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ABSTRACT. Aging of organophosphorus (OP)-compound-inhibited neuropathy target esterase (NTE) is
the critical event that initiates OP-compound-induced delayed neurotoxicity (OPIDN). Aging has classically
been considered to involve side-group loss from phosphylated NTE, rendering the enzyme refractory to
reactivationN,N'-Diisopropylphosphorodiamidofluoridate (mipafox, MIP)-inhibited NTE has been thought

to age quickly; however, it can be reactivated under acidic conditions. The present study was undertaken
to determine whether MIP-inhibited human recombinant NTE esterase domain (NEST) ages classically
by isopropylamine loss. Diisopropylphosphorofluoridate (DFP), the oxygen analogue of MIP, was used
for comparison. Kinetic values for DFP against NEST were as follokyss 17 2004 180 Mt min™1;
reactivationt;; ~ 90 min at pH 8.0 ands 60 min at pH 5.2k, = 0.108+ 0.041 mirr* at pH 8.0 and
0.181+ 0.034 mi! at pH 5.2. Kinetic values for MIP against NEST were as follows= 1880+ 61

M~1 min~%; reactivationt;», = 0 min at pH 8.0 andx 60 min at pH 5.2; aging was complete at all time
points tested at pH 8.0, but no aging occurred at pH 5.2. Mass spectrometry revealed a mass shift of
123.0 + 0.6 Da for the active site peptide peak of aged DFP-inhibited NEST, corresponding to a
monoisopropyl phosphate adduct. In contrast, the analogous mass shift for aged MIP-inhibited NEST
was 162.8+ 0.6 Da, corresponding to the intadfN'-diisopropylphosphorodiamido adduct. Thus, MIP-
inhibited NEST does not age by isopropylamine loss. However, because kinetically aged MIP-inhibited
NEST yields an intact adduct capable of reversible deprotonation, aging could occur by proton loss. Indeed,
MIP-inhibited NEST does not age at pH 5.2 but ages immediately and completely at pH 8.0. Therefore,
we conclude that the MIPNEST conjugate ages by deprotonation rather than classical side-group loss.

Neuropathy target esterase (NJis a 147 kDa integral  of the esterase activity of NTE likely proceeds via a2 S
membrane protein in the central and peripheral nervousattack by the active site serine ($€r hydroxyl group on
systems, lymphocytes, and platelets best characterized as ththe phosphorus atom of the OP compound with subsequent
putative target for the initiation of organophosphorus (OP)- displacement of a leaving group)( Aging of the phosphy-
compound-induced delayed neurotoxicity (OPIDN)-@). lated enzyme also likely occurs by anZSreaction at
The homozygous NTE knockout is embryonic-lethal, indi- phosphorus resulting in the loss of a side-group, creating a
cating that the protein is necessary for development in mice negatively charged phosphyl moiety covalently attached to
(5). Nevertheless, although NTE can catalyze the hydrolysis the active site serinel(). This charged adduct renders the
of exogenous lysophospholipids in vitr@)( its physiological inhibited enzyme intractable to reactivation, even by strong
substrate and function have not been determined. nucleophiles, for example, KF or oximes. For at least some

Initiation of OPIDN requires the concerted inhibition and OP compounds, for example, diisopropylphosphorofluoridate
aging of greater than 70% of neural NTE, 8). Inhibition (DFP), the side-group that is lost in the aging reaction
translocates to a locus on the enzyme known as sitelZ (
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1 Abbreviations: OP, organophosphorus; NTE, neuropathy target ; i
esterase: MIPN.N'-diisopropylphosphorodiamidofiuoridate. mipafox: therefore, that loss of the catalytic hydrolase activity of NTE

NEST, human recombinant NTE esterase domain; DFP, diisopropyl- lone is not sufficient for the initiation of OPIDN but that
phosphorofluoridate; OPIDN, OP-compound-induced delayed neuro- aging is also necessary.

toxicity; DOPC, dioleoylphosphatidylcholine; AChE, acetylcholinest- ; i ;
erase; SELDI, surface-enhanced laser desorption/ionization; TOF MS DFP is one of the most thorouthy studied neumpathlc

time-of-flight mass spectrometry; MALDI, matrix-assisted laser de- compounds. The aging of DFP-inhibited NTE yields an
sorption/ionization. anionic monosubstituted phosphyl conjugate on the active
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site serine of NTE 11, 12, 19). The phosphorodiamidate
analogue of DFP, N,N'-diisopropylphosphorodiamido-
fluoridate (mipafox, MIP) produces OPIDN in vivo, just as

DFP; however, the mechanism of aging is not as straight-

forward. Because MIP can initiate OPIDN, it has been
assumed that the NFEMIP conjugate must undergo aging

(14, Scheme 1, path 2). The fact that NTE inhibited by MIP
was initially discovered to be intractable toward reactivation
strengthened this assumptid8).(However, using standard

kinetic methods, the aging of MIP-inhibited NTE was found
to be complete at all time points. Consequently, it was

thought that aging was too rapid to measure by these
methods. Thus, the aging of MIP has not been directly
demonstrated but only inferred. It has been shown more

recently that KF treatment at acidic pH reactivates MIP-
inhibited NTE Q0). It was subsequently concluded that MIP-

inhibited NTE had not aged as previously thought. Instead,

study to investigate questions posed about the mechanism
of aging of MIP-inhibited NTE. Specifically, we tested the
hypothesis that MIP-inhibited NEST ages by reversible, pH-
dependent proton loss (Scheme 1, path 1) rather than classical
side-group loss (Scheme 1, path 2).

MATERIALS AND METHODS

Chemicals and EnzymeNEST was expressed, purified,
and placed into dioleoylphosphatidylcholine (DOPC)-
containing liposomes as described previou@4) (Human
recombinant acetylcholinesterase (AChE; EC 3.1.1.7, stock
C1682, lot 062K1391) and DFP (purity by G£99%) were
purchased from Sigma (St. Louis, MO). Mipafox (purity by
HPLC >99%) was purchased from ChemSyn Laboratories
(Lenexa, KS). All other chemicals were the highest purity
available and obtained from commercial sources.

it was suggested that the bond between the phosphoramidate Kinetics. Activity of the NTE-like activity of NEST in
and the active site serine is unusually strong. It was further DOPC liposomes (3:1 w/w lipid/protein ratio) was deter-
speculated that the resulting perturbation in the electron mined in Tris buffer (50 mM Tris-HCI/0.20 mM EDTA, pH
distribution near the phosphoramidated serine was respon-8-0 at 25°C) by a modification of the procedures described

sible for the stability of the complex and the onset of OPIDN.
A different interpretation of MIP-inhibited NTE is pos-
sible, however. It is known that removal of the acidic
phosphoramido hydrogen d#alkylphosphoramidates yields
a resonance-stabilized anidtl). Thus, deprotonation, rather

by Atkins and Glynn 24) and Kayyali et al. 7). To measure

the bimolecular rate constants of inhibitidg){ enzyme and
inhibitor were incubated for various measured times. At the
end of each period, substrate solution was added (phenyl
valerate, final nominal concentration 2.65 mM), and incuba-

than Side_group loss, provides a mechanism of aging that istion was carried out for a timed interval of 380 min.

plausible with respect to the data on MIP-inhibited NTE and

Enzyme reaction was stopped by the addition of 4-amino-

the general knowledge of aging. However, both mechanismsantipyrine in aqueous sodium dodecy! sulfate (final concen-
share the common feature of yielding negatively charged trations 0.41 mM and 3.2 mg/mL, respectively). The chro-
phosphyl adducts. A deprotonation mechanism is also mophore was developed by addition of potassium ferricya-

consistent with the fact that MIP-inhibited NTE can be
reactivated at pH 5.2 but not at pH 8.22( 23).
Investigations of the catalytic properties of NTE in vitro
have been facilitated by the availability of recombinant NTE
esterase domain (NEST), comprising residues—72716 of
human NTE 24). This polypeptide contains the active site
serine residue, S¥f, as well as two aspartates, A&pand

nide (final concentration 0.06%, w/v). Absorbance was then
read at 486 nm using a SPECTRAmax 340 plate reader at
25°C (Molecular Devices Corporation, Sunnydale, CA). The
ki values for DFP and MIP against NEST were determined
as previously described for other esterast-30).

To measure the rate constants of agikg,(NEST was
incubated with inhibitors for 2 min at concentrations required

Asp'8 that are necessary for esterase activity. NEST alsoto yield ~90% inhibition. Reactions were performed at 25

contains AsfP*which, in possible conjunction with A%

is though to constitute site Z. NEST has enzymological
properties similar to full-length NTE, including inactivation
by OP compounds and hydrolysis of membrane lip@# (
25). In addition, it mediates an ionic conductance in

°C in pH 8.0 and pH 5.2 Tris buffer. Aliquots of enzyme
solution were then diluted 1:100 (v/v) with Tris buffer
effectively to stop the inhibition reaction. The inhibited
enzymes were then allowed to age for timed intervals from
0 to 18 h. At the end of each interval, an aliquot of inhibited

liposomes that is selectively disrupted by neuropathic OP enzyme solution was removed and incubated with KF or KCI

compoundsZ6). Accordingly, we used NEST in the present

(200 mM final concentration for each salt) for 20 min at 25
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°C before determination of residual enzyme activity. In
parallel, the residual activity in the absence of KF was

determined to serve as a control. Reactions were performed

at 25°C. The first-order rate constants of agirg)(were
determined as previously described for other estera&ks (
32.

Mass SpectrometryNEST was incubated in 50 mM
ammonium bicarbonate buffer, pH 8.0, with concentrations
of inhibitors (DFP or mipafox) determined from kinetics
studies to yield greater than 90% inhibitid32}. Additional
NEST samples were also treated with KF as a fluoride control
for the MIP- and DFP-treated samples or with KCI as an
additional salt control. Control samples of NEST were
incubated with buffer only for five sample types (MIP, DFP,
KF, KCI, and no treatment). One set of samples was
subjected immediately to exclusion chromatography using
D-Salt Excellulose plastic desalting columns (exclusion limit,
5000 Da; Pierce Biotechnology, Rockford, IL) to remove
inhibitor and subsequently subjected to tryptic digestion (see

below) to attempt detection of nonaged adducts. Another set

of control or inhibited samples was allowed to incubate for
0.5,1, 2, 4,8, 16, 24, or 168 h before inhibitor removal and
tryptic digestion.

Control, inhibited, and aged samples were subjected to
tryptic digestion as described by Doorn et &@2) The
average masses of the peptides resulting from tryptic
digestion of the samples were predicted using the MS-
Digest feature of ProteinProspector, version 4.0.4 (http://
www.prospector.ucsf.edu/mshome4.0.ht88) (Using these
tools, we predicted the tryptic digest peptide containing the

Kropp et al.

Table 1: Kinetic Values for MIP- and DFP-Treated NEST Saniples

inhibitor ki (M~ min™%) pH ks (Min™1)
MIP 1880+ 61 8.0 b
5.2 c
DFP 17200+ 180 8.0 0.108t 0.041
5.2 0.181+ 0.034

aValues are meang SE (= 4). ® No activity was restored for all
time points (6-18 h). ¢ Activity was completely restored for all time
points.

mass spectra. Analysis was carried out with an acceleration
voltage of 20 kV, and 106200 laser shots were averaged
for each spectrum. The instrument was externally calibrated
before each experiment in the following manner. A solution
of 1 mg/mL human recombinant AChE was digested with
trypsin, and the predicted peptide map was obtained as
described above. Aliquots of AL of AChE peptide digest
were plated as described above. After drying, the sample
spot was spiked with LL of a 1 mg/mL dynorphin A, 1
mg/mL human angiotensin-I, 50 mM ammonium bicarbonate
solution and analyzed as described above. Peptide coverage
for digested AChE was 68% (data not shown). Peakg)(
corresponding to MH AChE tryptic digest peaks, along with
peaks corresponding to dynorphin A and human angiotensin-
I, were used to obtain calibration for all areas in the range
of the peptides obtained from digested NEST.

RESULTS
The results of the inhibitory and postinhibitory kinetic

esterase active site serine (shown in boldface) and itsdeterminations are displayed in Table 1. MIP was ap-

associated average/z values for the protonated molecules
(MH™) to be as follows: ALEEAGVPVDLVGGHIGSFI-
GALYAEER (2922.3). Adduction of the active site serine
with DFP, monoisopropyl DFP, mipafox, and monoisopropyl
mipafox, would result in positive averag®/z shifts of
165.15, 123.07, 163.18, and 122.08, respectively.
Surface-enhanced laser desorption/ionization (SELDI)
time-of-flight mass spectrometry (TOF MS) is a modification
of matrix-assisted laser desorption/ionization (MALDI)-TOF
MS. The SELDI or ProteinChip (Ciphergen Biosystems, Inc.,
Fremont, CA) technique combines MALDI-TOF MS with
retentive chromatographic separation on the MALDI plate
(34). Aliquots of nondiluted, 1:10, and 1:100 (v/v) dilutions
of the peptide mixture in 50 mM ammonium bicarbonate
were plated (33 uL) on bare gold, H4 (hydrophobic), and

proximately 9 times less potent than DFP as an inhibitor of
NEST. In the aging studies, no activity could be restored
for MIP-inhibited NEST at pH 8.0, indicating complete and
immediate aging. This apparent aging, however, could be
completely restored by decreasing the pH of the system to
5.2. Activity was restored to 100% for MIP-inhibited NEST
at pH 5.2 indicating that aging does not occur at this pH.

The results for the mass spectrometry experiments are
contained in Table 2 and representative spectra displayed in
Figure 1. All treatment-dependent mass shifts were accounted
for in the MIP- and DFP-treated samples. A peak corre-
sponding to the active site peptide adducted biN,H'-
diisopropylphosphorodiamido group was found at all time
points. At no time point was a peak found corresponding to
an active site peptide adducted by tNemonoisopropyl-

NP1 (hydrophilic) chips for no treatment or chromatographic phosphoramido moiety, indicating that classical aging does
treatment. No treatments on the gold chips were made.not occur. In DFP-treated NEST samples, peaks correspond-
Samples for treatment were plated on H4 chips prewasheding to active site peptide adducted by both intact and aged

with acetonitrile (10uL/spot) and incubated at room tem-
perature in a humidity chamber for 20 min. The samples
were then washed 3 times withib of 20% (v/v) acetonitrile

moieties were found in a time-dependent manner, as ex-
pected.
Peaks corresponding to untreated DOPC (as monomer,

per spot. Samples for treatment were also plated on NP1dimer, trimer, and tetramer with and without sodium adducts)

chips and incubated at room temperature for 30 min in a
humidity chamber. The samples were then washed twice with
2 uL of water per spot. All samples were dried at 30,

and 1ulL of a 50% (v/v) acetonitrile/0.5% trifluoroacetic
acid (w/v) solution saturated with the matrix;cyano-4-
hydroxycinnamic acid, was plated on top of the samples and
dried at 50°C. A PBS-ll SELDI-TOF MS instrument
(Ciphergen Biosystems, Inc., Fremont, CA) equipped with

were identified. Peaks corresponding to DOPC adducted by
two fluoride ions were found in KF-treated DOPC, KF-
treated NEST, and MIP- and DFP-treated NEST samples
(some data not shown). Mass shifts of 37:80.4 nVz in
peaks corresponding to DOPC monomers, dimers, trimers,
and tetramers were found in the KF-, MIP-, and DFP-treated
NEST samples, and shifts of 37490.3 m/z were found in

the KF-treated DOPC sample. Mass shifts of

a nitrogen laser (337 nm, 4 ns pulse width) was used to obtaincorresponding to monofluoride adducts, were not found in
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Table 2: MH" (Average Mass) for Unreacted and DFP- or MIP-Reacted NTE Active Site Peptides

data type unreacted DFP-aged Am DFP-age8l MIP-intact Am MIP-intact
observed 2922.6 0.2 3044.9+ 0.2 123.0£ 0.6 3084.8t 0.2 162.8+ 0.6
theoretical 2922.3 3045.4 1231 3085.5 163.2

aMean+ SE (> 11); all observed MH showed no difference from theoretical,> 0.1.° No peak detected corresponding to intact adduct.
¢No peak detected corresponding to classically aged adduct.
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Ficure 1: Representative SELDI-TOF MS spectra of tryptic digest of NEST samples. Panel A shows the control NEST sample. The peak
with m/z of 2922.1 represents the unmodified active site peptide containing the catalyfé ke peak withm/z of 3177.1 represents an
unmodified DOPC tetramer. Panel B shows the NEST sample modified by MIP. The peakvitth 3084.8 represents the active site
peptide with anN,N'-diisopropylphosphorodiamido adduct. The peak wittz of 3214.4 represents a DOPC tetramer with a difluoride
adduct. Panel C shows the NEST sample modified by DFP. The peaknzitf 3045.2 represents the active site peptide with a monoisopropyl
phosphate adduct. The peak witiiz of 3214.5 represents a DOPC tetramer with a difluoride adduct. Panel D shows the NEST sample
modified by KF. The peak withn/z of 3214.6 represents a DOPC tetramer with a difluoride adduct.

any of the KF-, MIP-, or DFP-treated DOPC samples. There ments for NEST was 74%. Sodium adducts were found in

was no difference from control for KCl-treated samples.  many peaks but were not found to be treatment-dependent.
No mass shift was seen in peaks corresponding to likely No treatment-dependent mass shifts were found other than

candidate site Z peptide®4) (MH* averagen/z2586.0 and  those described above.

2965.4) in either DFP- or MIP-treated samples. In DFP-

treated samples, however, there was a decrease in peaP'SCUSSlON

intensity (signal-to-noise ratio of 12.91 to 2.32, respectively) |t is clear from the data presented here that MIP-inhibited

for the peak with a MH average mass of 258610z NEST ages quickly at pH 8.0 and not at all at pH 5.2,
Different peak coverage was found for different retentive supporting an aging mechanism of proton loss. This mech-

treatments; cumulative peptide map coverage for all treat- anism is further supported by mass spectrometry data that
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show an intacN,N'-diisopropylphosphorodiamido adduct at
all time points, for which kinetic methods have shown MIP-
inhibited NEST to be aged. The results of this study clearly
show that MIP-inhibited NEST does not age by a classical
side-group loss, which would involve deletion of isopropyl-
amine in the case of MIP-inhibited NESS, (14). Evidence

Kropp et al.

DFP-inhibited NTE include &/, value of 3-4 min (19) and

a ks of 0.094+ 0.009 mint, corresponding to &y, of 7.4

+ 0.7 min @36), both at pH 8.0 and 37C. Thek, value
reported here of 0.10& 0.041 min* at pH 8.0 and 25C
corresponds to &y, of 6.42+ 2.44 min, which is in good
agreement with both previously published studies. The only

presented here leads to the conclusion that MIP-inhibited other study that has reported a direct determination of MIP
NEST ages instead by a mechanism of reversible proton lossreactivation revealed that MIP-inhibited NTE could be fully

from theN,N'-diisopropylphosphorodiamido adduct (Scheme

reactivated by treatment with KF at acidic pH at 4 and 8 h

1, path 1). The status of the proton within the NEST enzyme (20). No other time points were studied; however, these data
system cannot be directly determined by the mass spectrom-agree with the values reported here (i.e., MIP-inhibited NEST
etry methods employed here. Deprotonation and reprotona-could be fully reactivated at all time points at pH 5.2).

tion may occur freely when thil,N'-diisopropylphospho-

NEST peptides have not been previously analyzed by mass

rodiamido-adducted active site peptide is removed from the spectrometry. Time-dependent aging was found for DFP-

enzyme system by trypsinization and placed in various

inhibited NEST using kinetics but was not found by mass

environments with different pH values. Nonetheless, there spectrometry because the time for trypsinization is signifi-

is high certainty that aging of MIP-inhibited NEST occurs

cantly longer than the time for DFP-inhibited NEST to age

by proton loss, because isopropylamine deletion was not(Table 1). Both the monoisopropylphosphyl adduct found

found for MIP-inhibited NEST and the aging of MIP-

in the DFP-treated NEST sample and the diisopropylphos-

inhibited NEST is pH-dependent and reversible. It has also phyl adduct found in the MIP-treated NEST sample were

been directly confirmed that DFP-inhibited NEST does age

determined to be extremely stable, as matching mass shifts

in a classical manner, corresponding to net loss of an for each species were seen in respective samples examined
isopropyl group as previously determined by indirect methods during the 6-168 h time course.

(11, 12, 19).
This study is the first to repoi values for DFP or MIP

KF was used as a fluoride control in the mass spectrometry
studies after identical MIP and DFP treatment-dependent

against NEST. Itis of interest to compare the values reportedmass shifts correlating to difluoride adducts were identified

here to any previously published results for NEST. Atkins
and Glynn 24) reported 20-mirs values for MIP and DFP
against NEST of (8.2 0.2) x 10°%and (9.64+ 0.1) x 1077

M, respectively, at 37C. Thek; values reported here for
MIP and DFP against NEST correspond to 20-mivalues

of (1.84 & 0.06) x 107° and (2.014 0.02) x 1076 M,
respectively, using the equatidgy = 0.693/kt) (28, 29).
The values reported by Atkins and Glynr24] differ
significantly from those in the present report. However, the

on peaks that corresponded to DOPC tetramers, trimers,
dimers, and monomers. Treatment with KF resulted in similar
DOPC shifts correlating to difluoride adduction (Figure 1).
Although a shift in peaks corresponding to peptides
containing the proposed Z site was not found, a decrease in
peak intensity was found post-DFP treatment at 258820
corresponding to a site Z candidate pepti2id (It is difficult
to determine whether this decrease in intensity is an artifact
related to ion suppression or due to an unknown factor. It

ratio of the values reported here to the values reported byis, however, not surprising that Z site adduction was not

Atkins and Glynn 24) are 0.88 and 0.87 for MIP and DFP,

found; the proposed isopropyl adduct at this site is known

respectively. This result indicates either a real and consistentto be unstable even within the microenvironment of the intact

interlaboratory variation or an inherent and consistent in-
accuracy oflsg determinations as a reflection of intrinsic

inhibitory potency. In the case of DFP and MIP, however,
thelsp determination should correlate well with the reported

protein @4). It is possible that if an adduct were present
that it was lost during trypsinization owing to its being

removed from its stabilizing environment and being subjected
to highly acidic conditions during preparation for analysis

ki value because the rate of spontaneous reactivation is noby mass spectrometry. It is, however, clear that no such
expected to be high. Indeed, unpublished data from this interaction is occurring with isopropylamine after inhibition

laboratory show a 20-miky, for DFP against NEST of (2.13
+ 0.18) x 106 M andx for MIP against NEST of (1.8&
0.15) x 1075 M, suggesting a real and consistent interlabo-

of NEST by MIP. There is no isopropylamine group loss
from the NEST-MIP adduct to interact with the Z site. It is
also known that MIP leads to OPIDN in vivd4). These

ratory variation for absolute values. However, the data also data support the hypothesis that site Z is not involved in the

show that ratios of 20-milso values (MIP/DFP) from each
laboratory, 9.1, are the samg ¥ 0.1). Therefore, it may be
more valuable to discuss relative inhibitory potencies of OP

pathogenesis of OPIDNBY.
Given that the pathogenesis of OPIDN is thought to
involve the creation of a negative charge in the active site

compounds against esterases using ratios rather than absoluef NTE (9) and that NEST behaves similarly to NTE5],

values.

This investigation is also the first to report aging rates for
DFP- or MIP-inhibited NEST. At pH 8.0, the aging of MIP-
inhibited NEST was immediate (0 min) and complete,
consistent with the expected rapidity of proton 1088)(
DFP-inhibited NEST ages relatively quickly as well with
ti2 values at pH 8.0 and 5.2 of 6.4 and 3.8 min, respectively.
This aging rate is rapid compared to that of DFP-inhibited
human erythrocyte AChE, which haskaof 0.0025 min?

(tuz = 4.6 h) 28). Previously reported values for aging of

MIP-inhibited NTE also likely ages by proton loss. Future
work with full-length NTE would be required to confirm
this contention.

The evidence from this work and previous studies still
support a mechanism of aging involving side-group loss for
phosphates and phosphonates on NTE (2, 19), phos-
phates and phosphonates on BCBE, 38), and phospho-
ramidates, phosphonates, and phosphates on ABRE(Q).
However, the findings of the present study showing that MIP-
inhibited NEST ages via deprotonation rather than side-group
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loss indicate that a modification of the mechanistic definition
of aging is needed. Aging has been defined operationally as
a change in the inhibited enzyme that renders it intractable
toward reactivation, and in this respect, the meaning of aging
would not be changed. However, we now have shown that
the inclusion of side-group loss in the definition would be
too restrictive. A more appropriate mechanistic definition
of aging would be the creation of a negative charge on the
phosphyl group of the inhibited enzyme, whether this occurs
by side-group loss or deprotonation.

Although recent reports have furthered knowledge about
NTE (24—26, 42), the full pathogenesis of OPIDN remains
a mystery. However, the present study helps to narrow the
focus for future research. It is likely that OPIDN involves
disruption of a physiological function that requires inhibition
and aging of NTE42). Given that OP compounds that do
not create a negatively charged phosphyl group are protective
(8, 43), it is logical to propose that the presence of this
negative charge may disrupt a physiological function of NTE,
which leads to axonopathy. A provocative finding in this
regard is the perturbation of NEST-mediated ionic conduc-
tance across liposome membranes that occurs only when
aging inhibitors of NTE and NEST are useg).(This is a
promising avenue of research due to the differential findings
for aging and nonaging compounds. However, it is still

unknown whether this type of disruption would be causally ;g

related to the production of axonopathy.

In summary, the kinetic and mass spectrometry data
presented here show that aging of MIP-inhibited NEST
occurs by phosphoramido proton loss, not by classical side-
group loss. With respect to OPIDN, these findings highlight
the creation of a negative charge on the phosphyl adduct as
the defining characteristic of a neuropathic compound,
regardless of any interaction with site Z.
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