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a b s t r a c t

Organophosphorus pesticides primarily elicit toxicity via their common covalent adduction of acetyl-
cholinesterase (AChE), but pesticide binding to additional sensitive secondary targets may also
compromise health. We have utilised tritiated-diisopropylfluorophosphate (3H-DFP) binding to quantify
the levels of active immune and brain tissue serine hydrolases, and visualise them using autoradiography
after protein separation by one-dimensional and two-dimensional techniques. Preincubation of protein
extracts with pesticide in vitro or dosing of rats with pesticide in vivo was followed by 3H-DFP radio-
labelling. Pesticide targets were identified by a reduction in 3H-DFP radiolabelling relative to controls,
and characterised by their tissue presence, molecular weight, and isoelectric point. Conventional column
chromatography was employed to enrich pesticide targets to enable their further characterisation, and/or
identification by mass spectrometry. The major in vivo pesticide targets characterised were 66 kDa, serum
albumin, and 60 kDa, likely carboxylesterase 1, both of which displayed differential pesticide binding
ow-dose exposure
roteomics

character under conditions producing approximately 30% tissue AChE inhibition. The characterisation
and identification of sensitive pesticide secondary targets will enable an evaluation of their potential

alth
ovide
lbumin

arboxylesterase 1

contribution to the ill he
secondary targets may pr

. Introduction

Organophosphorus (OP) compounds have been utilised as com-
ercial pesticides for over 50 years. OP pesticides are distinguished

y a central phosphorus atom double bonded to either sulphur
thion) or oxygen (oxon), an R1 group, R2 group, and a leaving
roup. Pesticides in common commercial use possess R1 and R2
roups that are ester linked to dimethyl or diethyl groups (see
ig. 1). Pesticides covalently bind protein targets directly as oxons,
r require liver bioactivation from phosphorothionates (thions) to
heir corresponding oxons.

OPs form covalent adducts with protein nucleophilic sites, such
s the carbonyl group of the hydroxy amino acids serine or tyro-
ine, thereby producing a phosphorylated derivative. Hydrolysis

nd removal of this phosphate moiety may be relatively slow, or
ssentially irreversible if adduct side chain dealkylation (ageing)
ccurs. The serine hydrolase family of enzymes possess an active
ite serine that is susceptible to OP adduction, and this has been
xploited in the use of pesticides to covalently bind and inacti-
ate acetylcholinesterase (AChE) within synapses. AChE hydrolyses

� This paper is part of the special issue ‘Bioanalysis of Organophosphorus Toxicants
nd Corresponding Antidotes’, Harald John and Horst Thiermann (Guest Editors).
�� Presented at the 12th Medical Chemical Defence Conference, 22–23 April 2009,
unich, Germany.
∗ Corresponding author. Tel.: +44 0115 823 0319; fax: +44 0115 823 0142.

E-mail address: Wayne.Carter@Nottingham.ac.uk (W.G. Carter).
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that may arise from chronic low-dose pesticide exposures. Additionally,
useful biomonitors and/or bioscavengers of pesticide exposures.

© 2009 Elsevier B.V. All rights reserved.

the neurotransmitter ACh resulting in a termination of nerve signal
conduction, hence its inactivation by OP adduction results in ACh
signal persistence and cholinergic toxicity.

Additionally, inadvertent OP protein adduction of other ser-
ine hydrolases may arise, whose enzymatic inactivation may also
contribute to ill health [1–3]. Although OP pesticides constitute a
generic compound class by virtue of their binding and inactivation
of AChE, disparate binding and structure–activity relationships may
well exist for secondary protein targets. Moreover, OP secondary
targets may impact upon health status at OP exposures at or below
the 30% inhibition of brain AChE that can trigger signs of choliner-
gic toxicity [2,4–9]. Additionally, secondary (blood) protein targets
may provide useful adjuncts to measurements of cholinesterase
inhibitions or analysis of urinary metabolites for pesticide expo-
sure biomonitoring [10], and also provide bioscavengers capable of
depleting toxic OPs [11].

Toxicologically relevant pesticide secondary targets can be eval-
uated systematically by analysis of pesticide structure–activity
profiles, but this can only be accomplished if the tissue activity of a
given serine hydrolase is known. An alternative approach has been
to interrogate tissues directly for active serine hydrolases using
compounds retaining an OP chemical signature, for example, affin-

ity ligands that possess a fluorophosphonate (FP) probe [12–15].
As an alternative, we and others have utilised the OP compound
diisopropylfluorophosphate (DFP) for which a tritiated version is
commercially available, to provide a means to track active serine
hydrolases by radiolabelling and autoradiography [16–20].

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:Wayne.Carter@Nottingham.ac.uk
dx.doi.org/10.1016/j.jchromb.2009.10.018
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Fig. 1. Structures of the pesticides examined, drawn as their active

Our studies have focussed upon brain tissue targets of pesti-
ides (neurotoxicity), and tissues of the immune system and blood
immunotoxicity), since accumulating evidence suggests that the
mmune and neuro-immune system also represent important tar-
ets of OP toxicity [21,22]. In this paper we describe the use of
H-DFP to quantify active serine hydrolases within immune and
rain tissues, and a strategy for detecting which of these active
ydrolases is also a target of pesticide binding. This strategy also
rovided a means of purification, characterisation, and ultimately

dentification of pesticide targets.

. Experimental

.1. Materials

The organophosphorus pesticides: azamethiphos-oxon (S-6-
hloro-2,3-dihydro-2-oxo-1,3-oxazolo[4,5-b]pyridin-3-ylmethyl
,O-dimethyl phosphorothioate), chlorfenvinphos-oxon (2-chloro-
-(2,4-dichlorophenyl)vinyl diethyl phosphate), and malathion
diethyl (dimethoxyphosphinothioylthio)succinate) and its corre-
ponding oxon (malaoxon) were purchased from QMX Laboratories
td., Thaxted, UK, and were at 95–99.5% purity. Chlorpyrifos
O,O-diethyl-O-(3,5,6-trichloro-2-pyridyl)phosphorothioate) and
iazinon (O,O-diethyl O-2-isopropyl-6-methylpyrimidin-4-yl
hosphorothioate) as their corresponding oxons, and pirimiphos-
ethyl (O-2-diethylamino-6-methylpyrimidin-4-yl O,O-dimethyl

hosphorothioate) were purchased from Greyhound Laboratories,
irkenhead, UK, at 97.2–99.4% purity. For in vitro assays, pesticides
ere prepared as 100 mM stock solutions in ethanol (Sigma, HPLC

rade, <0.10% water), except azamethiphos-oxon which was at
0 mM, and were stored at 4 ◦C for up to 2 weeks. Pesticides were

iluted in phosphate buffered saline (PBS) to required concen-
rations just prior to use. Tritiated-diisopropylfluorophosphate
3H-DFP) at a specific activity of 150 GBq/mmol was purchased
rom Perkin Elmer, Boston, USA. NuPAGE Novex pre-cast gels
4–12% Bis–Tris gels for 1D SDS–PAGE and 4–12% Bis–Tris Zoom
, and divided into dimethoxy-, diethoxy-, and diisopropoxy-forms.

gels for 2D-PAGE), MOPS–SDS running buffer, transfer buffer,
SeeBlue Plus2 prestained gel standards, and Safe stain were
all obtained from the Invitrogen Corporation. Precision plus
prestained protein standards, and IPG strips (pH 3–10, 7 cm
length) were purchased from BioRad, with all isoelectric focussing
performed using a BioRad Protean isoelectric focussing cell.
Dithiothreitol (DTT), wide range molecular weight markers, �-
nitrophenyl acetate, gel filtration molecular weight standards, and
recombinant human AChE (C1682) were all purchased from Sigma.

2.2. Blood and tissue preparations

Male F344 strain rats weighing between 200 and 230 g were
used for experiments. Rats were maintained in cages (four/cage)
under controlled temperature (21 ± 1 ◦C) and light (16 h light/8 h
dark cycle) with ad libitum access to food intake and water. All ani-
mal procedures were approved by the University of Nottingham
Local Ethical Review Committee and were carried out in accordance
with the Animals Scientific Procedures Act (UK) 1986. Rats were
dosed orally by gavage with OPs in arachis oil. Rat blood, and whole
tissue and cytosolic extract were prepared according to previous
publications [19,20]. Control human blood (taken with University
of Nottingham Ethical Review Committee approval) from one of
the authors (male, 41 years of age) was collected into heparin and
erythrocytes and plasma prepared as described previously [20].
Protein concentrations in homogenates were measured using the
DC Protein assay (Biorad) using bovine serum albumin as a protein
standard.

2.3. Acetylcholinesterase measurements
Blood or tissue AChE activity measurements were based upon
the spectrophotometric method described by Ellman et al. [23].
Spectrophotometric measurements were performed at 412 nm in
a Perkin Elmer Lambda 2S spectrophotometer operated using UV
KinLab software as described previously [20].
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.4. 3H-DFP radiolabelling of tissues and quantitation

Rat tissue homogenate or cytosolic extract was incubated with
4 �M 3H-DFP for 60 min at 37 ◦C. Radiolabelled protein was pre-
ipitated with acetone:diethyl ether (2:1) (v/v) on ice and the
recipitate retained by centrifugation at 5000 rpm for 3 min. The
recipitate was washed with 1 ml of ether:industrial methylated
pirit:water (10:7:2) (v/v/v), and recovered by similar centrifuga-
ion. Four further washes were used to remove extraneous 3H-DFP.
he precipitate was air-dried and then dissolved in 100 �l of solu-
ilisation buffer: 40 mM Tris, 9.8 M urea, 4% CHAPS (w/v), 50 mM
TT, pH 8.0. Ten microliters of solubilised extract was added to
0 ml of scintillation fluid, and the radioactivity incorporated quan-
ified by liquid scintillation counting using a Packard Tri-Carb 2100
ounter.

.5. Protein separation

For one-dimensional SDS–PAGE, whole tissue homogenate,
ytosolic extracts, or recombinant human AChE were incubated
ith either pesticide or PBS as solvent for 20 min at room tem-
erature. Proteins were then radiolabelled by incubation with
4 �M 3H-DFP (final concentration) for 1 h at 37 ◦C. Proteins
ere heated for 10 min at 70 ◦C in sample buffer (Novex) con-

aining 100 mM DTT, and then resolved by gel electrophoresis
hrough NuPAGE Novex 4–12% Bis–Tris gels run with 3-(N-

orpholino)propanesulfonic acid (MOPS) buffer in an X Cell
urelock gel tank (Invitrogen). Proteins were either stained with
olloidal Coomassie blue overnight (Invitrogen) or stained with
ilver (Amersham PlusOne kit) according to the manufacturer’s
nstructions, and then photographed using a Fugi E900 digital cam-
ra. Alternatively, resolved proteins were electroblotted at 80 V
or 2 h onto a polyvinylidene difluoride (PVDF) membrane (Mil-
ipore) using NuPage Transfer buffer. The PVDF membrane was
ir-dried overnight at room temperature to fix the proteins, and
hen stained for 30 min with Coomassie Blue (Safestain) to visu-
lise the proteins and ensure even protein transfer across the
lot. PVDF membranes were then destained with 50% methanol
v/v), 10% acetic acid (v/v), washed with PBS, and proteins cross-
inked as described previously [19]. Protein cross-linking was
erformed to limit protein loss and radioactive contamination of
he microchannel detector under the high vacuum conditions used
or autoradiography.

For two-dimensional (2D)-PAGE, 600 �g of protein was used
or each individual 2D-PAGE analysis, radiolabelled with 24 �M
H-DFP (final concentration), and then proteins resolved in two
imensions according to a previous publication [24]. 2D-PAGE
eparated proteins were transferred to a PVDF membrane and
utoradiographed.

.6. Autoradiography

Approximately 0.25 �l of 100 KBq 14C-amino acid mixture
1.85 MBq/ml, Amersham) was applied to the PVDF blot at the posi-
ions of the molecular weight markers to provide an estimation of
he molecular weight of 3H-DFP radiolabelled proteins after autora-
iography. Blots were subjected to 24 h of autoradiography within a
icrochannel plate detector, an autoradiographic device that pro-

ides high sensitivity (detection capability of 6 dpm/mm2), good
Y spatial resolution (70 �m), and signal production in real time

hich is linear over six orders of magnitude [25]. Radiolabelled pro-

ein bands in autoradiographic images were quantified using Quant
can software (Beta autoradiographic image acquisition software),
ith band intensities (in pixels) plotted using excel to determine

elative radiolabel incorporations.
. B 878 (2010) 1312–1319

2.7. Column chromatography

Column chromatography was performed using an FPLC system
(Amersham). A MONO Q anion exchange column (HR 5/5) was equi-
librated with 50 mM Tris/HCl, pH 8.0 (Buffer A) at a flow rate of
1 ml/min. Thymus cytosol was diluted 1:1 with Buffer A and then
loaded onto the column at this flow rate. Protein was eluted with a
linear gradient of 0–1 Molar sodium chloride in Buffer A collecting
twenty 1 ml fractions.

A Superose 12 size exclusion column was equilibrated with
50 mM Tris/HCl, pH 8.0, 100 mM sodium chloride, 1 mM DTT at a
flow rate of 0.4 ml/min. MONO Q concentrate was loaded onto the
column at this flow rate and 280 �l fractions collected. The protein
standards, �-amylase (200 kDa), alcohol dehydrogenase (150 kDa),
albumin (66 kDa), carbonic anhydrase (29 kDa), and cytochrome c
(12.4 kDa), were passed through the Superose 12 column to cali-
brate it for molecular weight determination.

2.8. Matrix assisted laser-desorption ionization-time of flight
(MALDI-TOF) mass spectrometry

Silver stained protein bands from 1D PAGE of Superose 12 col-
umn fractions were excised and transferred into a 96-well plate
using an automated MassPrep robotic system (ProteomeWorks,
Bio-Rad). Gel pieces were destained, reduced with DTT, alky-
lated with iodoacetamide, and then proteins digested in situ with
trypsin. Tryptic peptides were desalted by binding and then elution
from a C18 Zip-tip (Millipore), and then mixed with �-cyano-
4-hydroxycinnamic acid (Sigma, C-2020) matrix, and peptides
analysed by MALDI-TOF mass spectrometry, using a Micromass
MALDI (Waters, UK). The masses of intact, singularly charged pep-
tides were used in a search algorithm (MASCOT peptide mass
fingerprint) to screen protein databases, such as SwissProt to deter-
mine mass matches and enable protein identification [26].

2.9. Esterase assays

Twenty microliters from a MONO Q column fraction was diluted
to a final volume of 190 �l with 50 mM Tris–HCl, pH 8.0. Ten
microliters of �-nitrophenyl acetate was added (final concentration
1 mM) and the liberation of �-nitrophenol monitored at 400 nm for
5 min at 37 ◦C using a Molecular Devices Spectramax plate reader
run with SoftmaxPro software. Esterase activity rates were all lin-
ear over the 5 min assay period, and were quantified as rate of
formation of �-nitrophenol/minute.

3. Results and discussion

Our studies have focussed upon pesticides commonly deployed
within the UK: azamethiphos, chlorfenvinphos, diazinon,
malathion, and pirimiphos-methyl, and also chlorpyrifos which
has widespread use within the USA. Pesticides as thions undergo
in vivo liver bioactivation to their corresponding active oxons, thus
for our in vitro studies we have used pesticides directly as their
oxon forms (Fig. 1). Studies with pirimiphos-methyl were always
undertaken in vivo since a commercial oxon for in vitro assays was
not available.

In the absence of commercially available radiolabelled pesti-
cides, definitive pesticide–protein targets are difficult to assign.
We have employed the OP compound DFP to investigate protein

adducts, since tritiated DFP is available for purchase. Although DFP
is susceptible to hydrolysis after prolonged (24 h) incubation in
aqueous solution [27], short-term incubation (1–4 h) with 3H-DFP
produces stable 3H-DFP-protein binding. Furthermore, the leaving
group of DFP is a fluoride ion which confers relatively high reactivity
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Table 1
Summary of the major pesticide targets in rat thymus and brain tissues. Proteins
radiolabelled with 3H-DFP were resolved by 1D PAGE and characterised by their
denatured molecular weight. In vitro radiolabelled proteins specific for thymus tis-
sue (t) or brain tissue (b) are indicated. The symbol (+) denotes a significant pesticide
adduction when the corresponding level of tissue AChE inhibition was approxi-
mately 30%; a (−) denotes no significant adduction; (+/−) constitutes equivocal
adduction due to protein band heterogeneity. Pesticide adduction results were from
in vitro studies except for pirmiphos-methyl, for which all data was from in vivo
rat dosing. The number of experiments performed with each pesticide was at least
eleven.

Pesticide Pesticide adduct target (kDa)

90 82 74 66t 60t 34, 32, 30b 28

Azamethiphos-oxon − − − − − − +/−
Chlorfenvinphos-oxon − − − + + − +/−
Chlorpyrifos-oxon − − − + + − +/−
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Fig. 2. (A) 3H-DFP incorporation into rat thymus and rat brain cytosolic protein
extracts: protein resolution by 1D PAGE. Rat thymus or brain cytosolic protein
extracts were radiolabelled with 3H-DFP in vitro, proteins resolved by 1D PAGE,
and visualised by autoradiography (left panel). Male F344 rats were dosed with
arachis oil only (controls) or dosed with pirimiphos-methyl at 354 mg/kg (25% of
LD50). Thymus cytosolic proteins were radiolabelled with 3H-DFP, resolved by 1D
PAGE, and autoradiographed. The tissue AChE inhibition of each dosed rat was also
measured (zero for control rats). Thymus protein pesticide targets at 66, 60, and
28 kDa are marked with arrowheads (right panel). (B) Relationship between the
percentage of AChE inhibition after incubation with OP, and corresponding decrease
in 3H-DFP binding. Recombinant human AChE was preincubated with OP prior to
radiolabelling with 3H-DFP. The level of OP-induced AChE inhibition was monitored
using the Ellman assay. The 3H-DFP radiolabelled AChE was resolved by 1D PAGE
and the level of radioactivity incorporated determined by quantitative autoradio-
graphy. The reduction in 3H-DFP incorporation after OP preincubation is plotted
against the percentage of AChE inhibition. The insert panel shows an example of a
1D PAGE autoradiograph of AChE after preincubation with test pesticides and sub-
sequent radiolabelling with 3H-DFP. The level of AChE inhibition generated from OP
preincubation is listed under its corresponding gel lane. All pesticides used for tissue
Diazinon-oxon − − − + + − +/−
Malaoxon − − − − − − +/−
Pirimiphos-methyl − − − + + − +/−

otential, and DFP also exploits the relative resistance to hydrolysis
f a diisopropoxy adduct [27–30].

We have used 3H-DFP binding to tissue homogenates to quan-
itate the level of active serine hydrolases, and also a means to
isualise protein targets by autoradiography. Both thymus and
rain cytosolic protein extracts bound 3H-DFP to approximately
800 and 1000 pmol of DFP/gram respectively; radiolabel incorpo-
ation that reflected an overlap of active serine hydrolases when
isualised by autoradiography after protein separation by one-
imensional SDS–PAGE (Fig. 2A, left panel).

In order to determine which 3H-DFP protein targets were also
pecific pesticide targets in vitro or in vivo, tissue extracts were
reincubated with unlabelled test pesticide or rats were dosed
ith individual pesticides to bind some (or all) of the available

ctive site molecules, and then tissue extracts were radiolabelled
ith an excess of 3H-DFP. Pesticide adduction resulted in a low-

ring of subsequent 3H-DFP radiolabelling, and this was visualised
nd quantified by autoradiography (Fig. 2A, right panel). Addition-
lly, the level of tissue AChE inhibition was also simultaneously
easured for each in vitro or in vivo analysis. This provided a

orrelation of the relevance of specific protein adductions to the
ose used, which enabled us to focus upon significant (sensi-
ive) protein adductions evident at relatively low or moderate
ose exposures; at approximately 30% inhibition of AChE, which

s sub-symptomatic of cholinergic toxicity [4]. In addition to their
issue-specific expression, active serine hydrolases also displayed
ifferential pesticide binding character, with some pesticides able
o adduct certain proteins but not others. For example, dosing of
ats with pirimiphos-methyl resulted in the adduction of thymus
roteins at molecular weights of 66, 60, and 28 kDa (marked with
rrowheads in Fig. 2A, right panel). A summary of our in vitro and
n vivo protein targets for thymus and brain pesticide adductions
re included as Table 1.

Our strategy for identifying pesticide targets did have limita-
ions since only protein targets that are sensitive to both 3H-DFP
inding and the assayed pesticide will be detected. There may
e proteins that are pesticide specific targets that react relatively
lowly (or not at all) with 3H-DFP. However, since 3H-DFP pos-
esses a relatively small (lacking steric constraints) and reactive
uoride leaving group it would be expected to react rapidly and
romiscuously with serine hydrolase target proteins.

Additionally, this approach to pesticide target characterisation

equires quantitative autoradiography to track hydrolase activity.
ince serine hydrolases such as AChE bind OPs stoichiometrically,
he binding of OP and hence reduced subsequent 3H-DFP adduc-
ion should linearly correlate with the autoradiographic signal, and
oncomitant inhibition of hydrolase activity. We validated this sup-

in vitro assays were demonstrated to inhibit recombinant AChE. Measurements of
recombinant AChE inhibitions and quantitative autoradiography were performed
for a total of forty-four analyses, from which representative values across a range
of AChE inhibitions are shown. (C) 3H-DFP incorporation into rat thymus cytosolic
protein extracts: protein resolution by 2D-PAGE. Rat thymus cytosolic proteins were
radiolabelled with 3H-DFP, resolved by 2D-PAGE, and autoradiographed.
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osition using recombinant human AChE. Recombinant AChE was
reincubated with a range of OP concentrations prior to 3H-DFP
adiolabelling and autoradiography. Simultaneous determination
f the level of AChE inhibition was performed. Fig. 2B shows that the
evel of OP binding to AChE (measured via a reduction in subsequent
H-DFP incorporation) increased proportionately to AChE inhibi-
ion. The slope of the linear relationship was 0.88 ± 0.5, with an R2

alue of 0.98. The graph insert shows an example of recombinant
ChE resolved by 1D PAGE after preincubation with test pesticides,
ith the level of AChE inhibition listed under each gel lane. The level

f AChE inhibition increased in proportion to a decline in 3H-DFP
adiolabelling.

Another shortcoming in characterisation of protein–pesticide
dducts by 1D protein separation is the potential of protein bands
o be heterogeneous in nature. If a protein band is comprised of
oth OP adducted and 3H-DFP radiolabelled but non-adducted pro-
ein(s), pesticide binding may be masked by the presence of the
nbound yet still radiolabelled protein(s). To reduce the likelihood
f this possibility, we have also resolved pesticide protein adducts
y 2D-PAGE. Proteins were initially separated in the first dimension
y isoelectric focussing within immobilised pH gradient strips, and
hen resolved in the second dimension by denaturing SDS–PAGE.
soelectric focussing was performed using the pI range of 3–10
o provide broad isoelectric point coverage. Fig. 2C shows thymus
ytosolic protein radiolabelled with 3H-DFP and then resolved by
D-PAGE, and autoradiographed. The 26–28 kDa protein band was
ypically resolved into 15 reproducible protein spots after 2D-PAGE,
ut only some of these protein spots were responsive to pesti-
ide adduction. Current studies are underway to characterise all of
he pesticide sensitive protein spots, and ultimately identify these
rotein(s).

An alternative method of detecting active serine hydrolases
ithin cells and tissues has utilised a fluorophosphonate (FP) probe
hose biotinylated tag also affords a means of purification of asso-

iated proteins [12–15]. This approach has also proved fruitful for
etecting and subsequently purifying pesticide and nerve agent
argets, some of which overlap with the proteins we have char-
cterised or identified using our methodology [12–20]. However,
P-probes also have limitations arising from steric constraints, non-
pecific protein binding, limited lipophilic character, and also the
unctional OP motif may require modification to provide a suit-
ble OP chemical signature. Nevertheless, it is likely that a range
f probes, and radiolabelling techniques, will collectively provide
seful and overlapping protein adduction information in future
tudies.

Protein radiolabelling with 3H-DFP is a sensitive method for
haracterising pesticide targets when coupled to protein resolu-
ion by either 1D- or 2D-PAGE. However, radiolabel incorporation
s more sensitive than the nanogram levels of protein detected with
rotein Coomassie or silver staining for subsequent mass spec-
rometry protein identification. Hence a method of further protein
nrichment is generally required to enable protein identification.

To concentrate pesticide targets to provide further pro-
ein characterisation and/or identification by mass spectrometry,
onventional column chromatography was employed. Thymus
ytosolic protein extract was pumped onto a MONO Q anion
xchange column, and bound protein eluted with a linear gradient
etween 0 and 1 M sodium chloride, collecting twenty 1 ml frac-
ions. An anion exchanger was used for protein concentration since
ytosolic proteins are generally predicted to have a pI that is nega-
ive at physiological pH [31], and hence retained by interaction with

positively charged matrix. Twenty microlitres from each column

raction was either resolved by SDS–PAGE and proteins visualised
y staining with colloidal Coomassie blue (Fig. 3, upper left panel),
r radiolabelled with 3H-DFP, and radiolabelled proteins visualised
y autoradiography (Fig. 3, upper right panel). The major 3H-DFP
. B 878 (2010) 1312–1319

radiolabelled proteins of interest were recovered from column elu-
tion fractions 4 to 10, hence elution fractions 1, and 11–20 have not
been included.

Peak elution of the 60 kDa pesticide target was fraction 5
(250 mM sodium chloride), fractions 6 and 7 (300–350 mM sodium
chloride) for the 66 kDa pesticide target, and relatively dispersed
from fractions 5 to 10 (300–500 mM sodium chloride) for the
26–28 kDa pesticide target band. Noteworthy was that chro-
matographic enrichment also revealed additional 3H-DFP binding
proteins (and/or posttranslational modified forms of the aforemen-
tioned pesticide targets), such as the 3H-DFP protein targets at
approximate molecular weights of 20 kDa (visible in fraction 5),
32 kDa (fraction 6), 50 kDa (fractions 6–8), 58 kDa (fraction 8), and
45, 90, and 100 kDa (fraction 10). Future work will be directed
toward further purification of these 3H-DFP radiolabelled proteins,
and an evaluation of their pesticide binding characteristics under-
taken.

To validate that the 60 and 66 kDa 3H-DFP radiolabelled pro-
teins still retained an active site responsive to pesticide adduction,
column fractions were incubated with an adducting pesticide,
chlorfenvinphos-oxon, at a concentration/time known to produce
approximately 30% inhibition of tissue AChE activity; a level of
inhibition which was simultaneously validated using recombinant
AChE (results not included). Chlorfenvinphos-oxon produced clear
adduction of both the 60 and 66 kDa proteins, whereas the pro-
teins recovered within the molecular range of 26–30 kDa were not
adducted by this pesticide (Fig. 3 lower left panel). Additional in
vitro analysis of these column fractions reiterated previous tissue
findings that chlorpyrifos-oxon, and diazinon-oxon also adducted
both proteins at AChE IC30 concentrations, whereas azamethiphos-
oxon and malaoxon did not elicit significant adduction (results not
included).

We also examined the MONO Q fractions for esterase activity
using �-nitrophenyl acetate as a substrate. Esterase activity fol-
lowed the 3H-DFP radiolabelling distribution of the 60 kDa protein;
such that it was first detected in fraction 4, peaked in fraction 5, and
then declined over fractions 6–12. Esterase peak shoulders between
fractions 6 and 7 and to a lesser extent 8 and 9 also indicated the
presence of additional esterase activity within these fractions (Fig. 3
lower right panel).

To further purify the 60 and 66 kDa pesticide targets, and to char-
acterise their native molecular weights, the major MONO Q eluting
fractions containing each protein were concentrated and subjected
to size exclusion chromatography on a Superose 12 column. MONO
Q fraction 5 retained the majority of the 60 kDa protein. This frac-
tion from five MONO Q runs was pooled and concentrated to 200 �l
using a microconcentrator (Amicon), and loaded onto a Superose
12 column that had been previously calibrated with the passage of
proteins of known molecular weight. The 60 kDa protein began to
elute from the Superose 12 column in fraction 36 corresponding to
a molecular weight of approximately 180 kDa; indicative of a native
trimer. By overlaying the autoradiograph of this protein with the
silver staining of column fractions, a co-distribution of protein stain
with 3H-DFP radiolabelling was apparent, and has been marked
with arrowheads in Fig. 4 upper panels.

Collectively, a protein of denatured molecular weight of 60 kDa,
having a pI in the range of 5–6 (Fig. 2C), and displaying native
trimeric binding, and esterase activity sensitive to DFP adduction
are all recognised characteristic properties of carboxylesterase 1
(CES1) [32]. We therefore propose that the 60 kDa pesticide tar-
get that we have purified is CES 1, and this concurs with studies

that have identified an FP-probe binding carboxylesterase in other
immune cells and tissues [14,15,33].

Carboxylesterases can act prophylatically to counter OP toxic-
ity by stoichiometric binding to OPs and/or actively hydrolysing
them. The low level of protein visualised using silver stain-
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Fig. 3. Purification and characterisation of pesticide targets using MONO Q anion exchange chromatography. Thymus cytosolic proteins were passed onto a MONO Q column
and then eluted with an increasing salt gradient between 0 and 1 M sodium chloride collecting twenty 1 ml fractions. Twenty microliters from fractions 2 to 10 were removed
and proteins stained with Coomassie blue (upper left panel) or radiolabelled with 3H-DFP and then autoradiographed (upper right panel). Peak column elution fractions 4–10
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ere either preincubated with PBS or chlorfenvinphos-oxon at a concentration/tim
adiolabelled proteins were resolved by 1D PAGE and autoradiographed. Chlorfen

eft panel). Esterase activity within MONO Q fractions 3–12 was measured using �-
ick-marks). All images are representative of 4–5 experiments.

ng despite relatively significant 3H-DFP incorporation indeed
uggest stoichiometric binding of OPs to this carboxylesterase.
ecently, Crow et al. [33] reported that human CES1 is proba-
ly cholesteryl ester hydrolase (CEH), an enzyme responsible for
holesterol ester hydrolysis to yield free cholesterol for export
ut of macrophages. These authors show that CES1 is a resi-
ent protein of human immune cells and can be inhibited with
hlorpyrifos-oxon, paraoxon, or methyl paraoxon, at nanomolar
C50 values. Our novel results suggest CES1 (or a highly homol-
gous enzyme) also displays a high sensitivity of inhibition by
hlorfenvinphos-oxon, and diazinon-oxon, but not azamethiphos-
xon or malaoxon in vitro, and that this enzyme can be inhibited
y pirimiphos-methyl in vivo under conditions producing approx-

mately 30% inhibition of tissue AChE. The inferred functional
ignificance of pesticide inhibition of CES1 activity is to interfere
ith cholesterol export, a possible contributory factor in the devel-

pment of atherosclerosis [33]. Further investigation is warranted
o evaluate whether OP inhibition of CES1 activity could consti-
ute a mechanism of ill health following chronic low-dose pesticide
xposure.

The MONO Q peak fractions of the 66 kDa pesticide target
fractions 6 and 7) were concentrated and then subjected to size
xclusion chromatography using the Superose 12 column (Fig. 4,
ower panels). Radiolabelled protein began to elute at fraction 40
orresponding to a protein molecular weight of 66 kDa, indicative of
monomeric protein. A relatively abundant silver stained protein
hat co-distributed with 3H-DFP radiolabelling through fractions
0–44 was visible and has been marked with arrowheads in Fig. 4.
his protein was excised and mass analysed, and identified as
erum albumin – refer to Supplemental Data [19,20]. Interestingly,
nlike the 60 kDa carboxylesterase, the level of protein staining
ducing approximately 30% inhibition of AChE, prior to radiolabelling with 3H-DFP.
os-oxon adduction of 66 and 60 kDa proteins are marked with arrowheads (lower
henol acetate as substrate (lower right panel) (error bars were below the levels of

was relatively high to that of 3H-DFP radiolabelling, indicative of
low adduction stoichiometry.

To evaluate the functional significance of protein–pesticide
adduction the stoichiometry of binding needs to be determined
since it will govern what proportion of active proteins are affected.
With radiolabelling methods this requires separation of incorpo-
rated from unincorporated radiolabelling agent. For albumin within
rat or human plasma we have used retention of albumin on charged
filters, with a filtration volume of 50 ml used to remove extra-
neous 3H-DFP. Pesticide adduction of plasma albumin molecules
was quantified as approximately 0.5% of molecules in rat and 1% in
humans [20].

The stoichiometry of pesticide adduction may also reflect more
than one binding site. Historically, the methodology used for identi-
fication of a site(s) of phosphorylation has involved protein in vitro
or in vivo radiolabelling, followed by enzymatic digestion, chro-
matographic separation of the radiolabelled peptide fragments,
and posttranslational modification site assignment via localisa-
tion of radioactivity to an identified peptide fragment, or residue
after radiosequenation [34,35]. However, with the advent of sen-
sitive mass spectrometry techniques, if the adduction binding site
is known, mass spectrometry can be focussed upon a region that
encompasses the modified amino acid, and used to detect the mass
change arising from a specific OP adduction [36–40].

The influence of pesticide binding on protein activity will also
be governed by the stability of the pesticide adduct which may

persist as a bound inhibitor for the lifetime of the protein until it is
either turned over or actively degraded. This ‘permanent’ inhibition
may arise if the adduct undergoes side chain dealkylation (ageing).
Alternatively, the protein may recover from inhibition after spon-
taneously hydrolysis of the adduct bond. For a pesticide adduct this
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Fig. 4. Purification and characterisation of pesticide targets using Superose 12 size exclusion chromatography. Thymus cytosol MONO Q peak fractions were pooled, con-
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icroliters from each fraction was resolved by 1D PAGE and proteins stained with

o-distribution of protein staining with 3H-DFP radiolabelling for the 60 and 66 kD
olecular weight that were used to calibrate the column are also included.

arrants study since it not only affects the influence of the pesticide
n the active site of the protein, but also its potential usefulness as
biomarker of pesticide exposure [20].

The relatively low stoichiometry of adduction of albumin with
Ps suggest that adduction would only have a limited influence on

he circulatory drug or fatty acid binding that occurs at the same
egion of albumin, however, the lack of ageing and persistence of
n intact adduct suggest albumin retains usefulness as a biomon-
tor of certain pesticide exposures [14,19,20]. Furthermore, given
he relatively high albumin content within blood, albumin binding

ay provide protective OP detoxification via OP binding and/or OP
ydrolysis [41].

. Summary and conclusions

OPs covalently adduct AChE, a member of the serine hydro-
ase family of enzymes, but also other members of this hydrolase
amily are susceptible to adduction, potentially altering their func-
ion. Here we describe methodology for detecting and resolving
hese secondary protein–pesticide targets, their purification and
haracterisation, and evaluation of the stoichiometry and site of
esticide binding. Our results detail that secondary targets dis-
lay differential pesticide binding character, and therefore suggest
heir toxicity evaluation should be undertaken on a compound-by-
ompound basis. Secondary targets may provide useful adjuncts
o cholinesterases as biomonitors of pesticide exposures, partic-
larly if significant protein adduction occurs at exposure levels

lose to the threshold of cholinesterase monitoring. By providing
panel of biomonitors of exposure, secondary targets could pro-

ide an insight into exposure to a particular pesticide or mixture of
esticides. This could assist clinical and epidemiological analyses,
articularly those associated with longitudinal low-dose pesticide
The column was run at a flow rate of 0.4 �l/min collecting 280 �l fractions. Twenty
r (left panels), or radiolabelled with 3H-DFP and autoradiographed (right panels).
icide targets are marked with arrowheads. The elution points of proteins of known

exposures. Furthermore, secondary targets also have potential to
provide novel means to counter OP toxicity by their use as surrogate
targets (bioscavengers) of OP binding and/or OP hydrolysis.
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