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Abstract

A method to identify and sequence recombinant mouse acetylcholinesterase (rMoAChE) including the native and organophosphate-modi
active-site peptides was developed using capillary liquid chromatography with electrospray ionization, quadrupole/time-of-flight masstspectro
Addition of 2-propanol to the reversed-phase gradient system and a decreased gradient slope improved the peptide resolution and the sigr
the active-site peptide. The highest protein coverage and active-site peptide signal were achieved when the rMoAChE:chymotrypsin ratio of
was used with digestion at 3C. rMoAChE and the active-site peptide were identified and sequenced from chymotryptic digests of native, methy
paraoxon-, and ethyl paraoxon-inactivated rMoAChE showing unequivocally that the exact modification site was the active-site serine.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Ser-His). AChE structure is also defined by a&2@orge lined

with lipophilic residueg6] that connect the active-site region to

Acetylcholinesterase (AChE) belongs to a large family ofthe protein surface. A high degree of sequence homology exists

serine hydrolasefl] whose specific biological role is to ter- among species and results in a conserved three-dimensional
minate the neuronal impulse that occurs when acetylcholingctive-site structure whose mechanism is hinged upon a highly
(ACh) is released into the synaptic cleft. There are several difnycleophilic serine hydroxyl group. The serine hydroxyl reacts
ferent polymorphic forms of AChE within a species, yet theith the ACh ester carbonyl group to form the transiently acety-
catalytic domains, enzyme mechanism and pharmacology afgted AChE that is hydrolyzed by water to afford acetic acid
nearly identical[2]. Torpedo californica, mus musculus, and  and restored AChE. AChE maintains the correct titers of ACh in
homo sapiens AChE have been characterized by X-ray analysisthe synapse to ensure proper neuronal signaling and nerve cell
[3-5]and reveal the typical serine hydrolase catalytic triad (Gluhealth. Inactivation or loss of AChE is a serious biochemical

consequence resulting in an accumulation of ACh in cholinergic

synapses and subsequent hyperstimulation of skeletal muscle,

Abbr_eviations; ACh,acetyIchoIine;AChE,agetylcholinest_erase; rMoAChE, smooth muscle, and secretory glands, altered cardiac activity,
recombinant mouse acetylcholinesterase; anti-mAChE, anti-mouse AChE ant-

body: AChRos, TLFGESAGAA-COOH: AChEss GESAGAASVGMHIL-  eSpiratory compromise and, in extreme cases, déath
COOH; HFIP, hexafluoroisopropanol; BSA, bovine serum albumin; PBS, phos- Organophqsphate (OP) esters are a d|V_erse C_Ia_ss of com-
phate buffered saline; Tween-20, poloxyethylene 20 sorbitan monolauratgpounds that include oxidation products of insecticides (e.g.,
DMSO, dimethylsulfoxide; GFP, [Gi'ﬂ-fit_)rinopeptide B; ESI, electrospray malaoxon from malathion, paraoxon from parathion), protease
ionization; QTOF, quadrupoleftime-of-flight;, MS, mass spectrometer, masgnhihitors (e.g., diisopropyl fluorophosphates), and chemical
spectrometry; CID, collision-induced dissociation; EIC, extracted ion chro-Warfare agents (e sarin. soman VX) Common to all OPs
matogram; OP, organophosphate 9 ) Y- S ' . . .

* Corresponding author. Tel.: +1 406 243 4643; fax: +1 406 243 4643. are the acute toxic effects, which result from reaction with an

E-mail address: charles.thompson@umontana.edu (C.M. Thompson).  active-site serine hydroxyl group of AChE to form a stable

1570-0232/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Depiction of AChE, the reaction with methyl paraoxon and ethyl paraoxon, and formation of the active-site-containing peptides follovatrgpsiy
digest (doubly charged ion values shown).

phosphoserine ester bond or an OP-AChE conjudaitg (L, sis, the active-site serine inclusive peptides TLFGESAGAA

shown for paraoxon), rendering the enzyme inactive and unabi&ChE;gs) [14] and GBSAGAASVGMHIL (AChE14s, equiv-

to hydrolyze ACh. The mechanism of inactivation typically alent to the chymotryptic fragmenfjg. 1), were synthesized

occurs with loss of a leaving group from the OP compoundand used to develop methods for detection of the active-site pep-

for example, g-nitrophenoxy leaving group is ejected when tide from rMoAChE. Using rMoOAChE, AChlps, and AChhys,

methyl or ethyl paraoxon inhibits AChEig. 1). A number of we report a new method that identifies and sequences native,

studies have been undertaken to understand the chemical natunethyl paraoxon-inactivated, and ethyl paraoxon-inactivated

of the OP-AChE modificatiofB8,8—14] Importantly, OP-AChE rMoAChE. Because an overwhelming majority of the current

conjugates differ in the phosphoester ligands, which defines @P insecticides contain either dimethoxy or diethoxy groups

unique molecular weight identifier for analysis and potentially(Fig. 1), the ability to identify and discriminate between these

a method for discriminating between OP-AChE conjugates. OP-AChE conjugates and native AChE by tandem MS will have
Mass spectrometry offers a rapid method to characterize prdsroad application.

teins and their modifications. Certain OP-modified AChEs have

been characterized by ESI-quadrupole [3®,15]and matrix- 2. Experimental

assisted laser desorption ionization (MALDI)-TOF J18-12]

Although these studies established that an OP group was added. Materials

to AChE, the exact site of modification and sequence informa-

tion could not be unambiguously determined. In one case, the HPLC-grade water, acetonitrile, 2-propanol, and Micron

chemical structure of the OP-peptide conjugate could not b&#M-10™ filters (Micron Bioseparations) were purchased

obtained without the use of isotopic labeling, due to limited massrom Fisher Scientific. Chymotrypsin, thrice crystallized and

accuracy{11]. Although these prior studies demonstrated howtreated with 1-chloro-3-tosylamido-7-amino-2-heptanone to

mass spectrometry can differentiate OP-modified AChE frominhibit trypsin activity, was purchased from Worthington

native AChE, the need to determine the mechanism of OP-AChBiochemical Corp (Lakewood, NJ). The synthetic peptides

conjugate formation using high-resolution mass spectrometrif LFGESAGAA-CO,H (AChEzgs) and GESAGAASVGMHIL-

sequence analysis remains. COyH (AChE145) were commercially synthesized by Synpep
The recombinant enzyme, rMoAChRS6], was selected (Dublin, CA). Human [Gld]-fibrinopeptide B (GFP) used for

for study owing to the large number of protein impurities MS calibration and optimization of ESI conditions was pur-

found in commercial sources of electric eel and bovine erychased from Sigma—Aldrich. rMoAChE was prepared and puri-

throcyte AChE. Further, rMoAChE and the active-site pep-fied as describeld 6]. Methyl paraoxon and ethyl paraoxon were

tides obtained from chymotryptic digestsig. 1) are more purchased from ChemService Inc. (West Chester, PA).

than 90% homologous to human AChE and its correspond-

ing peptide fragments. Therefore, MS methods developed for.2. Capillary chromatography conditions

rMoAChE will be applicable to other mammalian AChEs,

and other select esterases (e.g., butyrylcholinesterase) bearingAnalysis of peptide standards and the separation and anal-

homologous active-site sequences. To further aid the analysis of the proteolytic peptides were achieved on a Waters
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Table 1 2.4. Inhibition of rMoAChE by OPs
Capillary LC solvent gradients used for analysis of chymotryptic digests of
rMoAChE Stock solutions of methyl paraoxon (AM in acetone) and
Solvent A (%) Solvent B (%) Time (min)  ethyl paraoxon (M in acetone) were prepared and stored at
Gradient 1 4°C. rMoAChE (8wM) in buffer was incubated with an equal
95 5 0-3 volume of the OP in 25mM NEHCO;3; for 20 min (methyl
50 50 15 paraoxon) or 2 h (ethyl paraoxon), which resulted in >90% inac-
20 80 16-20 tivation of rIMOAChE.
Gradient 2
23 42 263 2.5. MS analysis and identification of rMoAChE peptides
20 80 70

Nanoelectrospray (+) mass spectra were acquired through-
;SO'V?N A_L‘Q-Z% f0”T_“C_I aCidzi;vaatef_iace_tghi”D"; (98:2, V/V)-_S_?'Vi”t_ B: 0-/2% out the chromatographic analyses on a QTOF-I (Waters Corp)
oo oo 2 epanaataie030 2 ) MS, using the nanosprayer supplied by the manufacturer, and
' ' R CID spectra were acquired in a data-dependent fashion on the
most abundant ions having mass to charge ratig's) (from
CapLC coupled to a QTOF-I MS. GFP or peptide stan-400 to 1500. The capillary and sample cone were operated at
dards (4uL of a 0.5pmol.L~! solution) were injected fol- 3500V and 20V, respectively. These voltages were determined
lowed by a 1QuL injection of rMOAChE chymotryptic digest to be optimum_by observing the inte_nsity of the doubly proto-
.2 pmow_—l) through an auxiliary solvent (aﬂ_min—l) nated AChkg4sion atm/z 650.3, relative to doubly protonated
of 0.05% TFA in water:acetonitrile (95:5, v/v). The peptidesGFP(aVery hydrophilic peptide, with GRAVY score 1.107)
were concentrated and desalted on @ €epMag™ Nano- ion at capillary voltages between 2500V and 4000V and sam-
Precolumf™ (5mmx 0.3mm i.d., Sum particle size; LC ple cone voltages between 10V and 60V. The collision cell

Packings, Amsterdam, The Netherlands) for 3min, and elutelf@S Pressurized with 1.5 psi ultra-pure Ar (99.999%), and col-

from the Nano-Precolunf and partially resolved on a;g lision voltages were dependent on thé ratio and the charge
PepMapM capillary column (15 cmx 75um i.d., 3um particle state of the parent ion. A calibration file was derived for the

size; LC Packings), using a gradient flow of 200300 nLmin fragment ions. Thg CID of GFP was generated every fifth sam-
Three different solvent compositions and two different sol-P/€: Processed using Mass Measure (Waters Corp.) and used
vent gradients were examinedaple 3. When a gradient to calibrate the five proceeding sample data files. Processed
completed, the column was rinsed with 95% solvent B anodata defining peptide fragments were submitted to MASCOT

equilibrated at 5% solvent B before injection of the next(NttP://www.matrixscience.comior MSMS search or to Pro-
sample. teinlynx Global Server 1.0 (Waters Corp.) and searched against

allmammalian entries in the NCBI non-redundant database. The

protein/peptide search criteria were set with a mass accuracy of

2.3. Enzymatic digestion of rMoAChE 40 ppm, mw 50-80kDa, allowance for two missed cleavages,

and variable oxidation of methionine. Chymotrypsin preferen-

rMoAChE (5.5uM) was prepared in buffer (10mM tially cleaves at phenylalanine (F), tyrosine (), tryptophan (W),

Tris—HCI, 100 MM NaCl, 40 mM MgGCJ, 0.02% NaN, pH 8)  and leucine (L). Manual identification of native and modified

or 1.4uM in the same buffer with 50% glycerol and stored at AChE;4s was accomplished by generating extracted ion chro-

—20°C prior to use. For rIMOAChE stored in 50% glycerol solu- matograms (EIC) at the calculatedz; £+ 0.1.

tion, 16pL of the protein was mixed with 84L of 25 mM

NH4HCOs; and separated from glycol polymers in @®t  2.6. Statistical analyses

rinsed microcon YM-10M Eppendorf filter by centrifugation

at 14,000x g for 15 min. The microcon filter was then inverted  All statistical analyses were performed on SPSS 11.0 for Win-

in an Eppendorf tube and centrifuged at 1609 for 3minto  dows (SPSS Inc., Chicago, IL). One-way analysis of variance

retrieve the protein. For the rMoOAChE stored without glycerol,was used to determine the differences between three or more

4 L of the protein was used without filtering. Prior to digestion, data sets. When differences were found between means, Tukey’s

rMoAChE was either denatured in 8 M urea in \MHC O3 buffer ~ Honestly Significant Difference (hsd) was used pssa-hoc test

for 1 h at 37°C or buffer alone was added. Samples were dilutedo differentiate the means.

to afford a 2M urea concentration whereupon chymotrypsin

in 25mM NH;HCOs; was added to produce the desired3. Results and discussion

rMoAChE:chymotrypsin ratios. The solutions were incubated

for24+4hat25C orat 37C. Acetonitrile, HO, and 10%ttri-  3.1. Analysis of proteolytic peptides

fluoroacetic acid (TFA) were added to the digest to produce final

concentrations of 5%, 95% @@ + buffer), and 0.05%, respec-  The grand average hydropathicity score (GRAVY; 4.6 to

tively, and stored at-20°C prior to chromatography and MS —4.6) provides a relative measure of peptide hydrophobic-

analysis. ity/hydrophilicity where scores larger in magnitude thaf
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are representative of high hydrophobicity or hydrophilicity. A ide (DMSO)[19] have been shown to be more effective than
negative score indicates a hydrophilic peptide and a positivenethanol or acetonitrile in eluting hydrophobic peptides. These
score indicates a hydrophobic peptide. Trypsin digestion ofindings led to the following changes to solvent B: (I) 0.2%
rMoAChE results in LALQWVQENIAAFGGDPMSVTLFGE- TFA in acetonitrile, (1) 0.2% TFA in 2-propanol:acetonitrile
SAGAASVGMHILSLPSR, the active-site-containing peptide (10:90, v/v), or (lll) 0.2% TFA in DMSO:acetonitrile (10:90,
with a monoisotopic mass of 4327.17 Da and a GRAVY score of/v). The signal:noise ratios using these modified conditions to
0.507. Chymotrypsin digestion of rIMoOAChE forms the active-examine AChkps showed that solvent Il gave the highest MS
site serine-containing peptide GESAGAASVGMHIL, with a signal:noise ratio when the peptide was injected alone or co-
monoisotopic mass of 1298.62 Da and a GRAVY score of 0.73@njected with rIMoAChE digest (analysis of variance and Tukey'’s
[17]. We hypothesized that our initial failure to identify the hsd« =0.10). The ESI signal might also be enhanced in the pres-
active-site peptides from tryptic and chymotryptic digests ofence of 2-propanol, and the observed effect might be due to a
rMoAChE was due to their hydrophobicity. Hydrophobic pep- combination of enhanced chromatographic efficiency and ESI
tides can be difficult to analyze because they dissolve poorly igignal.
typical aqueous HPLC mobile phadds8] and are retained on Using 10% 2-propanol in capillary LC solvent B with a gra-
reversed-phase columns to produce delayed elution times, badéent slope of 3% min! (5-50% solvent B over 12 min) led to
broadening, and signal reduction. Further, hydrophobic peptidedetection of the desired doubly-charged iom#1650.3 from a
do not compete well with more hydrophilic peptides for electro-chymotryptic digest of IMOAChEKig. 2a and b). However, the
spray ionizatiorf19]. Other investigators have reported the fail- base peak in the/z 650.3 EIC had a poor signal:noise ratio of
ure to identify the native, active-site serine peptide from AChE3:1 and was not chosen for CID analysis due to a large number
even when the OP-AChE conjugate has been idenfi#iéfl of co-eluting ions that were greater in intensity. A decrease in
Because we believed that the large tryptic peptide would posthe gradient slope to 0.6% mih (5-40% solvent B over 60 min)
greater difficulty dissolving in aqueous solution, eluting from theyielded better chromatographic resolution. The base peak in this
capillary chromatography column, and fragmenting during CIDm/z 650.3 EIC trace showed a signal:noise ratio of 49:1:ahd
analysis, we pursued identification of the chymotryptic active-650.3 was the base ion and was chosen for CID analy&isZc
site peptide. Two synthetic peptides representing portions adnd d). When the 3% gradient was used, 25 ions with intensity
rMoAChE were used to test instrumental conditions in this study>10% of the base ion were seen in the mass spectrign2b).
The decapeptide TLFGESAGAA (AChbs), a key sequence When gradient 2 was used, only five ions with intensity >10%
containing the active-site serifiet] and GESAGAASVGMHIL  of the base ion were seen in the mass spectikim @d). Nine
(AChE;49), a chymotryptic, active-site-containing peptide wereof the co-eluting ions using the 3% gradiehtd. 2b) were the

analyzed as described. correct mass to be identified as AChE peptides by a peptide
mass fingerprintTable 3. However, only three of the ions at
3.2. Chromatographic analysis of peptides this retention time were chosen for CID analysis and identified

as AChE peptides by MASCOT. Most of these co-eluting ions
Modification of the organic phase has been shown to improvevere resolved when gradient 2 was used, and seven of the nine

the MS signal for hydrophobic proteins and peptideés21] for  ions were chosen for CID analysis and identified as AChE ions
example, addition of 5% hexafluoro-2-propanol (HFIP) preventdy MASCOT (Table 2. Overall, decreasing the slope of the LC
hydrophobic proteins from precipitating22]. Similarly, the  gradientincreased the number of AChE peptides identified from
ESI signal of hydrophobic compounds and peptides increase2b to 36, and increased protein coverage of rIMOAChE from 42%
when neat HFIF18] or dimethylsulfoxide (DMSOJ19] were  to 63%.
used. Schaller et aJ21] noted that the hydrophobic subunits
of the mannose transporter complex were lost when the gradiable 2
ent solvents employed mixtures containing TFA in acetonitr”e,Pe_ptides c_o-eluting with AChlgs using gradient 1, and subsequent resolution
methanol or chloroform but were recovered when the gradienlfSlng gradient 2
solvents were 0.1% TFA or neat formic acid. Collectively, these/z Peptide Relative retention tirfie
studies suggest that hydrophobic peptide analysis is aided by Gradient1  Gradient 2

HFIP and DMSO as aresult of improved dissolution and elution:
725.9*  ALPGSREAPGNVGLL 1.18 1.28

Therefore, in order to increase the probability of identifying the,c5 ¢+ g psrsIF 113 149y
hydrophobic active-site peptide following chymotryptic diges-450.2+  LAQVEGAVL 1.13 1.69
tion, rIMOAChE samples were speed-vacuumed to dryness folz62.4*  ARTGDPNDPRDSKSPQWPPY  1.13 1.65
lowed by dissolution in 5-50% DMSO or HFIP before injection 650-32: GESAGAASVGMHIL 113 172
on the capillary LC. Unfortunately, these experiments did nof 764~ IYGGGFY 113 L4
) . o . . L 500.8*  NRFLPKLL 113 1.7
improve the signal:noise ratio of AChgs when it was injected 5"+ INTGDFQDL 113 178
with chymotryptic rMoAChE digests, nor was identification of 535 2+ HvLPQESIF 1.13 1.86

the active-site peptide possible (data not shown). — , , . — .
. . . @ Retention time is relative to retention of GFP which was co-injected with
Retention on the ¢ capillary column was a possible cause ,\,oache digest.

of peptide loss and poor signal:noise ratio, therefore the sol-b hgicates CID analysis and positive identification as AChE peptide by MAS-
vent system was modified. 2-Propaf8] and dimethylsulfox-  coT.
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Fig. 2. (a)m/z 650.3+ 0.1 extracted-ion chromatogram resulting from the analysis of a chymotryptic digest of rMoAChE using gradieblell); (b) mass
spectrum under thex/z 650.3 peak in a; (cj/z 650.3+ 0.1 extracted-ion chromatogram resulting from the analysis of a chymotryptic digest of rIMOAChE using
gradient 2 Table J); (d) mass spectrum under thg; 650.3 peak in c.

The mass spectrum resulting from CID analysisiaif 650.3
in Fig. 2d revealed a nearly complete b- and y-ion series for thef this active-site peptide. Two experimental variables were
expected rMoAChE active-site peptide withthrough b also

forming dehydroalanine ions (indicated b§)through loss of

H,0 (Fig. 3.

3.3. Proteolytic digestion of rMoAChE

ations in sample preparation led to inconsistent identification

addressed: (a) denaturing rMoAChE prior to enzymatic diges-
tion to permit more complete cleavage, and (b) controlling the
ratio of chymotrypsin to rMoAChE to ensure fully competent
cleavage unencumbered by excess chymotrypsin, autocatalytic
peptide, and non-specific peptide interference. Previous studies
have denatured AChE before protease digestion using heat or

Chymotryptic digestion of rMoAChE affords the putative chemical reagen{d0,24,25]or used no denaturati¢hl,12,26]

active-site-containing peptide AChks. However, subtle vari-

prior to digestion by trypsin. In these reports, AChE was not

a, b, b*s
b, b; b"y by by b; by b,
6 E\s\A\G\Aa\A\s\v\e\M\H\ I L e
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Fig. 3. De-isotoped mass spectrum resulting from CID analysis omth&50.3 ion inFig. 2d. Fragment ion nomenclature from Biema®i]. (') indicates

dehydroalanine (loss of #D).



110 R.S. Spaulding et al. / J. Chromatogr. B 830 (2006) 105-113

reduced (disulfide cleavage) or alkylated at cysteine prior to [J Number of peptides resulting from chymotrypsin-specific cleavages
digestion. We compared chymotryptic digests of rMoAChE B Number of peptides resulting from non-specific cleavages
that was denatured using heat, 8 M uf@d], or using no 60
denaturation and found that pretreatment had no effect and in
some cases reduced the net protein coverage map compared to 50
control. Although re-folding of AChE in 2 M urea after dilution
and addition of chymotrypsin is a possible concern, we did not o
reduce or alkylate because of the possibility that phosphorylated 2
residues might be lost during chemical treatment. Since various &
denaturation conditions failed to produce an increase in protein
coverage, the ratio of protease to rMoAChE was examined. 10

In previously published studies, chymotryptic digestions r_i
used protein:chymotrypsin molar ratios ranging from 2:1 to
2000:1 in varying reaction times and reaction temperatures

40
30 o T 1

3

eptid

20

Num

0 5:1 2:1 1:1 1:2 1:5

)

60

[28-30] In our experiments, rIMOAChE:chymotrypsin molar [
ratios of 5:1, 2:1, 1:1, 1:2, and 1:5 were examined at room § 50

temperature and 3T to determine which conditions pro- %

duced the maximum number of chymotryptic peptides with & a0

the least number of non-specific cleavages. The efficiency of © z¢{—* ) I ;
chymotrypsin digestion was studied by MS and CID analysis, E I

using an Automo8 query on Proteinlynx Global Server 2.0 § 20

to identify the number of chymotrypsin-specific cleavages. In < 10

this analysis, the predicted chymotryptic peptides were defined

as cleavages at the C-terminal to F, Y, W, and L, and non-  °© 5:1 P 1:1 12 1:5
specific peptides resulted from cleavage at the C-terminal to any (b) rMoAChE:Chymotrypsin Ratio

other amino acid. Presumably, at low rMoAChE:chymotrypsin
ratios (high chymotrypsin amount) and higher temperatureiig- 4. The number of peptides resulting from chymotryptic cleavages at both

: _ - _ends (J) and the number of peptides resulting from non-specific cleavages at one
chymotrypsin would cleave more competently at the C termmﬁr both endsHl ), as identified using the Autom&Y analysis on Proteinlynx

of phenylalanin& tyrosine, tryptophan, and leucine, but th%lobal Server 2.0: (a) reaction carried out for 24 h &t@%no denaturation) and
number of non-specific cleavages would also increase. Thg)reaction carried outfor 24 h at 3fho denaturation). Data points are the result
digestion results are shown iRig. 4a (25°C) and Fig. 4b of duplicate analyses; error bars&.1") indicates identification of AChgsin
(37°C). one of two samples analyzed: Y indicates identification of AChfgsin two of
Although variations in chromatography made it difficult ™° Samples analyzed.
to find statistically significant differences in the numbers of
peptides identified, the trends were the same in duplicataith chymotrypsin, and analyzed by CapLC/QTOF using opti-
experiments, namely, at 2& the number of rMOAChE pep- mized instrumental conditions. We expected methyl paraoxon
tides identified increased as the rMoAChE:chymotrypsin ratianactivation of rMoAChE followed by chymotryptic digestion to
decreasedto 1:2. Atand beyond aratio of 1:2, the number of nomesult in an active-site peptide of mw 1406.62 with the expected
specific peptides increased. When the digestion temperature wam at 704.32* (Fig. 1). Under optimized conditions, the base
increased from 25C to 37°C, the overall number of chymotryp- peak in them/z 704.3 EIC from rMoAChE inactivated with
tic peptides increased relative to the amount found &5 methyl paraoxon had a signal:noise ratio of 6 Fify(5a) (other
However, the number of non-specific peptides also increasegeaks in the chromatogram were from ions of incorreftor
as the rMoAChE:chymotrypsin ratio decreased. The digestiomcorrect charge). The base ion in the mass spectrum under the
temperature and enzyme ratio were crucial to identifying thepeak was 704.34 (Fig. 5). In contrast, the base peak in the
active-site peptide, which was only identified consistently atn/z 650.3 EIC (not shown) had a signal:noise ratio of 33:1, and
rMoAChE:chymotrypsin ratios of 5:1 to 2:1 for digestion at the 650.3* ion in this peak was too small for CID analysis, indi-
37°Cand 1:5fordigestion at 2%. Experimentsinwhich diges- cating that most of the rMoOAChE was indeed inactivated. CID
tion at room temperature was followed by western blot analysisinalysis ofm/z 704.34 revealed a complete y-ion series from
using anti-mAChE, which will only bind the intact rAChE ys to y11, indicating no modification of the serine at position
protein, correlated well with results from MS analyses (data no8 in the peptide (§. Previous MS analysis of AChks conju-

shown). gated at serine to —P(O)(OH)(OG} or —P(O)(OH)(OGHs)2
indicate that y or b fragments containing native serine residues

3.4. Identification and sequencing of OP-adducted peptides occur only from fragmentation of the native peptide, i.e., dur-

derived from OP-AChE conjugates (inactivated rMoAChE) ing fragmentation the OP-conjugated serine cannot revert to its

native state (unpublished data, R.S. Spaulding). We expected
Methyl paraoxon and ethyl paraoxon were reacted withthat the modified peptide would fragment to form dehydroala-
rMoAChE at the ratios required fagr90% inhibition, digested nine by loss of P(O)(OH)(OC%).. However, the highest inten-
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Fig. 5. (a)m/z 704.3 extracted-ion chromatogram resulting from the analysis of a chymotryptic digest of methyl paraoxon-treated rMoAChE using optimize
instrumental conditionsT@ble 2; (b) mass spectrum under théz 704.3 peak in (a); and (c) de-isotoped mass spectrum resulting from CID oii:tfi4.3 ion in

b. Fragment ion nomenclature from BiemdBg]. () indicates dehydroalanine (loss 05® or P(O)(OH)(OCH),); (') indicates loss of P(O)(OHJOCHs); a, by

and y indicate peptide fragments with native serine residugsBi and Yy indicate peptide fragments with P(O)(Og): on one serine residue.

sity peaks in this spectrum were [M+Hht m/z 1407.69 and  trum under the peak was 718234Fig. 6b). In contrast, the base
[M +H—(P(O)(OHR(OCHg)]* at m/z 1295.73 (indicated by peak in them/z 650.3 EIC had a signal:noise ratio of 16:1 (not
MHT in Fig. 5c). The methyl paraoxon-modified peptided. 1; shown), and the 650?38 ion in the peak was too small for CID
R=Me) appears not to have formed dehydroalanine, but tanalysis, indicating that most of the rMoAChE was indeed inac-
have undergone a rearrangement that left one of the methgivated. CID analysis ofiz/z 718.34 revealed a nearly complete
groups from the OP on the peptide when the phosphate groupion series up toj (serine in native state), whergYand Y13
was lost. This rearranged peptide then fragmented to a conwould include the modified serine base if the OP modification
plete B-ion series from b through h», with no b (serine in  occurred at $(Fig. 6c). Although Y;2 and Yi3were not present,
native state) or B (serine with intact OP group) ions presentthe presence ofythrough yio indicates that was not modi-
in contrast to the native peptide whose b ions fragmented botfied. Unlike the methyl paraoxon-modified peptide, this peptide
intact and in the dehydroalanine forig. 3). This fragmen- formed the expected dehydroalanine fragment ions without any
tation pattern indicates that the OP modification was at theearrangement. High intensity dehydroalanine ions from*MH
serine at position 3 in the peptides}SBi2, Bis, A12, and  and yi» (indicated by MH and Yi,), which were not seen in
A13 were the only ions seen with the intact methyl-paraoxonCID analysis of the native peptid€if). 3), were observed, sup-
modification. porting modification at & Only 2 intact b ions were seen; b
We expected ethyl paraoxon inactivation of rMoAChE (serine in native state), which occurs prior t§ &nd B, which
(Fig. 1, R=Et) followed by chymotryptic digestion to result is the only fragment observed with an intact OP-modification.
in an active-site peptide with mw 1423.66 with an expected iorHowever, dehydroalanine peaks were observed fahtough
of 718.34*. The base peak in the/z 718.3 EIC from rMoAChE  bi3 (indicated by B). This is in contrast to the CID spectrum
inactivated with ethyl paraoxon had a signal:noise ratio of 167:from the native active-site peptid&i¢. 3) in which both
(Fig. 6a) (other peaks in the chromatogram were from ions ofand I ions were observed, and again supports OP modification
incorrectm/z orincorrect charge). The base ion inthe mass specat .
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Fig. 6. (a)m/z 718.3 extracted-ion chromatogram resulting from the analysis of a chymotryptic digest of ethyl paraoxon-treated rMoAChE; (b) mass spectrum under
them/z 718.3 peak in a; and (c) de-isotoped mass spectrum resulting from CID aritfi&8.3 ion in d. Fragment ion nomenclature from Biemfgid. () indicates

ok

dehydroalanine (loss of#0 or P(O)(OH)(OGHs),); (™) indicates loss of P(0)(OH)(Ols), and HO; (™) indicates loss of P(O)(OH)(Qis), and two HO;
a, by and y indicate peptide fragments with native serine residugsBi and Yy indicate peptide fragments with P(O)(@d5s), on one serine residue.

4. Conclusion site peptides from untreated, methyl paraoxon-inactivated, and
ethyl paraoxon-inactivated rMoAChE. Moreover, CID analysis

Chymotrypsin digestion of rMoAChE produced a peptideallowed sequencing of the active-site peptide and identification

containing the active-site serine residue that was both lost duringf the exact amino acid that had been modified by the OP.

chromatography and competed poorly with the more hydrophilicThe study established the precise serine that is phosphylated

peptides during ionization. Addition of 2-propanol to the cap-by reactive organophosphates and therefore makes possible the

illary LC gradient solvent improved the signal of AChls  identification of native and modified AChE purified proteins.

when co-injected with a chymotryptic digest of rMoAChE,

suggesting that either ionization and/or elution of the pepAcknowledgements
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