidotes to organophosphate poisoning cannot penetrate CNS to reactivate inhibited

Results: Structural, in vitro optimization of ionizable hydroxyiminoacetamido amine acetylcholinesterase reactivators pro-
duced superior antidotal responses for VX-, sarin-, paraoxon-, and tabun-exposed mice.

Conclusion: Ionizable hydroxyiminoacetamido amines are promising centrally active acetylcholinesterase reactivators.
Significance: A mechanism-based iterative refinement of acetylcholinesterase reactivation kinetics coupled with pharmacoki-
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We present a systematic structural optimization of uncharged
but ionizable N-substituted 2-hydroxyiminoacetamido alkyl-
amine reactivators of phosphylated human acetylcholinesterase
(hAChE) intended to catalyze the hydrolysis of organophos-
phate (OP)-inhibited hAChE in the CNS. Starting with the ini-
tial lead oxime RS41A identified in our earlier study and extend-
ing to the azepine analog RS194B, reactivation rates for
OP-hAChE conjugates formed by sarin, cyclosarin, VX, para-
oxon, and tabun are enhanced severalfold in vitro. To analyze
the mechanism of intrinsic reactivation of the OP-AChE conju-
gate and penetration of the blood-brain barrier, the pH depen-
dence of the oxime and amine ionizing groups of the compounds
and their nucleophilic potential were examined by UV-visible
spectroscopy, "H NMR, and oximolysis rates for acetylthiocho-
line and phosphoester hydrolysis. Oximolysis rates were com-
pared in solution and on AChE conjugates and analyzed in terms
of the ionization states for reactivation of the OP-conjugated
AChE. In addition, toxicity and pharmacokinetic studies in mice
show significantly improved CNS penetration and retention for
RS194B when compared with RS41A. The enhanced intrinsic
reactivity against the OP-AChE target combined with favor-
able pharmacokinetic properties resulted in great improve-
ment of antidotal properties of RS194B compared with
RS41A and the standard peripherally active oxime, 2-pyri-
dinealdoxime methiodide. Improvement was particularly
noticeable when pretreatment of mice with RS194B before
OP exposure was combined with RS194B reactivation ther-
apy after the OP insult.
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A recent spur of interest in centrally acting reactivators of
organophosphate (OP)? inhibited acetylcholinesterase (AChE)
(1-6) reflects a compelling need for antidotal therapy capable
of efficient reinstatement of CNS AChE activity in OP-intoxi-
cated individuals. Exposure to uncharged, lipophilic OPs from
both pesticide and nerve agents leads to inhibition of peripheral
and CNS AChE within minutes of exposure due to rapid OP
diffusion through biological membranes of exposed individuals
(7). However, attention has been accorded primarily to the
development of largely cationic reactivator antidotes in line
with recognition that quaternary ammonium ligands have a
clear preference for association with predominantly aromatic
active center gorge of AChE (8-14). When administered in
vivo, quaternary oxime reactivators largely remain in blood and
peripheral tissue incapable of crossing the blood-brain barrier
and reactivating OP-inhibited brain AChE (15). An ideal cen-
trally acting reactivator should thus combine the properties of
efficient reactivation and blood brain barrier penetration. Our
initial approach was to develop a library of uncharged oxime
reactivators amenable to protonation (1) and identify a lead
structure. A reactivator, RS41A (Table 1), comparable in its in
vitro reactivating potency to standard pyridinium oxime reac-
tivator 2PAM, was selected from a large synthetic library.

In this study we describe systematic variations of RS41A
structure and a detailed evaluation of associated reactivating
properties leading to several enhanced reactivators culminating
in the severalfold improved azepine analog RS194B. By virtue of
enhanced association with OP-hAChE conjugates, RS194B
showed substantially improved in vitro reactivation kinetics
compared with the initial lead RS41A. Moreover, the low tox-

3 The abbreviations used are: OP, organophosphate; AChE, acetylcholin-
esterase; hAChE, human AChE; ATCh, acetylthiocholine; 2PAM, 2-pyri-
dinealdoxime methiodide; MINA, monoisonitrosoacetone; DAM, 2,3-
butanedione monoxime; Pl, protective index; Flu-MP, fluorescent
methylphosphonates; i.m., intramuscular; VX, O-ethyl S-[2-(diisopropyl-
amino)ethyl] methylphosphonothioate.
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icity of RS194B in the mouse animal model in combination with
its enhanced intrinsic reactivity results in substantial improve-
ment of its therapeutic properties compared with RS41A and
the standard oxime, 2PAM. The improvement was particularly
noticeable when pretreatment of mice with RS194B before OP
exposure was combined with RS194B reactivation therapy after
the OP insult. We describe here the mechanistic basis for this
enhancement in terms of the intrinsic reaction constants and
pharmacokinetic profiles.

MATERIALS AND METHODS

Enzyme—Highly purified monomeric hAChE was prepared
as described earlier (1, 16).

Organophosphates—Low toxicity, nonvolatile fluorescent
methylphosphonates (Flu-MPs) (17) were used in in vitro
experiments as analogues of nerve agents sarin, cyclosarin, and
VX. The Flu-MPs differ from actual nerve agent OPs only by the
structure of their respective leaving groups. Inhibition of
hAChE by Flu-MPs results in OP-hAChE covalent conjugates
identical to the ones formed upon inhibition with the corre-
sponding volatile OPs. Paraoxon was purchased from Sigma.
Nerve agent OPs tabun, VX, sarin, and soman used in iz vivo
experiments were purchased from NC Laboratory (Spiez,
Switzerland).

Oximes—2-Pyridinealdoxime methiodide (2PAM), mono-
isonitrosoacetone (MINA), and 2,3-butanedione monoxime
(DAM) were purchased from Sigma.

Preparation of Novel Oximes—N-Substituted 2-hydroxy-
iminoacetamides RS194B, RS194C, RS69N, RS218A, RS69L,
and RS191E were prepared from ethyl glyoxylate () in two
steps (Scheme 1). Condensation with hydroxylamine provided
ethyl glyoxylate oxime (2) followed by subsequent amidation
with the corresponding primary amine.

In Vitro Oxime Reactivation Assays—hAChE activities were
measured using a spectrophotometric assay (18) at 25 °C in
0.1 M sodium phosphate buffer, pH 7.4, containing 0.01% BSA
and 1.0 mm substrate acetylthiocholine (ATCh). OP-hAChE
conjugates were prepared, and oxime reactivation was per-
formed (at 37 °C in 0.1 M sodium phosphate buffer, pH 7.4,
containing 0.01% BSA) as described earlier (1, 16). The first
order reactivation rate constant (k) for each oxime + OP
conjugate combination was calculated by nonlinear regression
(19). The dependence of reactivation rates on oxime concentra-
tions and determination of maximal reactivation rate constant
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k5, Michaelis-Menten type constant K, and the overall second
order reactivation rate constant k, were conducted as previ-
ously described (19). The pH dependence of oxime reactivation
of AChE was performed in 0.1 M phosphate buffers pH 6.4, 7.4,
or 8.4 containing 0.01% BSA.

Oxime pK, Determinations—Protonation of ionizable
groups in oximes was monitored either using UV-visible spec-
trophotometry or by NMR spectrometry. A series of 20 mm
phosphate-pyrophosphate buffers pH 5.0, 6.0, 7.0, 8.0, 8.5, 9.0,
9.5, 10, 10.5, and 11 (containing 0.1 M NaCl) were prepared in
either H,O or D,0O. For D,O buffers, pD values were deter-
mined by correcting the pH reading by +0.4 pH units (cf. Ref.
20). UV spectra of oximes between 220- and 320-nm wave-
lengths were recorded on Cary 1E (Varian) UV-visible spectro-
photometer at the above pH values, and absorbance at 270 nm
(A5-0 nm) Was plotted as a function of pH yielding pK, values by
nonlinear regression of Equation 1.

A270 nm — ArZT}iz)xnm/(1 + [H+:I/Ka) (EQ- D)
'"H NMR spectra recorded on Bruker DRX-500 (Bruker, USA)
spectrometer in 20 mm phosphate-pyrophosphate D,O buffers
pH 5.0, 6.0,7.0, 8.0, 8.5,9.0, 9.5, and 10 (containing 0.1 M NaCl)
were overlaid and aligned using benzene as an external
standard placed in a separate capillary tube within the NMR
sample probe. Two-dimensional *H,"H double-quantum fil-
tered COSY spectra were recorded on a Bruker DRX-600
spectrometer.

Computational Molecular Modeling—Interactions of oximes
RS41A and RS194B within the active center gorge of VX-inhib-
ited hAChE were studied for the reversible complex and for the
trigonal bipyramidal intermediate for the reactivation step
using a simulated annealing molecular dynamics approach (21).
Covalent conjugates of hAChE ethylmethylphosphonylated at
the active Ser-203 were generated by pasting ethylmethylphos-
phonylated Ser-203 of mouse AChE structure (PDB 2JGH) into
the native WT hAChE structure (PDB 3LII) and subsequent
semiempirical quantum mechanical adjustment of partial
charges by InsightII suite (Accelrys, San Diego, CA). All water
molecules were removed from the PDB structures, and a dielec-
tric constant of four was used in calculation to mimic the inte-
rior of the hAChE active center gorge. In calculations for for-
mation of the reversible complex, distances between oximate
oxygen and the P atom of the VX conjugate were flexibly con-
strained to a distance between 0 and 3.00 A. In trigonal bipyra-
midal intermediate calculations, the oximate oxygen was cova-
lently linked to the P atom rehybridized to pentacoordinate
geometry (21). Ten calculations were made for each oxime at
both the reversible complex and trigonal bipyramidal interme-
diate steps allowing the oxime molecule and hAChE residues
72, 124, 286, 297, 341, and VX-conjugated Ser-203 to rotate
freely, whereas all other enzyme side chains were fixed.

Acute Oxime Toxicity and Oxime Treatment of OP-exposed
Mice—Male CD-1 mice (25-30 g body weight) were purchased
from Rudjer Boskovi¢ Institute, Zagreb, Croatia. Mice were fed
on a standard diet, had free access to water, and were kept in
Macrolone cages at 21 °C, exchanging light and dark cycles
every 12 h. For the experimental sequence, mice were divided
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into groups of four. The mice were treated in accord with the
approval of the Ethical Committee of the Institute for Medical
Research and Occupational Health in Zagreb, Croatia.

Acute intramuscular (i.m.) toxicity (LD;,) was based upon
24-h mortality rates calculated according to Thompson (22)
and Weil (23). Each LD,, was evaluated from the results
obtained with four to six doses of a given oxime (dissolved in
water plus a minute amount of HCI to form the corresponding
hydrochloride salt).

Antidotal activity against OP poisoning was tested by giving
male CD-1 mice the studied oximes i.m. (at the specified dose)
together with atropine sulfate (10 mg/kg) 1 min after subcuta-
neous OP administration (24, 25). Stock solutions of nerve
agents were prepared in isopropyl alcohol or in propylene gly-
col. Further dilutions were made in saline immediately before
use. Alternatively, mice were pretreated i.m. with oximes (at
specified dose but without atropine) 5 or 15 min before subcu-
taneous OP administration. The combination of pretreatment
and antidotal therapy was performed by i.m. pretreatment with
oxime 15 min before subcutaneous OP administration followed
by i.m. administration of oxime (dissolved in 5 mg/ml atropine
sulfate) 1 min after the OP exposure.

The antidotal efficacy of oximes was expressed as protective
index (PI) with 95% confidence limits and the maximal dose of
OP. The PI was the ratio of LD, between OP with antidote and
OP given alone. The maximal dose of organophosphate was the
highest multiple of the OP LD, which was fully counteracted
by the oximes.

Oxime Pharmacokinetics in Mice—Female CD-1 mice 4—8
weeks old (22-34 g of body weight) were purchased from Har-
lan (Livermore, CA). Mice were fed Purina Certified Rodent
Chow #5002. Food and purified water were provided ad libi-
tum. Mice were kept in hanging polycarbonate cages at
21-23 °C, exchanging light and dark cycles every 12 h. General
procedures for animal care and housing were in accordance
with the National Research Council Guide for the Care and Use
of Laboratory Animals (1996) and the Animal Welfare Stan-
dards incorporated in 9 CFR Part 3, 1991.

For experiments mice were divided into groups of three. In
the pharmacokinetic studies, 80 mg/kg RS194B or 30 mg/kg
RS41A oxime was administered i.m. as a single dose in the
absence of OP. Three animals were injected for every time point
analyzed. Brain and plasma were collected at each time point.
Blood (~300 ul) was collected from the retro-orbital sinus of
mice under isoflurane anesthesia into tubes containing EDTA,
processed to plasma within 30 min of collection, and then
stored frozen at =—80 °C (* 10 °C).

Brains were collected and analyzed individually at each time
point. Brain weight was documented for each animal before
storage on dry ice. Brains were stored at =—80 °C (= 10 °C)
until analysis. Concentration of the oxime in body compart-
ments was determined by LC-MS using multiple reaction mon-
itoring electrospray ionization detection in positive ion mode.

RESULTS

Systematic Variations of RS41A Structure—Our recent char-
acterization (1) of a library of 135 uncharged, structurally
diverse oximes revealed hydroxyimino acetamido amines as
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efficient reactivators of OP-hAChE conjugates. In particular,
the selected lead structure RS41A appeared similar in reactiva-
tion potency to the standard reference oxime 2PAM. With the
aim of better understanding structure/activity relationships of
the hydroxyimino acetamido alkylamine reactivators and spe-
cifically improving RS41A reactivation properties, we synthe-
sized new reactivators by systematically modifying structure
(Table 1). In analyzing the alkylamine substituent attached to
the 2-hydroxyimino acetamide, we distinguished two elements:
the heterocycle “handle” and an intervening methylene
“linker.” Starting with the 2-hydroxyimino acetamido amine
RS157A (no linker), ethyl, n-propyl, and n-butyl linkers were
introduced along with primary amine, dimethylamine, pyrroli-
dine, piperidine, azepane, azocane, and bridged, polycyclic han-
dles. Small amine and dimethylamine handles did not prove
helpful, resulting in largely inactive reactivators (the last four
compounds in Table 1) irrespective of the associated linker
length. Both ethyl and propyl linkers proved effective. Of four
pairs of compounds containing an identical handle, the ethyl
linker proved more efficient in two pairs (RS194B versus
RS194C and RS41A versus RS69L) and the propyl linker in the
other two pairs (RS251B versus RS251A and RS191E versus
RS69N). Overall, the most effective reactivators were RS194B
and RS191E where RS41A structure was extended either
through linker or handle size, but combining both longer linker
and larger handle (as in compound RS194C) was not produc-
tive. The further increase in handle size to either an eight-mem-
bered azocane ring (RS251A and RS251B), bridged azepane
(RS218A), or seven membered rings (RS2—57B) or by making it
bicyclic yielded a respectable but not superior reactivator.
Analysis of molecular volumes and solvent-accessible surface
areas for the N substituents (Table 1) suggests that the most
efficient reactivators fall in the group of those having volume/
surface area ratio between 0.87 and 0.92, suggesting that for this
series of relatively similar compounds, a more spheroid rather
than planar shape appears more productive. Intrinsic reactivi-
ties of all 16 compounds from Table 1 reflected in their mea-
sured rates of ATCh oximolysis as well as the calculated per-
cents of respective oximate anions were similar, emphasizing
the importance of the shape and charge distribution for the
productive interaction with OP-AChE conjugates leading to
recovery of enzyme activity.

Reactivation Kinetics of Selected Oximes in Vitro—To distin-
guish whether molecular recognition or intrinsic chemical
reactivity of RS41A was dominant in influencing overall reacti-
vation potency, we analyzed reactivation kinetics of seven lead-
ing congeners of RS41A and three reference oximes, 2PAM,
MINA, and DAM, and determined their individual reactivation
constants k, and K, (Table 2; Fig. 1). In the analysis we assume
that K, mainly reflects initial reversible interaction of oxime
reactivator with an OP-hAChE conjugate, whereas k, reflects
the interaction of the reactivating oxime or oximate nucleo-
phile with the phosphate moiety of the OP-conjugated hAChE
in leading to the trigonal bipyramidal intermediate for reacti-
vation. A pairwise comparison of six reactivators containing the
identical handle and different methylene linkers reveals that
trigonal bipyramidal intermediate for the oximate reaction pre-
fers a shorter linker, whereas the initial reversible binding
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Structures and initial screen of relative rate constants (k) for OP-hAChE reactivation of selected uncharged reactivators (0.67 mm) in compar-

ison to cationic pyridinium aldoxime 2PAM

Nonenzymic oximolysis rates of ATCh (1 mm) by 1.0 mM oximes and calculated percentages of oximate anion and neutral species at pH 7.4 are also given as well as volume
and surface area of R in the general oxime formula HO=NCHC(O)NH-R. Experiments were performed in duplicate at 37 °C in 0.10 M phosphate buffer, pH 7.4.

kops (relative to 2PAM)*

) 0,
Oximolysis & 2 R R

Oxime Oxime structure (dA/min) Oximate Neutral Volume Area
3 2
Ave POX Sarin CS VX ©ipH.7:4 @ pH 74 (A% (A%
RS2-31B ¢ p 1.1 0.24 0.85 2.4 0.95 0.099 0.25 4.4 299 324
HON H N
RS189A HH”IC%D 1.4 0.11 1.0 2.6 1.7 0.124 0.21 26 156 180
o
RS2-57B "‘Jgrv\ﬂq 0.16 0.084 0.11 0.19 0.26 0.181 0.23 0.17 161 173
RS218A " on“ 0.91 0.23 1.1 1.5 0.80 0.128 0.35 1.0 196 199
RS251B HO)NI\‘(N\/\/O 0.82 0.34 1.0 1.2 0.74 0.074 0.13 0.31 173 188
RS251A )Hrn\/\o 0.55 0.11 0.69 0.83 0.56 0.108 0.26 2.2 156 170
NOH O
RS194C H)K”/H\/\/N 0.58 0.37 0.88 0.39 0.68 0.120 0.30 0.49 157 174
HOC:\I H
RS194B H)H(NWNQ 2:5 0.53 3.1 3.6 2.7 0.128 0.25 3.5 139 156
(o]
HON O
RSI91E HJL(NWN 2.0 0.39 1.6 3.5 2.9 0.126 0.30 1.4 140 161
[¢]
RS69N HJ\H\/\O 0.53 0.200 0.400 0.500 1.0 0.135 0.22 9.5 123 143
RS69L H)H(“\/\/'Q 0.55 0.16 0.80 0.24 1.0 0.119 0.30 1.0 124 148
RS41A H)S(“\/\NQ 0.88 0.10 1.0 1.3 1.1 0.109 0.20 7.0 107 130
HON
RS41B H n\/\N\/ 0.26 0.073 0.21 0.20 0.56 0.127 0.21 7.0 83 107
o
RS160C H)H(”\/\/““z 0.091 0.052 0.030 0.18 0.10 0.117 0.27 0.43 69 94
NOH
RS157B H)H(N\/\NHZ 0.010 0.010 0.010 0.010 0.010 0.078 0.41 1.7 52 76
HOI\? H
RS157A H)H‘/N\NHZ 0.010 0.010 0.010 0.010 0.010 0.128 0.5 99.5 19 37

[o]

* The approximate k., values determined for 0.67 mm 2PAM were: 0.087 min ™~ (for paraxon (POX)), 0.16 min ™~ (for sarin), 0.025 min ™! (for cyclosarin (CS)), 0.15 min~

1

(for VX). The experimental uncertainty of individual constant determination in the screen was about 50%.

within the gorge appears frequently better for the propyl deriv-
atives. Indeed, k, constants for the pairs RS194B versus RS194C,
RS69N versus RS191E, and RS41A versus RS69L were fre-
quently larger in respective ethyl derivatives, whereas K, con-
stants appeared smaller in respective propyl derivatives, indi-
cating stronger initial reversible interaction between an oxime
and OP-hAChE. On the other hand, increases in the handle size
from pyrrolidine to piperidine and azepane rings resulted pri-
marily in smaller K, values, whereas k, constants remained
largely unchanged. One could thus conclude that enhancement
of reactivation rates observed for RS194B versus initial lead
RS41A results primarily from improved molecular recognition
while preserving ability to form productive trigonal bipyrami-
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dal intermediate adducts. In further increasing size of handle
from azepane to substituted tropane (RS194B to RS218A), a
similar trend of lowering K, can be observed for paraoxon and
sarin conjugates. However, due to simultaneous loss of reaction
efficiency (reflected in reduced k, constants), the overall reac-
tivation efficiency of RS218A was not greater than that of
RS194B. Hence, RS194B oxime, an azepane analog of the initial
lead RS41A, appears as a severalfold better reactivator and sig-
nificantly superior to the reference a-ketoximes, DAM and
MINA, primarily due to enhanced molecular recognition of
OP-hAChE conjugates.

pK, Determinations for Lead Oximes—The initial lead
RS41A and the best uncharged reactivator RS194B include at
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TABLE 2

Kinetic constants for reactivation of paraoxon-, sarin-, cyclosarin-, VX- and tabun-hAChE conjugates by principal uncharged lead oxime RS194B
initial lead RS41A, several oximes leading from RS41A to RS194B, and reference oximes 2PAM, MINA, and DAM

Maximal reactivation rate constant (k,, min~"), apparent dissociation constant of [oxime - OP-hAChE conjugate] reversible complex (K, mm), and overall second order

ox?

reactivation rate constant (k, M~ ' min~") were determined from reactivation curves as presented in Fig. 2. All constants were determined from triplicate experiments. S.E.

of determined kinetic constants were typically less than 30% that of the mean.

Paraoxon Sarin Cyclosarin VX Tabun
Oxime  Oxime structure
kZ Kox kr kZ Kox kr kZ Knx kr kZ Kox kr kZ Knx kr
(o]
RS194B HHL(H\AN 038 74 51 2.5 1.9 1300 | 0.88 39 230 3.1 2.1 16000 [0.0018 1.8 1.0
50
NOH,, Q
RS194C H/U\WN\/\/N 0.11 2.9 38 1.5 1.1 1400 | 0.90 4.3 210 1.9 2.4 790 n.d. n.d. n.d.
o]
RS69N HOMN—/_NO >0.7 >50 13 2.2 2.2 1000 1.4 9.4 150 2.7 3.0 900 n.d. n.d. n.d.
H o]
NOH |,
N
RS218A HJ&I \/\N7'D< 0.16 22 73 0.84 0.83 1000 | 0.53 54 98 1.3 2.2 590 n.d. n.d. n.d.
HON
RS69L . Ne~"~] 0.08 3.0 27 1.8 1.9 950 1.1 10 110 34 7.9 430 n.d. n.d. n.d.
NOH
RS41A N\/\NQ 0.15 43 35 3.7 11 340 1.9 21 90 3.1 4.6 670 (0.00082 3.6 0.22
(o]
NOH
RS191E HHH\/\/O 0.048 2.0 24 1.3 2.2 590 0.72 4.4 160 1.4 5.8 240 n.d. n.d. n.d.
[¢]
HON O\
RS186B H ~ 0.31 9.1 39 0.84 7.8 110 0.72 15 48 0.36 2.7 130 n.d. n.d. n.d.
o)
HON CHs
MINA >0.20 >20 8.4 1.6 14 120 1.2 16 75 >0.7 >6.0 110 - - 0.039
H o]
HON CH,
DAM H 0.027 46 0.58 | 0.13 88 1.5 | >0.30 >100 2.5 020 >100 1.7 - - 0.0038
HaC o]
2PAM Z:/Nil 0.27 1.8 150 1.1 0.34 3200 | 0.73 6.6 110 0.65 0.25 2600 |[0.0058 1.5 3.8

least two groups ionizable in the physiologically relevant pH
range, affecting their reactivation potencies. Deprotonation of
the oxime group is assumed to be essential for the oxime
nucleophilic reactivity, whereas protonation of the handle ring
nitrogen (azepane or pyrrolidine) should improve molecular
recognition of a largely aromatic and partly anionic active cen-
ter gorge of OP-hAChE adducts. Our goal was, therefore, to
determine pK, values of both ionizable groups for both RS41A
and RS194B oximes. Initially UV-visible spectroscopy was used
to record change in UV spectra of both oximes in the pH range
1-13 (Fig. 2). The increase in absorbance of both compounds at
270 nm results from deprotonation of the oxime hydroxyl, en-
abling us to determine a common pK, value of 8.8 for both
compounds (Fig. 2; Table 3).

Ionization states of the lead reactivator RS194B and the ref-
erence oxime 2PAM were studied in more detail using "H NMR
spectrometry in D,O medium (supplemental Figs. S1 and S2
and Fig. 3). We focused on position and appearance of three
peaks in the RS194B spectrum (supplemental Fig. S1), the
amido H peak present at ~7.65 ppm at pH 7.0, and two triplets
coming from protons surrounding the azepane nitrogen and
appearing at ~3.37 ppm and ~3.73 ppm at pH 7.0. Peak assign-
ments were confirmed using the double-quantum filtered

11802 JOURNAL OF BIOLOGICAL CHEMISTRY

COSY spectra (supplemental Fig. 1B). Due to dissociation of the
proton or deuteron, all three peaks shift to higher field at higher
pH. The singlet at ~7.65 ppm shifts slightly to ~7.59 ppm at pH
10 (Fig. 3A). The triplet at ~3.38 ppm shifts slightly to ~3.28
ppm at pH 10 and becomes a complex multiplet (Fig. 3B),
whereas the triplet at 3.73 ppm shifts to 3.68 ppm (Fig. 3C).
Plotting the change of chemical shift in D,O as a function of pH
yields three pK, values: 9.1 (equivalent to 9.1- 0.5 = 8.6 in H,O
(27)) for loss of the imino hydrogen and pK,, values 9.3 (8.8 in
H,0) and 9.2 (8.7 in H,O) for the azepane and pyrrolidine pro-
tons on the nitrogens (Fig. 3, D, E, and F; Table 3). Both ioniz-
able groups should be largely protonated at the physiological
pH of 7.4, thus rendering a cation dominant over the neutral,
zwitterion, and anionic species.

In the '"H NMR spectrum of 2PAM in D, O, both the aldo-
xime CH peak and peaks of all aromatic protons shift simulta-
neously as a function of pH (supplemental Fig. S2). As expected,
only the N-methyl peak at 2.8 ppm did not shift (data not
shown). This indicates that the ionization state of the oxime
group affects delocalization of aromatic system of 2PAM. This
may influence the m-orbital interactions between the pyridin-
ium ring and aromatic residues in the AChE gorge and conse-
quently binding orientation of the reactivator. Analysis of pH-
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FIGURE 1. Concentration dependence of oxime reactivation of sarin (A)-, VX (B)-, cyclosarin (C)-, paraoxon (D)-, and tabun (E)-inhibited (conjugated)
hAChE. Dependence for the lead oxime RS194B (black circle) and the initial lead RS41A (open circle) compared with reference uncharged (DAM (gray diamond)
and MINA (gray square)) and cationic (2PAM (gray square) oximes (measured at 37 °C in 0.10 m phosphate buffer pH 7.4).

induced shifts of both the amido H peak (8.70 ppm at pH 7.0;
supplemental Fig. S2C) and the doublet of aromatic proton at
position 6 (8.75 ppm at pH 7.0; supplemental Fig. S2D) reveal a
D,O pK, value of 8.6 (8.1 in H,O) for the oxime group ioniza-
tion (supplemental Fig. S2, E and F; Table 3).

pH Dependence of Oxime Nucleophilicity—The rates of
oxime-induced hydrolysis (oximolysis) of ATCh and Flu-MP
analog of VX measured spectrophotometrically and spectro-
fluorometrically were considered to be a measure of nucleo-
philic reactivity of an oxime. The pH dependence of ATCh
oximolysis by RS41A, RS194B, and 2PAM revealed respective
pK, values of 9.0, 9.0, and 8.0 (supplemental Fig. S3) and pK|,
values of 8.9, 8.7, and 8.1 for VX Flu-MP oximolysis (supple-
mental Fig. S4), consistent with UV and '"H NMR-based pK,,
determinations (Table 3). As expected, maximal oxime nucleo-
philicity was higher in oximates with higher pK, values. How-
ever, at pH 7.4, the oxime-oximate pK,, comes into play where
2-PAM would have a greater nucleophilic capacity because of
the greater fraction of oximate species.

PH Dependence of Reactivation Kinetics for Lead Oximes—
Reactivation of VX-hAChE conjugate by RS41A and RS194B
oximes as well as by RS186B and 2PAM measured in 0.1 M
phosphate buffers at pH 6.4, 7.4, and 8.4 reveals no systematic
changes of the overall reaction rate (reflected in &, constant)
(Table 4), whereas the nucleophilic first order reactivation rate
constant k, did show a small increase with pH for all oximes.
Consistent with its lowest pK, value, the increase in k, was
largest for 2PAM. However, although molecular recognition of
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2PAM, reflected in K, constant, increased at lower pH, it did
not change appreciably for the other two oximes. Thus, the
protonated forms of both RS194B and RS41A oximes that dom-
inate in large ratios at pH 6.4 as well as pH 7.4 with amine pK,
values around 8.9 (Table 3) did not bind to VX-hAChE conju-
gate as well as cationic 2PAM. The presence of a zwitterionic
species at pH 8.4 (more than 50% of all forms for 2PAM and
less than 50% for RS oximes) did not improve binding of RS
oximes, whereas it slightly compromised binding of 2PAM
(Table 4; Fig. 4).

Acute Oxime Toxicity and Oxime Treatment of OP-exposed
Mice—The acute i.m. toxicity for mice of RS41A and in partic-
ular the lead reactivator RS194B was found to be relatively low
(Table 5). Both oximes were less toxic than standard reference
oxime 2PAM (LD;, = 106 mg/kg), whereas RS194B was simi-
larly toxic as HI-6 (LD, = 450 mg/kg) (data not shown), known
as the least toxic standard oxime antidote.

OP-exposed mice treated with 125 mg/kg RS194B (a dose
roughly equivalent to 25% of its LD.,) recovered significantly
better from OP exposure than mice treated with an equivalent
dose of RS41A and notably better than animals treated with
2PAM, with paraoxon-exposed mice being an exception (Table
5). Treatment of VX-exposed mice with lower RS194B doses
equivalent to 10% of its LD, (50 mg/kg) and 5% of its LD, (25
mg/kg) yielded significant animal protection comparable with
or better than 25% LD, dose treatment by 2PAM, emphasizing
the unique therapeutic efficacy of RS194B oxime (Table 6).
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FIGURE 2. pH dependence of UV spectra of 50 um RS41A and pH dependence of A, ., of 50 um (A) RS41A (B), and RS194B along with corresponding

pK, values calculated by nonlinear regression using Equation 1 (C).

TABLE 3

Summary of pK, values for lead oxime RS194B and other selected oximes determined by four different techniques from pH-dependent changes
in oxime UV spectra (cf. Fig. 2), oxime "H NMR spectra in D,O (cf. Fig. 3), oxime-induced ATCh oximolysis (cf. supplemental Fig. S3), and

oxime-induced VX Flu-MP oximolysis (cf. supplemental Fig. S4)

Constants were calculated by nonlinear regression using Equation 1. ND, not determined.

Oxime pK,
Oximolysis

Oxime UV spectra 'H NMR spectra” ATCh VX Flu-MP Average pK,*
RS194B 8.8 0.2 9.1 = 0.1 (-OH) 9.0+ 0.1 89*0.1 8.8 (-OH)

9.3 £ 0.1 (NH")? 8.8 (NH™)

9.2+ 0.1 (NH")*
RS41A 8.8+ 0.1 ND 9.0+ 0.1 8.7%0.1 8.8
RS186B 83%0.1 ND 85+ 0.1 ND 8.4
RS150D ND ND 10.1 £0.1 ND 10.1
RS174C ND ND 6.5+ 0.1 ND 6.5
MINA 83*0.1 ND 8.7+0.1 ND 8.5
2PAM ND 8.6 = 0.1 (-OH) 8.0*+0.1 81*02 8.1

“ pK, values determined in D,0O, as shown, are typically higher than those determined in H,O by ~0.5 (27) and were corrected before calculating the average pK,,.
? Based on pH induced shift of 3.37 ppm triplet in D,O (Figs. 3B and supplemental Fig. S1).
¢ Based on pH induced shift of 3.73 ppm triplet in D,O (Figs. 3C and supplemental Fig. S1).

Pretreatment of mice with RS194B either 5 or 15 min before
VX exposure provided notable protection effects only at the
highest oxime dose applied (Table 6). However, a combination
of 15-min oxime pretreatment and post-VX exposure therapy
with 125 mg/kg RS194B produced an exceptionally high pro-
tective index of 45 and ensured survival of all mice against VX
dose of 31.8 multiples of its LD, that equals 900 ug/kg of VX.
Combining pretreatment with therapy enhanced RS194B pro-

11804 JOURNAL OF BIOLOGICAL CHEMISTRY

tective indices, albeit to a smaller extent, also for paraoxon,
soman, and tabun (Table 6).

RS41A and RS194B Pharmacokinetics in Mice—Upon i.m.
administration of a single dose of 80 mg/kg RS194B or 30 mg/kg
RS41A, maximal concentrations determined in plasma were 10
and 27 pg/ml, respectively (equivalent to 54 and 125 um)
observed at the initial collection time point (Fig. 5; supplemen-
tal Table S1). The time needed for maximal plasma concentra-
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FIGURE 3. pH dependence of "H NMR spectra of 2.0 mm RS194B in D,0 buffers (4, B, and C) along with corresponding pK, values calculated from the
observed pH-induced difference in chemical shifts (D, E, and F) by nonlinear regression using Equation 1. NMR signals in panels A, B, and C were
normalized relative to the maximal peak height in the given chemical shift region. Spectra were aligned using a benzene external standard singletat 7.16 ppm.

TABLE 4

Kinetic constants for reactivation of VX-hAChE conjugate by oximes
RS194B, RS41A, RS186B, and reference oxime 2PAM determined in
0.1 m phosphate buffers pH 6.4, 7.4, and 8.4

Oxime pH k, K, k,
min~! mm M min™!
RS194B 6.4 21%02 32*+10 620 * 130
7.4 3.1*0.1 21%03 1600 = 130
8.4 3.3*03 42=*1.0 790 = 120
RS41A 6.4 14 *0.2 33%14 410 £ 110
7.4 3.1%03 4.6 £0.9 670 = 80
8.4 3.5*03 2.5=*0.6 1400 = 210
2PAM 6.4 0.25 £ 0.01 0.091 = 0.028 2800 = 780
7.4 0.65 = 0.08 0.25 = 0.12 2600 £ 910
8.4 0.80 £ 0.04 0.36 = 0.08 2200 * 390
RS186B 6.4 0.23 £0.01 3.6 £0.7 63 =10
7.4 0.36 = 0.02 2.7*04 130 = 18
8.4 0.35 £ 0.02 35=*0.6 99 + 15

tions to decay by half was 11 min and 12 min for RS41A and
RS194B, respectively. The decay kinetics over this interval likely
reflects the distribution into tissue from the plasma as well as
total body elimination. The distinctly non-first order elimina-
tion of the RS compounds from plasma is consistent with a
multicompartmental analysis. Both compounds rapidly pene-
trated the blood-brain barrier. Maximal brain concentrations
determined as 1.2 and 7.9 ug/ml (~6.5 and ~37 um), respec-
tively, for RS41A and RS194B, reduced in halfin 30 and 60 min.
RS194B established between 15 and 40 min post-administra-
tion an apparent steady state concentration in brain, presum-
ably due to the increased rate of brain accumulation, and
plasma declines in concentration (supplemental Table S1).
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The resulting brain/plasma ratios at the ¢, were thus sig-
nificantly, 2—3-fold higher, for RS194B (0.30) than for RS41A
(0.12). Brain levels of both oximes, in particular RS194B, at the
final time point (180 min; Fig. 5) were higher than plasma con-
centrations, suggesting that elimination from this tissue lagged

compared with systemic peripheral clearance.

DISCUSSION

The data presented herein are based on our recent revelation
that N-substituted 2-hydroxyimino acetamidoalkyl amines,
although devoid of a permanent cationic charge, can efficiently
reactivate OP conjugated hAChE in vitro (1). Formation of pro-
tonation equilibria around two ionizable groups in those oxime
structures, an oxime group and an additional amine group,
results in coexistence of charged, zwitterionic, and uncharged
reactivator species around physiological pH values. Although
zwitterionic and cationic species have the best chance of pro-
ductive interaction with OP-hAChE conjugates, the uncharged
species can be expected to cross the blood-brain barrier deliv-
ering reactivator into CNS.

Our starting point for optimization was the structure of ini-
tially recognized lead hydroxyiminoacetamido alkylamine
reactivator, RS41A. Introduction of systematic structural mod-
ifications in both its aliphatic linker and heterocyclic handle led
to oxime structures with severalfold improved potency for in
vitro reactivation of four OP-hAChE conjugates culminating
with new lead oxime structure RS194B. Not only were we able
to design a more efficient reactivator, but through detailed
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FIGURE 4. Concentration dependence of oxime reactivation of VX-inhibited hAChE by the lead oxime RS194B (A), initial lead oxime RS41A (B), and
reference oxime 2PAM (C) and oxime RS186B (D) measured at pH 6. 4 (O), pH 7.4 (), and pH 8.4 (/) at 37 °Cin 0.10 m phosphate buffers.

TABLE S5

Therapy of OP-exposed mice with lead oximes RS194B and RS41A and standard reference oxime 2PAM. Protective index is the ratio of OP LD,
for OP-exposed animals treated with oxime (+atropine) and for animals given OP alone (cf. supplemental Tables S2-56)

95% confidence limits are given in parentheses. ND, not determined.

Protective index

Oxime LD, Dose VX Sarin Paraoxon Soman Tabun
mg/kg mg/kg

RS41A 200 (160.9-248.8) 50 4.5(3.8-5.3) <1 (ND) <1(ND) 1.3 (1.1-1.5) 1.2 (1.0-1.4)

RS194B 500 125 18 (12.4-25.7) 10 (6.6-15.3) 9.4 (7.9-11.3) 1.8 (1.5-2.1) 1.5(1.2-1.7)

2PAM 106 (94.0-118.4) 26.4 9.3(7.3-13.0) 6.7 (5.9-7.5) 47 (36.7-59.5) 1.5(1.3-1.8) 1.3(1.1-1.5)

“ Estimated from 50% lethality at the maximal administered dose due to solubility limitations.

analysis of reactivation kinetics, we obtained insights into reg-
ulatory structural constraints imposed by varying geometries of
OP-hAChE conjugates. Reversible binding of a reactivator
leading to progressive reactivation is thus facilitated by propyl
linker and a bridged azepane heterocycle, whereas optimal
geometry of AChE-OP-oxime trigonal bipyramidal intermedi-
ate is achieved with ethyl linker. The greater in vitro reactiva-
tion rate of RS194B is, therefore, largely a reflection of its
improved molecular recognition, ie better binding to
OP-hAChE conjugates as indicated by smaller K, constants
while maintaining similar k, constants, in comparison to
RS41A. This effectively means that improved oxime-OP-
hACHhE interactions in the reversible complex were also pre-
served in the subsequent reaction trigonal bipyramidal inter-
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mediate. Computational molecular modeling of two reaction
steps for RS41A and RS194B oximes consistently reveals more
pronounced similarity in geometries of reversible complex and
trigonal bipyramidal intermediate for RS194B oxime and not
with RS41A oxime (Fig. 6). Additionally, modeling suggests
that the main anchoring point of both RS41A and RS194B ox-
imes in interaction with VX-hAChE is the aromatic amino acid
cluster of the AChE peripheral site.

Analysis of ionization states of RS194B by UV spectroscopy,
'H NMR spectrometry, and pH dependence of oximolysis
reveals that both oxime group and amino group in the reacti-
vator handle have pK, constants in the range between 8.6 and
9.0. At physiological pH 7.4, therefore, more than 90% of the
compound exists in the protonated, cationic form. That seems
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TABLE 6

Combination of therapy and pretreatment of OP-exposed mice with oxime RS194B at doses equivalent to 25, 10, or 5% its LD, dose of 500
mg/kg (cf. supplemental Tables S2-56)

Protective index is the ratio of OP LD, for OP-exposed animals treated with oxime and for animals given OP alone. Maximal dose of poison (MDP), a highest multiple of
OP LDy, fully counteracted by the oxime, is given in parentheses. Oximes in therapy (but not in pretreatment) were administered together with atropine. ND, not

determined.

Protective index (MDP) (95% confidence limits)

Pretreatment before VX

Therapy 1 min Pretreatment 15 min and

RS194B 5 min 15 min after VX therapy 1 min after VX
25 mg/kg 2.0 (1.6) 1.6 (ND) 5.3 (4)
(1.8-2.3) (1.2-2.1) (4.8-6.0)
50 mg/kg 1.3 (1.0) 11(7.9) 7.3 (5.0)
(1.1-1.6) (8.5-13.7) (5.6-9.6)
125 mg/kg 3.7 (2.5) 3.6 (2.5) 18 (10.0) 45 (31.8)
(2.9-4.7) (3.0-4.2) (12.4-25.7) (37.2-54.3)
Pretreatment 15 min and therapy 1 min after OP
Paraoxon Soman Tabun Sarin
125 mg/kg 22 (7.9) 2.8(2.5) 2.0 (ND) 4.5(3.2)
(17.0-27.5) (ND) (1.3-3.1) (3.8-5.3)
reactivator nucleophilic strength for reactivity of AChE-OP-
. oxime trigonal bipyramidal intermediate when compared with
E 4. fractional availability of oximate anion at physiological pH
;2 g ° determined by the oximate pK,. This observation may indicate
g, . ©. Rs194B an effective proton extraction mechanism for oxime reactions
] o ol in the hAChE active center gorge. On the other hand domina-
- ' [;! ‘o tion of the protonated amine at pH 7.4 influences the capacity
>§< . (P of RS194B to enter the CNS. Nevertheless, pharmacokinetic
=X Lo studies in mice indicate that both RS194B and RS41A oximes
o] 11 penetrate CNS quickly and can be found there at up to 37 and
. \%l_ 6.5 uM concentrations, which are ~12-30% of corresponding
. plasma concentrations.
o - Very good antidotal actions of RS194B in treatment of OP
001 4L 30 L B2 : . exposed mice relative to RS41A or 2PAM treatments undoubt-
0 50 100 150 350

Time (min)

FIGURE 5. Pharmacokinetics of RS194B (circles) and RS41A (squares) in
mice. Brain (gray lines) and plasma (black lines) compound concentra-
tions were determined at discrete time points upon single, 80 mg/kg
(RS194B), or 30 mg/kg (RS41A) dose administered to mice i.m. Each point
represents average of determinations from three mice. S.E. of determination
are indicated by error bars. Times required for halving maximal compound
concentrations in plasma and in brain are indicated by dashed lines for each of
two oximes.

to be reflected in reasonable in vitro reactivation kinetics where
the initial reversible binding is improved for RS194B versus
RS41A (lower K. ) while maintaining respectable reactivity (a
small decrease in k,). A low fraction of oximate is thus counter-
acted by high nucleophilicity (supplemental Fig. S3) and pre-
ferred for CNS reactivators due to lower ionization of the oxi-
mate facilitating blood brain barrier penetration.

Despite the suggestion that reactivators with lower oxime
pK,, may be intrinsically more reactive at physiological pH in
the absence of enzyme (Fig. 7 and Ref. 26), their overall reacti-
vation potency expressed by constant k, was not found to cor-
relate closely with the oximate pK, (in the wide pK, range 6.5—
10.1) for reactivation of any of OP-hAChE conjugates analyzed
individually (supplemental Fig. S5) or as an average (Fig. 7). The
linear increase of the maximal rate of reactivation log k, with
the increase in pK,, observed for five studied reactivators (sup-
plemental Fig. S6E), however, reveals a greater dependence of
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edly result from its improved intrinsic reactivation potency
combined with its lower toxicity and superior pharmacokinetic
profile including faster CNS penetration and longer retention.
However, a favorable antidotal action of RS194B was noticeable
even at doses equivalent to 5 and 10% its LD, value. RS194B
was most efficient in therapy of VX, sarin, and paraoxon
exposed mice, where it was superior to both RS41A and to a
standard reactivator 2PAM (except for paraoxon intoxication).
Although RS194B, when given solely as a pretreatment modal-
ity, produced limited prophylactic protection to subsequent OP
exposure, consistent with its relatively low binding affinity for
AChE conjugates (large K, values), the combination of pre-
treatment and therapy at the highest RS194B dose resulted in
outstanding antidotal efficiency reflected in the protective
index of 45.

Several classes of novel compounds have been recently sug-
gested as promising centrally active reactivators of OP-exposed
hAChE. Two nonquaternary pyridine aldoxime phenyltetrahy-
droisoquinoline derivatives directed to interact with the AChE
peripheral site showed outstanding potency for in vitro reacti-
vation of VX and tabun-conjugated hAChE (2). Thus,
uncharged, extended ligands with high affinities for the periph-
eral site form an alternative means of directing nucleophiles to
the organophosphate conjugated active center (28). The overall
second order rate constant (k,) for reactivation of VX-hAChE
conjugate by phenyltetrahydroisoquinoline derivatives was an
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FIGURE 6. Computational molecular modeling of VX-inhibited AChE showing the reversible Michaelis type complex (white sticks) and covalent
pentacoordinate trigonal bipyramidal intermediate (yellow sticks) for interaction of initial lead oxime RS41A (A) and the lead oxime R$194B (B). Ten
conformers of each oxime are shown in each of two interaction states. The phosphorus atom is colored purple. The solvent-accessible part of the hAChE
Connolly surface is represented in orange, and the solvent-inaccessible part of the hAChE molecule is in dark gray. Pronounced overlapping similarity in global
geometries of the reversible complex (white sticks) and trigonal bipyramidal intermediate (yellow sticks) was observed for RS194B oxime, but not with RS41A

oxime.
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FIGURE 7. Free energy relationships between nucleophilic reactivities
and oxime group ionization states of selected oxime reactivators. Rate
constants (k) of maximal pH-dependent ATCh oximolysis (black line and cir-
cles), oximolysis at pH 7.4 (gray line and circles), and an average overall rate
constant k, (v~ 'min~") for oxime reactivation of VX, sarin, cyclosarin, and
paraoxon inhibited hAChE (white diamonds) in relation to pK, values were
determined for reactivator oxime groups. The lead reactivator RS194B data is
indicated by cross-haired symbols. k, for RS174Cand RS150D (not extensively
studied in this series) were extrapolated from reactivation rates determined
at single (0.67 mm) oxime concentration.

order of magnitude larger than the corresponding RS194B con-
stant despite nearly an order of magnitude smaller maximal
reactivation rate constant (k,) and largely due to their high
apparent affinity for VX-hAChE conjugate (K, = 6-47 um).
However, these compounds lack pharmacokinetic, toxicity, and
efficacy analyses.

A similar series of a-ketoaldoxime derivatives of polycyclic
peripheral site-directed ligands also exhibited initial promise in
reactivation of VX and sarin-conjugated hAChE, whereas
tabun-hAChE conjugate reactivation was less efficient (3).
Finally, several amidine-based oximes indicated positive in
vitro and in vivo initial properties for reactivation of hAChE
inhibited by charged or less volatile nerve agent analogues (4).
Although in vitro reactivation approached 2PAM reactivation
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levels, in vivo efficacy for treatment of nerve agent-exposed
mice is difficult to assess as low toxicity nerve agent surrogates
were used as toxicants.

In summary, this study presents uniquely comprehensive char-
acterization of a novel series of N-substituted 2-hydroxyimino
acetamido alkylamine reactivators of nerve agent-conjugated
hAChE. Through systematic steps of structural modifications, we
refined the initial lead RS41A into a superior RS194B reactivator of
VX-, sarin-, paraoxon-, cyclosarin-, and tabun-conjugated hAChE
both in vitro and in vivo. Cyclosarin has yet to be tested in vivo.
Outstanding intrinsic reactivation potencies of this oxime, result-
ing in part from its favorable interaction with the peripheral site of
ACHhE, in combination with its low toxicity results provide the lead
for a pan-reactive antidote for the treatment of OP-exposed mice,
either post-exposure or in combination of prophylactic and anti-
dotal oxime treatments of OP-exposed animals.
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