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ABSTRACT. A sensitive matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry procedure has been established for the detection and quantitation of acetylcholinesterase
(AChE) inhibition by organophosphate (OP) compounds. Tryptic digests of purified recombinant mouse
AChE (mAChE) were fractionally inhibited by paraoxon to form diethyl phosphoryl enzyme. The tryptic
peptide of MAChE that contains the active center serine residue resolves to a molecular mass of 4331.0
Da. Phosphorylation of the enzyme by paraoxon results in covalent modification of the active center
serine and a corresponding increase in molecular mass of the tryptic peptide by 136 Da. The relative
abundance of AChE peptides containing a modified active center serine strongly correlates with the
fractional inhibition of the enzyme, achieving a detection range of phosphorylated to nonphosphorylated
enzyme of 5-95%. Modifications of AChE by OP compounds resulting in dimethyl, diethyl, and diisopropyl
phosphoryl adducts have been monitored with subpicomole amounts of enzyme. The individual
phosphorylated adducts of AChE that result from loss of one alkyl group from the inhibited enzyme (the
aging reaction) and the reappearance of unmodified AChE (spontaneous reactivation) have been resolved
by the kinetic profiles and relative abundance of species. Further, the tryptic peptide containing the active
center serine of AChE, isolated from mouse brain by anion-exchange and affinity chromatography, has
been monitored by mass spectrometry. Native brain AChE, purified from mice treated with sublethal
doses of metrifonate, has demonstrated that enzyme modifications resulting from OP exposure can be
detected in a single mouse brain. For dimethyl phosphorylated AChE, OP exposure has been monitored
by the ratio of tryptic peptide peaks that correspond to unmodified (uninhibited and/or reactivated), inhibited,
and aged enzyme.

Acetylcholinesterase (AChE;EC 3.1.1.7) is a serine  commonly used as pesticides as well as chemical warfare
hydrolase that regulates cholinergic neurotransmission in theagents. The inhibition of AChE by OP compounds involves
peripheral and central nervous systems by hydrolyzing phosphorylation of the active site serine residue and the
acetylcholine with a remarkably high catalytic efficiency. formation of stable phosphoryl AChE adduc®).(Subse-
Mammalian AChE is encoded by a single gene that is quent reactions that occur spontaneously with-@EhE
alternatively spliced to yield molecular isoforms that differ conjugates include dephosphorylation of AChE to generate
in tissue-specific expression, solubility, and mode of mem- reactivated enzyme and dealkylation of phosphorylated
brane attachmeni(2). The catalytic triad of AChE contains ~ AChE, by a unimolecular process referred to as agig (
aligned serine, histidine, and glutamate residues. It is well 5), to result in enzyme that is irreversibly inactivated.

established that the catalytic activity of AChE is inhibited Mechanisms of phosphorylation, reactivation, and aging
by organophosphates (OPs), a diverse group of compoundsys oche by OP compounds have been extensively studied.

Site-directed mutagenesis, molecular modeling, and kinetic
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Chart 1: Structures of Organophosphates Biomedical Inc. (Irvine, CA). Sequence-grade modified
oL F \ o trypsin was purchased from Promega (Madison, WI). Acri-
SR /4 oL p@-N\'g dinium-conjugated affinity resin was synthesized as previ-
c © o O ously described1(9, 25, 26). CHCA matrix (-cyano-4-hy-
DFP )o droxycinnamic acid) was purchased from Agilent Technolo-
gies (Palo Alto, CA).
Paraoxon Hazardous Procedure®©Ps are highly toxic and should
cl . ¢l be handled with caution by trained personnel in a well-
N /=< \ (")4240' ventilated hood. OP chemicals are hydrolyzed by dilution
O-P-0 C O-P into 4 M NaOH to render them inactive as cholinesterase
(0N o OH inhibitors.
DDVP Metrifonate Recombinant Mouse Acetylcholinesterase (MACRE).

a Chemical formulas of the organophosphate AChE inhibitors: DFP, COmbinant AChE was produced by transfection of an
diisopropyl fluorophosphate; paraoxon, dietpyiitrophenyl phosphate;  expression plasmid encoding the 547 N-terminal amino acid
DDVP, O,0-dimethyl O-(2,2-dichlorovinyl) phosphate; metrifonate,  residues of mouse AChE into human embryonic kidney cells
(2,2,2-trichloro-1-hydroxyethyl)phosphonic acid dimethyl ester. (HEK-293). Soluble monomeric MAChE, secreted in the

o culture medium of stable cell clones expressing high levels
products of aged soman-inhibited AChE3[ have also been 4t recombinant enzyme, was purified by affinity chroma-
reported. _ tography and characterized as previously descriBed?).

In the current work, a MALDI-TOF mass spectrometric - The purity of recombinant mAChE used in experiments was
procedure_ha_s been estab_llshe_d_ for the sensitive detectiongnfirmed by SDS-polyacrylamide gel electrophoresis and
and quantitation of AChE inhibition by DDVP, paraoxon, gijlver stain of native protein and protein that had been
and DFP (Chart 1). The quantitation of analytes by.MALDI— enzymatically deglycosylated with peptigdl-glycosidase
TOF MS has been reported for proteins and peptidds-( £ (pPNGase F). The specific activity of recombinant mAChE
16) as well as low molecular mass species as substrates an%reparaﬂons was calculated from AChE activity measure-

products of biocatalytic reactiond ). In this study, the  ents and protein content, as determined by the methods of
relative signal intensities for the tryptic peptides of AChE g\ iman (18) and Bradford 28), respectively.
that contain the active center serine residue, unmodified or Organophosphate Treatment of Mouse Acetylcholines-

phosphorylated by OP treatment, have been monitoredigrase (in Vitro).To achieve fractional inhibition of recom-
kinetically, quan'_utated, and compared to activity measure- pinant mAChE by OP treatment, samples were prepared by
ments as determined by standard metha@s Modifications  4qding paraoxon to MAChE at various enzyme-to-inhibitor
of the active center serine of AChE by OPs have been mqar ratios. At an initial concentration of 1M enzyme
observed with subpicomole amounts of enzyme, and the, 100 mM sodium phosphate buffer, pH 7.0, mMAChE was

analysis has proved a reliable means to determine theyeated with freshly prepared substocks of paraoxon at various
fractional inhibition of enzyme activity. It is demonstrated gncentrations from 0 to 12M. Following incubation at

that AChE modifications by OPs can be quantified by 5om temperature for 45 min, an aliquot was removed to
MALDI-TOF MS. Moreover, the relative abundance of OP-  easure the fractional activity by Ellman assay. Activity
inhibited AChE that has spontaneously reactivated and yeasurements were performed in the presence of 100 mM
phosphoryl conju.g_ate.s thqt have undergone aging have beerygium phosphate buffer, pH 7.0, 0.1 mg/mL BSA, 0.3 mM
resolved at specific time intervals. DTNB, and 0.5 mM ATCh. Residual OP and other reaction
The study of OP-AChE conjugates has been extended to yhroducts were removed from the incubation mixture, and
an in vivo system, where endogenous AChE isolated from e pyffer was exchanged to 50 mM ammonium bicarbonate,
mouse brain tissue has been analyzed by mass spectrometryyy 7 4. by spin filtering using Microcon-30 devices (Mil-
to detect phosphoryl enzyme adducts that result from jihore, Bedford, MA). Samples were evaporated to dryness
exposure of mice to OPs. In previous studies, endogenous,y vacuum centrifugation and redissolved in 50 mM am-
AChE has been purified from vertebrate brain tissue of mgnjum bicarbonate buffer to a protein concentration of 0.7
human and calf19), rabbit €0), rat 21), pig (22), quail mg/mL (Bradford assay) for subsequent digestion by trypsin.
(23), and chicken Z4) to investigate structureactivity To resolve modifications of mMAChE that result from
relationships for the enzyme with substrates and inhibitors gytended exposure to OP compounds, time course experi-
and establish the distribution of AChE molecular isoforms. ,ents were conducted with DFP, paraoxon, and DDVP. A
The significant advance reported here is that native and 1 5.fo|d molar excess of OP was added to MAChE 410
modified AChE from a single mouse brain has been isolated enzyme in 100 mM sodium phosphate, pH 7.0, buffer) and
and characterized. The detection sensitivity of MALDI-TOF jncubated at room temperature. At various time intervals,
MS analysis is sufficient to resolve discrete modifications 4, aliquot was removed to measure AChE activity, then
of AChE and has facilitated the analysis of brain enzyme 4,60 and stored at80 °C. The OP-inhibited mMAChE
isolated by a strategy that does not require pooling of tissuesamp|es were thawed and prepared in parallel for mass

or purification of enzyme from multiple animals. spectrometric analysis, in the same manner as that described
for fractional inhibition studies.
MATERIALS AND METHODS Trypsin Proteolysis of mMAChEnAChE (5-15 ug) was
Chemicals and Reagent&TCh, DTNB, DFP, paraoxon,  subjected to proteolytic digestion by incubation with sequence-
metrifonate, and DEAE-Tris-acryl resin were purchased from grade modified trypsin (1:50 protein ratio of trypsin:mAChE)
Sigma (St. Louis, MO). DDVP was purchased from ICN at 37 °C for 3 h. The tryptic peptides from mAChE
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fractionally inhibited by paraoxon were lyophilized and h with gentle mixing. The eluate was diluted with 50 mM
dissolved in 0.1% (v/v) trifluoroacetic acid (TFA) for analysis ammonium bicarbonate, pH 7.4, buffer, to reduce the
by mass spectrometry. In other instances, the total peptidesconcentration of Triton X-100 to 0.005% (v/v; below the
from tryptic digests of mMAChE were fractionated prior to CMC value), prior to being concentrated and buffer ex-
mass spectrometric analysis. Trypsinized mAChE was ad-changed by spin-filtering using a Centricon-30 device
sorbed to reverse-phase resin using a ZipTip-C4 (Millipore) (Millipore). Preparation of endogenous mAChE for analysis
and eluted with solutions containing 0.1% (v/v) TFA and by mass spectrometry was performed in a manner similar to

increasing concentrations of acetonitrile in a step-incrementthat described for recombinant mMAChE samples.

gradient of 20%, 25%, 30%, 35%, 40%, and 60% (v/v)
acetonitrile, as previously describetil).

Purification of Acetylcholinesterase from Mouse Brain.
Mice (male, 78 weeks old, 2625 g) were treated with

Mass SpectrometryMatrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) was performed on a PE Biosystems Voyager DE-STR
Biospectrometry workstation (Framingham, MA). Mass

saline or acute sublethal doses of metrifonate (200 or 4003pectra were acquired in positive-ion linear mode under

mg/kg) by ip injection. The animals were sacrificed 45 min

delayed extraction conditions, using an acceleration voltage

after treatment, and the brains were removed, frozen on liquidof 25 kV and laser intensity of 2062400 V with a 337

nitrogen, and stored at80 °C. The purification procedure
was performed at 4C, and all buffer solutions were ice

nm pulsed nitrogen laser. External calibration was performed
using ACTH peptide (amino acid residues38) and bovine

cold. Unless indicated otherwise, buffer solutions contained insulin, with average masses of 3657.93 and 5734.59 Da,

0.02% (w/v) NaN as a preservative and the following

respectively. Trypsinized mAChE or tryptic peptides of

protease inhibitors, added immediately prior to use: 5 mg/L mAChE that were fractionated by adsorption to C4 reverse-

leupeptin, 5 mg/L aprotinin, 5 mg/L pepstatin A, 10 mg/L

phase resin were mixed with a matrix of 5 mg/mtcyano-

bacitracin, 15 mg/L benzamidine, and 40 mg/L soybean 4-hydroxycinnamic acid (CHCA) in 50% (v/v) acetonitrile

trypsin inhibitor. Aliquots were taken at each stage of the
purification procedure to measure AChE activity and protein
content.

and 0.3% (v/v) TFA, pH 2.2. A LL aliquot of the peptide
matrix mixture was spotted, in duplicate, on a polished
MALDI-TOF MS target plate and dried by semifast evapora-

~ Enriched membrane extracts were prepared from braintion at 50°C. Analyte-matrix cocrystals appeared homo-
tissue that was partially thawed and homogenized by Polytrongeneous in nature. The mass spectra shown are the average

(Brinkmann Instruments, Westbury, NJ) in a hypotonic buffer
solution of 10 mM Tris-HCI, pH 7.4, and 1 mM EDTA. The
homogenate was centrifuged at 150900 a Beckman 60

Ti rotor (40000 rpm) fo 1 h at 4°C. The pellet was
resuspended in an extraction buffer of 20 mM sodium
phosphate, pH 7.0, 0.15 M NaCl, 1 mM EDTA, and 0.5%
(v/v) Triton X-100 and ultracentrifuged (60 Ti rotor, 40000
rem, 2 h, 4°C). The supernatant, containing detergent-
solubilized membranes, was removed, frozen on liquid
nitrogen, and stored at80 °C.

The solubilized membrane fraction was further enriched
by anion-exchange chromatography on DEAE-Tris-acryl
resin. The extract from a mouse brain was diluted into
binding buffer [20 mM bis-Tris propane hydrochloride, pH
7.0, 0.05% (v/v) Triton X-100] and adsorbed to a 10 mL
DEAE-Tris-acryl gel bed previously equilibrated with bind-
ing buffer. Following a wash with two bed volumes of
binding buffer, a protein fraction containing the majority of
AChE activity (about 80%) was eluted with 20 mM pipera-
zine hydrochloride, pH 5.0, 0.2 M NaCl, and 0.05% (v/v)
Triton X-100.

Endogenous AChE was purified from the enriched protein
fraction by affinity chromatography dN-methylacridinium-
conjugated Sepharose 4B resin, with modifications to
procedures previously reported9j. A 25:75 slurry of
acridinium resin in buffer was added to the DEAE-Tris-acryl
eluate (1 mL of slurry per 10 mL of eluate) and incubated
in batch with gentle mixing at 4C for 2—3 h. The mixture

of 256 laser scans collected from multiple locations on the
target spot and monitored by a digital oscilloscope during
acquisition. Laser intensity was adjusted such that ion
intensity did not exceed 6870% of the maximum threshold
value. The data were processed and quantified with the PE
Biosystems Grams 3.0 software program.

Analytical ProceduresSDS—polyacrylamide gel electro-
phoresis, silver stain, and immunoblotting techniques were
performed by standard procedures. Affinity-purified poly-
clonal antibodies to mAChE were produced by Bethyl
Laboratories (Montgomery, TX) by immunization of rabbits
with purified recombinant mMAChE protein in soluble mon-
omeric form. The antibodies were characterized in our
laboratory, based on strict criteria, and shown to react with
high avidity and specificity for mAChE protein in immu-
noblotting and immunoprecipitation procedures.

RESULTS

Fractional Inhibition of mMAChE by Paraoxon: Detection

and Quantitation by MALDI-TOF MSThe catalytic triad

of MAChE contains the active center serine at position 203.
Proteolytic digestion of mMAChE with trypsin generates a 42
amino acid peptide extending from Leu 178 to Arg 219 that
contains the active center serine residue. The tryptic peptide,
subsequently referred to as active center peptide (ACP), has
a theoretical average mass of 4331.0 Da. MALDI-TOF mass
spectra acquired in positive-ion linear mode from trypsinized

was poured into a small column, and the resin was washedrecombinant mAChE resolve the ACP with an observed

with 20 bed volumes of buffer A [10 mM sodium bicarbon-
ate, pH 8.0, 0.1 M NacCl, 40 mM Mg&l0.05% (v/v) Triton

X-100], followed by a second wash with buffer A containing
an additional 0.1 M NaCl. AChE was eluted from the
acridinium resin by incubation with 5 mM decamethonium
hydrochloride in buffer A, without protease inhibitors, for 1

average mass of 4331.8-0.5) Da.

Paraoxon-mediated inhibition of MAChE results in diethyl
phosphorylated enzyme. Complete AChE inhibition is as-
sociated with loss of unmodified ACP (4331.0 Da) and the
appearance of modified peptide (4467.0 Da), corresponding
to the expected mass increase of 136 Da from the diethyl
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Ficure 2: The relative abundance of unmodified ACP, determined
by ion intensity from MALDI-TOF mass spectra, strongly correlates
54% J v o (r2= 0.96) with the residual activity of mAChE following paraoxon
treatment. The relative abundance of unmodified ACP (4331.0 Da),
46% referred to as % ACP, was calculated by the fraction of unmodified
— ,",_.,_.J V\N«J L\-...__ ACP compared to total ion intensity of the unmodified and diethyl
phosphoryl ACP adduct (4467.0 Da) acquired from tryptic digests
21% A, “ of paraoxon-inhibited mAChE. Representative mass spectra are
shown in Figure 1. Data are compiled from six independent
h experiments.
2 A trials, from ion intensity in mass spectra acquired from

trypsinized, paraoxon-inhibited enzyme (Figure 2). The
2% phosphorylation stoichiometry (percent ACP) was calculated
o T a0 a0 "m0 | from peak ion intensity by dividing unmodified ACP by the
Mass (m/z) total of unmodified ACP and the diethyl phosphoryl ACP
adduct. The percent ACP and residual enzyme activity
measurements are both normalized to 100%. The relative
abundances of unmodified ACP strongly correlate with the
residual activities of mMAChE following paraoxon inhibition.
Therefore, the relative signal intensity of unmodified and
phosphorylated ACP is directly related to the abundance of
| - the OP-mAChE conjugate. The fractional inhibition studies
0 25 50 75 100 125 demonstrate that MALDI-TOF mass spectrometry can be
Paraoxon (kM) used as a quantitative measure to determine the degree of

Ficure 1: Fractional inhibition of mMAChE by paraoxon. (A) _enzyme modification by OP compounds. Itis eV|o_Ie_nt that,
Representative MALDI-TOF mass spectra acquired from total In some samples where no residual AChE activity was
peptides of MAChE tryptic digests fractionally inhibited by measured, a minor fraction of unmodified ACP was resolved.
pargo;(on (Gle étMéllReSIduw enz_ymedact;wéy {‘:C:f each Saml?j'_e:t It is likely that a small amount (less than 10%) of inactive
as determined by Ellman assay, is indicated. Paraoxon-mediate : . : :
inhibition of MAChE results in the diethyl phosphoryl enzyme hzyme Is present in some prepar_atlons O.f _recomblnant
adduct and a corresponding increase of 136 Da in the moiecular MAChE and may account for the minor deviation seen in
mass of the active center peptide (ACP), from 4331.0 to 4467.0 the correlation plot of activity versus ACP abundance.

Da. AChE inhibition is associated with a reduction in the signal ~ Time-Resaled Organophosphate Modifications of Re-

intensity of unmodified ACP and a corresponding increase in diethyl combinant mAChElnhibition of mMAChE by the OP com-
phosphorylated ACP. (B) Activity measurements following treat- S
ment of MAChE by various concentrations of paraoxon, demon- pounds, paraoxon, DDVP, and DFP, resulting in diethyl,

strating that a stoichiometric ratio of OP is required to achieve dimethyl, and diisopropyl phosphorylation of the enzyme,
fractional inhibition of AChE activity. respectively, has been monitored with subpicomole amounts

of enzyme. The relative abundance of phosphoryl ACP

phosphorylated ACP adduct. Mass spectra acquired fromadducts that result from enzyme inhibition, loss of one alkyl
tryptic digests of mMAChE, incubated with-2 uM con- group from the inhibited enzyme (the aging reaction), and
centrations of paraoxon to achieve a range of fractionally dephosphorylation to give unmodified mAChE (reactivation)
inhibited enzyme, are shown in Figure 1, panel A. Residual has been resolved at various time intervals. For each of the
enzyme activity was determined by Ellman assay, and the OPs, the expected mass increase for the ACP upon phos-
data shown in Figure 1, panel B, confirm that a stoichiometric phorylation of mMAChE and mass reduction for ACP phos-
ratio of paraoxon was required to achieve fractional inhibition phoryl adducts upon aging are given in Table 1.
of enzyme activity. As the amount of inhibited mAChE Treatment of MAChE with paraoxon results in enzyme
enzyme increases in each sample, the signal intensity forinhibition via diethyl phosphorylation of the active center
unmodified ACP in mass spectra is reduced in a manner thatserine. The inhibited enzyme can reactivate or undergo aging,
parallels a larger signal intensity for the diethyl phosphoryl whereby loss of one ethyl group renders the enzyme
ACP adduct. nonreactivatable. At various times after the addition of a

The relative amount of unmodified ACP and the diethyl molar excess of paraoxon to mAChE, aliquots of treated
phosphorylated ACP conjugate was determined, in multiple enzyme were removed for tryptic digestion and mass

~ 3
(3.
W

AChE Activity (uM)
N oo
[, o

o




Analysis of Organophosphat@&ChE Adducts Biochemistry, Vol. 42, No. 37, 20031087

Table 1: Theoretical Masses for mMAChE Active Center Peptides following Modification with Organopho8phates

organo- phosphoryl ACP A mass from inhibited ACP A mass from aged ACP
phosphate adduct (unmodified) inhibition adduct aging adduct
DFP diisopropy! 4331.0 +164 4495.0 —42 4453.0
paraoxon diethyl 4331.0 +136 4467.0 —28 4439.0
DDVP dimethyl 4331.0 +108 4439.0 —-14 4425.0

aThe average theoretical mass for unmodified active center peptide (ACP) from trypsinized mAChE is 4331.0 Da. The phosphoryl ACP adducts
of mAChE that result from treatment by the OP compounds, DFP, paraoxon, and DDVP, reflect dialkylphosphoryl adducts and are given as
average mass (Da). The “aged” phosphoryl ACP adducts are calculated to reflect the loss of one alkyl group from the inhibitecdQ#hzyme
conjugate. Mass values reflect the loss of hydrogen from the Ser residue upon inhibition by the OP compound and addition of hydrogen to the
oxyanion following the aging reaction.

spectrometric analysis. The reactions of inhibition, aging, Time h‘_4331'°
and reactivation of AChE require a conformationally stable g
enzyme and the unique configuration of the active center, “—4467.0

comprised of several subsite®9]. Therefore, the relative
amounts of mMAChE phosphoryl species resulting from OP- 4 _k
mediated inhibition for specific time intervals will not vary b

following tryptic digestion of intact enzyme. mAChE tryptic |, 4439.0 ﬂ

peptides were fractionated by adsorption to C4 reverse-phase

resin, with the ACP and phosphoryl ACP adducts isolated 24 . ,\,
by elution in 60% (v/v) acetonitrile and 0.1% (v/v) TFA 4331.0

solution. In control experiments, where mAChE was labeled 48 N A A,
by [*H]DFP and monitored by scintillation counting, greater

than 95% of the ACP from trypsinized mAChE eluted from 72 \ JL ML
the C4 reverse-phase resin in the fraction containing 60%

(v/v) acetonitrile. 98 A Jlﬁ. JU\«

The relative abundance of ACP phosphoryl species was
determined from ion intensity in acquired mass spectra 120

(Figure 3) and shown, with comparison to enzyme activity ” ”
measurements, in Figure 4. Since paraoxon treatment of 144

mMAChHE results in complete and rapid enzyme inhibition,

diethyl phosphorylated ACP (4467.0 Da) is predominant at |158 . . . . - s
early time points. A small fraction of aged enzyme is 4100 4300 4500 4700
indicated by the monoethyl phosphoryl ACP adduct (4439.0 Mass (m/z)

Da) at 8 h. The relative abundance of aged enzyme increase&icure 3: ACP conjugates of mMAChE, resolved by time, following
with time, as evident by the |arger peak intensity of the aged enzyme inhibition with paraoxon in molar excess. At various time
ACP adduct. With extended incubation. some unmodified intervals, an aliquot of paraoxon-treated mMAChE was taken for mass

S . spectrometric analysis. Samples were trypsinized, and the peptides
ACP reappears (48 h) and is indicative of hydrolysis of the \yere fractionated by reverse-phase chromatography to enrich for

phosphoryl serine bond and enzyme reactivation. This wasACP adducts, as described in the text. Enzyme inhibition results
confirmed by activity measurements. The abundance of thein the diethyl phosphoryl ACP adduct (4467.0 Da). The aging

diethyl phosphorylated enzyme decreases in a manner thafeaction, which is defined as the loss of one ethyl group from the

St ; : .~ OP—enzyme conjugate, is represented by the monoethyl phosphoryl
parallels the reactivation and aging time course. The f_ractlon ACP adduct (4439.0 Da). The reappearance of unmodified ACP
of MAChE that has aged is stable and does not reactivate. A(4331 0 Da) is indicative of enzyme reactivation. MALDI-TOF

minor amount of MAChE in this preparation is presumed t0 mass spectra are representative of three experiments. In this and
be catalytically inactive, since unmodified ACP (less than subsequent figures, a small shoulder on peak is observed of
12%) is evident in samples that have no detectable activity @Pproximately 16 mass units above the parent peak. We presume
by Ellman assay this represents oxidation of a methionine in the ACP to a sulfoxide.
The relative abundance of phosphoryl species can be fit
to a scheme of parallel first-order reactions, allowing for T . ;
some residual reinhibition that may occur at early time points D,DVP’ where loss of_enzyme act|V|.ty IS assomatgd with
due to an initial excess of OP inhibitor. The rate constant dimethyl phosphorylation of the active center serine. As

for diethyl phosphoryl adductsgera) would represent the shown in Figure 5, the inhibiteq_enzyme and z_zlged conjugate
sum of the rate constants for formation of monoethyl aré resolved from the unmodified and reactivated enzyme

phosphoryl adductsging and unmodified ACPKeactivatior)- as dimethyl and monomethyl phosphoryl ACP adducts of
Rate constants OKoverat = 0.0161 hl (ty, ~ 43 h), 4439.0 and 4425.0 Da, respectively. Enzyme reactivation is
determined by the disappearance of the diethyl phosphorylevident @ 4 h by thereappearance of unmodified ACP
adduct,kaging = 0.0099 N (ty, ~ 70 h), determined by the ~ (4331.0 Da). In comparison to that observed with paraoxon,
formation of the monoethyl phosphoryl adduct, &Rekiivation the aged conjugate appears more rapidly with DDVP-
= 0.0070 h! (ty» ~ 99 h), determined by the regeneration inhibited mAChE. The aging half-time of dimethyl phos-
of the free serine, were estimated from the profiles in Figure phoryl AChE is significantly shorter than for diethyl
4. phosphoryl AChE; dimethyl phosphorylated AChE has an

In a similar time course study, mAChE was inhibited by
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10049 IZ' Time h"4331.0
0
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Activity (% Control)

24

]

0 24 48 72 96 120144 168

Time (hr) 4100 4300 4500 4700
100 T Mass (m/z)
80 Ficure 6: ACP and OP adducts of mMAChE resulting from treatment
with DFP in molar excess. MALDI-TOF mass spectra were acquired
3 60 from fractionated tryptic peptides prepared from samples taken at
s time intervals as indicated. DFP-inhibited mAChE and the aged
';, 40 OP-—enzyme conjugate are represented by diisopropyl (4495.0 Da)

and monoisopropyl (4425.0 Da) phosphoryl-ACP adducts, respec-
20 tively. mAChE reactivation (unmodified ACP) is not evident, as
treatment with a molar excess of DFP results in nearly complete
aging of the inhibited enzyme in a 24 h period.

0 24 48 ?2 96 120 144 168
Time () rapidly than aging, and the reappearance of unmodified ACP

Ficure 4: Relative abundance of ACP and phosphoryl adducts in js evident at early time intervals.

mass spectra acquired from mAChE at various times following . .
paraoxon inhibition of MAChE. (A) mMAChE activity®) was Inhibition of MAChE by DFP leads to the formation of a

measured by Ellman assay at various time periods after the additiondiisopropyl phosphoryl conjugate with the active center
of a molar excess of paraoxon to the enzyme. (B) The ratio of serine and a corresponding ACP adduct with mass of 4495.0
ACP adducts at each time point was calculated from the signal pg (Figure 6). DFP-modified enzyme readily undergoes the

intensity in mass spectra acquired from fractionated tryptic digests _, .; : ;
of paraoxon-inhibited MAChE samples. Unmodified AQE),( aging reaction, as demonstrated by the substantial abundance

diethyl phosphoryl ACP adducta), and monoethyl phosphoryl ~ Of the ACP adduct a7 h with mass of 4453.0 Da,
ACP adduct #) represent control/reactivated, inhibited, and aged representing the loss of one isopropyl group from the

AChE enzyme, respectively. complex. The propensity of the diisopropyl phosphoryl
) conjugate of mMAChE to undergo the aging reaction results
T(')me J::‘"‘“” in complete monoisopropyl phosphorylated ACP within 24
papy h, indicating virtually no spontaneous reactivation occurs.
1hr ) Endogenous mAChE Purified from BraiBndogenous
AChE, purified from the brain tissue of a single mouse, has
4 ﬁZS-OEAA__ been resolved by SBDSPAGE (Figure 7, panel A). A protein
with an apparent mass of about 68 kDa is evident, with a
7 4331.0y ,J\ diffuse banding pattern suggesting that AChE is heteroge-
neously glycosylated. It migrates with a similar electro-
24 A '\J\ phoretic mobility to recombinant mAChE. In crude homo-
genate from a single mouse brain, on average, the specific
a8, WMMA ” abundance (molar ratio) of AChE is 0.5 pmol/mg of total
protein, and the total abundance of AChE is about 15 pmol
2 AM R or 1 ug of protein. Since the molecular mass of MAChE is
about 65 kDa, pure enzyme would have a specific abundance
W of 15 nmol/mg of protein. Therefore, a purification of AChE
168 ﬂ from mouse brain to near homogeneity would represent an
approximate 30000-fold enrichment. The immunoblot in
4100 4300 4500 4700 Figure 7 (panel B) shows endogenous AChE samples purified
Mass (m/z) from the brain of a mouse treated with saline or different

FiIGUReE 5: OP conjugates of mAChE following inhibition with a  doses of metrifonate. It is evident that the relative yields of

molatr excess of DI_DVdP,f m0nit0fed| bthkALD|-tTOF_ MS-t_MaSS protein from the control and metrifonate-treated mice are
spectra were acquired from samples taken at various times, asc: o indiafi 6
indicated, and prepared for analysis by tryptic digestion and reverse-S'm”ar’ indicating that unmodified and phosphorylated AChE

phase fractionation. Inhibition of mAChE by DDVP results in Purifies with equal efficiency by acridinium affinity chro-
dimethyl phosphorylated enzyme and an increase in molecular masgnatography.

of the ACP to 4439.0 Da. Aging of the Gfénzyme conjugate is Recombinant mAChE was used in control experiments to

demonstrated by the appearance of the monomethyl phosphoryl : : . g o e
ACP adduct (4425.0 Da). Reactivation of the dimethyl phosphoryi determine the relative yields of acridinium affinity purifica

mAChE conjugate is evident by the reappearance of unmodified tion for unmodified AChE and enzyme fully inhibited by
ACP (4331.0 Da). OPs. Dimethyl phosphorylated mAChE purified with ef-

ficiency similar to that of the unmodified enzyme, while the
aging half-time of abou4 h (30, 31). Moreover, spontaneous  diethyl phosphorylated enzyme gave a significantly reduced
reactivation of dimethyl phosphoryl enzyme proceeds more yield. Given that acridinium interacts near the acyl pocket
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B 1 2 3 4 5 6 4330.3->
Control
4330.9->
44252
B Treated
+4440.1
4100 4300 4500 4700
Mass (m/z)
Ficure 7: Endogenous AChE purified from mouse brain. (A) Silver B
stain of SDS-polyacrylamide gel electrophoresis. Lanes: 1, 4331.1>
enriched membrane extract from mouse brain; 2, endogenous AChE Control

purified from mouse brain as described in the text (the AChE from
mouse brain migrates with an apparent molecular mass of ap-
proximately 68 kDa); 3, recombinant soluble monomeric mAChE
(50 ng). (B) Immunoblot with rabbit anti-mAChE affinity-purified
polyclonal antibodies of endogenous AChE purified from the brain
of (lane 1) control mouse, (2, 3) mice treated with metrifonate (200
and 400 mg/kg ip), respectively, (4) total AChE knockout mouse,
(5) blank, and (6) recombinant mAChE protein (20 pg). The
migration of molecular mass markers is indicated by arrows and
mass given in kDa.

Treated

of the AChE active site, the size of the alkyl group at the
phosphorylated serine appears to be a crucial determinant 4100 4300 4500 4700
for purification efficiency. The larger diethyl phosphoryl Mass (m/z)
modification likely interferes, by steric hindrance, with Fcure 8: Endogenous mouse brain AChE. Mass spectra were
acridinium—AChE interactions, where the smaller dimethyl acquired from AChE purified from mouse brain, digested with
Phosphonated adduct does ot et uing ecom S P o 5 ol
mAC_hE inhibited by DDVP It was determlne_d that the_ and 400 mg/kg metrifonate-treated mc?usg.AnimaIs wer(e )sacrificed
re_zlatlve abundances_oflnh|b|ted,aged,and re_actlvated SPeciegs min after ip injection. Unmodified ACP (4331.0 Da) of
did not progress during the procedures required for purifica- endogenous AChE from control and OP exposed mice is observed.
tion of endogenous enzyme. OP—AChE conjugates are observed in metrifonate-treated animals

No reactive protein is evident in samples prepared from ?2gﬁocnﬂgﬁsﬁ’onﬁostc’hénhfb,ﬁ?;% Zré%ui?se‘azg;)&m:ﬁddm%‘)g 82;3'
brain tlssue' of mouse that.lsf atotal knoc'l<.0ut.f0r ACBE) respectivel))//. pReprgseHative mass spectra from three independént
demonstrating high specificity of the purification procedure. experiments are shown.
Some proteolytic products are seen in AChE from control
animals but not in AChE isolated from mice that were treated uninhibited, Spontaneous|y reactiva’[ed, or Cata|ytica||y inac-
with OP, a likely indication of proteolysis mediated by serine {jye.
proteases consequentially inhibited by OP.

Endogenous AChE isolated from mouse brain was DISCUSSION
trypsinized, fractionated by reverse-phase resin, and resolved
by MALDI-TOF mass spectrometry to elucidate the peptide  The analysis of trypsinized AChE by MALDI-TOF MS
containing the active center serine (Figure 8). Metrifonate has shown that specific chemical modifications that result
spontaneously hydrolyses in vivo to DDVP and thereby from enzyme inhibition mediated by OP compounds can be
inhibits AChE through modification of the active center detected with exquisite sensitivity and their relative abun-
serine to a dimethyl phosphoryl adduct. For control mice, dance determined. It has been generally believed that
the active center peptides from endogenous brain AChE quantitation of proteins and peptides from ion intensity on
resolve to the expected mass for unmodified ACP, 4331.0 mass spectra acquired by MALDI-TOF MS is limited by
Da. In mice treated with acute doses of metrifonate, AChE variability due to sample preparation, inhomogeneous crys-
modifications are indicated by the dimethyl and monomethyl tallization methods, and a phenomenon referred to as ion
phosphoryl ACP adducts, with masses of 4439.0 and 4425.0suppression33). We have overcome such limitations by
Da, respectively. In both the 200 and 400 mg/kg metrifonate establishing a procedure to acquire mass spectra of the tryptic
treatments, a significant fraction of the phosphorylated AChE peptide of AChE containing the active center serine that has
enzyme has undergone the aging reaction and is therebyproved to be robust and highly reproducible. In multiple
predicted to be irreversibly inhibited. Further, a larger fraction experiments conducted with mAChE inhibited by paraoxon,
of unmodified ACP is evident in the animal exposed to a the relative abundances of AChE peptides containing a
lower dose of metrifonate, representing enzyme that may bemodified active center serine strongly correlate with the
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fractional inhibition of the enzyme, achieving a wide can be detected in a single mouse brain. Moreover, the
detection range of phosphorylated to nonphosphorylatedrelative abundance of the unmodified enzyme and phosphoryl
enzyme. AChE conjugates evident after treatment with different doses
A comprehensive analysis by mass spectrometry hasof metrifonate confirms that subtle differences in AChE
elucidated distinct chemical modifications of AChE inhibited modifications can be detected. The amount of phosphorylated
by OPs that form diisopropyl, diethyl, and dimethyl phos- AChE in the animal exposed to 200 mg/kg (ip) metrifonate
phoryl AChE adducts. A simple fractionation of trypsinized is clearly less than for the 400 mg/kg treated mouse. In fact,
AChE by reverse-phase chromatography gives an enrichmenit is noteworthy that a significant fraction of OP-inhibited
of the peptide containing the active center serine that AChE in the metrifonate-treated animals is observed as the
enhanced the detection sensitivity of the MALDI-TOF MS monomethyl phosphoryl conjugate, corresponding to aged
procedure to subpicomole levels. The relative abundance ofenzyme. The half-time of reactivation and aging for dimethyl
phosphoryl AChE conjugates that occur with time following phosphorylated human AChE, as determined by in vitro
inhibition by OPs has been observed and gives a measurestudies, is reported as 0.7 and 4.2 h, respectiv&ly. (The
of the propensity of the inhibited enzyme to spontaneously relative abundance of aged AChE conjugates within the 45
reactivate or undergo the aging process. Mass spectrometrignin time interval of OP exposure in these animals would
analySiS of AChE, as described in this report, allows for the not have been predicted to occur for the d|methy| phospho_
direct observation of the abundance of reactivated enzymerylated enzyme. However, with in vivo treatment regimens
and aged conjugate following inhibition by OPs. This of OP exposure, it is difficult to estimate the amount of
approach offers advantages compared to classical methodgyhibitor available to interact with brain AChE in the treated
that have relied on indirect measures of catalytic activity mjce. The presence of excess inhibitor, perhaps sequestered
determined by nucleophilic reactivation of OP-inhibited i, tissue, would suppress observation of spontaneous reac-

AChE (30, 31, 34). tivation and thereby lead to a progressive accumulation of
The abundance of aged enzyme for DFP-treated MAChE gged enzyme.

monitored by monoisopropyl phosphoryl adducts at 7 h
following inhibition is about 50%, consistent with the aging
half-time (,2) of 6.7 h reported by others for AChE inhibited
by DFP @4). For paraoxon-mediated inhibition of AChE, a
reactivationt;,, of 83 h 34) and agind/, of 31—60 h have
been observed3(Q, 34). In this study, the fractions of

Most of the OP insecticides in current worldwide use form
either the dimethyl or diethyl phosphoryl conjugates with
AChE. We show here that these conjugates exhibit progres-
sive spontaneous hydrolysis and aging, but at different rates.
Since the aged species can no longer be reactivated, either

reactivated and aged species of MAChE that resolve follow- 2Y 0Xime or spontaneously, and the nonaged species will be
ing treatment with paraoxon are about equal and similarly suscgptlble to hydrolysis and _subsequen'g re|qh|b|t!on,_aged
increase in abundance with time. Since the presence of excesSPecies should accumulate with the multiple inactivation
OP and reinhibition would initially suppress observation of €activation events occurring upon chronic exposure. Ac-
reactivated enzyme, and giving consideration to the reportedc0rdingly, the simultaneous measurement of the complement
rate constants for the diethyl phosphorylated enzyme, the©Of th(_e three species should provide an indication of the
fraction of aged species should exceed that of reactivategduration of exposure to the OP.
enzyme. Our results suggest that diethyl phosphoryl AChE  Substantial variability of AChE activity levels in the
conjugates may undergo aging at a rate slower than previ-various tissues of animal species within defined populations
ously determined by nucleophile reactivation studies. The has been reported, even among litter mate siblings from
rates of reactivation and aging for dimethyl phosphoryl inbred mouse colonies3®). With the aim to develop a
enzyme conjugates that result from OP-inhibited AChE were technology to correlate endogenous AChE inactivation with
recently studied by measuring activity and susceptibility to biological end points, the sensitive detection of the phos-
oxime nucleophiles 31). Spontaneous hydrolysis of the phoryl AChE by MALDI-TOF MS provides a direct measure
phosphoryl serine bond occurred withya of 0.7 h. In the of the covalent modification of enzyme in animals exposed
presence of excess inhibitor, the of aging was 4.2 h31). to OPs. This approach of measuring the conjugate directly
The relative amounts of reactivated and aged enzymethereby circumvents the limitations of biological variation
determined here by mass spectrometric analysis are consistent/hen reductions in AChE activity from a range of standard
with these rate constants. The aged enzyme adduct appeargalues determined from control animals are monitored.
early in the time course, when reactivation is masked by
reinhibition. As excess inhibitor is depleted, spontaneous ACKNOWLEDGMENT
hydrolysis predominates, and a large abundance of reacti-
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