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Abstract

There are ongoing events where aircraft engine lubricant containing tricresyl phosphates (TCPs)
contaminates aircraft cabins. Some individuals have experienced tremors or other neurological
symptoms that may last for many months following exposures. Mass spectrometric (MS) protocols
are being developed to determine the percentage of “biomarker proteins” that are modified by such
exposures, specifically on active site serines. Both plasma butyrylcholinesterase (BChE) and red
cell acylpeptide hydrolase (APH) are readily inhibited by 2-(o-
cresyl)-4H-1:3:2:benzodioxaphosphoran-2-one (CBDP) or phenyl saligenin cyclic phosphate
(PSP) and have the potential to provide information about the level of exposure of an individual.
We have developed immunomagnetic bead-based single-step purification protocols for both BChE
and APH and have characterized the active site serine adducts of BChE by MS.
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1. Introduction

Tricresyl phosphates (TCP) are organophosphate (OP) compounds used as anti-wear
additives in jet engine lubricants. Their fire resistant properties are also beneficial (Solbu et
al., 2007). Commercial TCPs are mixtures of triaryl phosphate (TAP) isomers (De Nola et
al., 2008). The tri-ortho isomer (ToCP) was thought to be responsible for the 10-50,000
cases of paralysis resulting from the consumption of extracts of TCP adulterated ethanolic
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ginger during Prohibition in the US (Smith et al., 1931). Henschler demonstrated that the
mono-ortho isomer of TCP was approximately 10-times more toxic than the ToCP isomer,
with the di-ortho isomer exhibiting intermediate toxicity (Henschler, 1958).

Over the past 25 years, there have been numerous reports worldwide of aircrew and
passengers reporting short or long-term symptoms such as dizziness, cognitive problems,
disorientation and uncontrolled tremors following exposure to oil-contaminated cabin air.
These events have been described in a number of publications (Hale and Al-Seffar, 2009;
Montgomery et al., 1977; Murawski and Supplee, 2008; Ross, 2008; van Netten and Leung,
2001; Winder, 2006; Winder and Michaelis, 2005; Winder et al., 2002a, 2002b).. The ill
health effects have been referred to as aerotoxic syndrome (Balouet and Winder, 1999).

A major aim of our research is to develop protocols for determining whether an individual
has been exposed to TCPs. Aldridge reported that bioactivation by liver was required to
convert TCP to highly toxic metabolites (Aldridge, 1954). In 1961, Eto and Casida (Casida
et al., 1961) reported the structure of the bioactivated metabolite of tri-orthocresyl phosphate
as 2- (o-cresyl)-4H-1:3:2:benzodioxaphosphoran-2-one, also known as cyclic saligenin
cresyl phosphate (CBDP). Bioactivated TAPs inhibit many different serine active site
enzymes including carboxylesterases (CESs), lipases [e.g., heuropathy target esterase
(NTE)], and cholinesterases (Casida and Quistad, 2004; Glynn et al., 1994). The serine at
the active site of these enzymes is covalently modified by OPs, and these modifications can
be identified by mass spectrometry (MS). The use of OP-labeled enzymes as biomarkers of
exposure is useful because unlike the parent OPs, they can remain in circulation for weeks
(Kim et al., 2010).

Human butyrylcholinesterase (BChE, accession # P06276) is an 85 kDa tetrameric
glycoprotein that is synthesized by the liver and has a 11-day half-life in plasma (Ostergaard
et al., 1988). BChE can play an important role in the detoxification of ingested or inhaled
OPs by stoichiometrically binding OP molecules (Masson and Lockridge, 2010). Inhibition
or modification of BChE is commonly used as a biomarker of OP exposure (Schopfer et al.,
2010; Sun and Lynn, 2009; Wieseler et al., 2006).

Acylpeptide hydrolase (APH, accession # P13798) is a serine peptidase that cleaves N-
acetylated peptides. The enzyme possesses both acylpeptide and esterase activities and is
present in many tissues. APH is localized in red blood cells (RBCs), and has a lifespan of
around 120 days. APH was also proposed as a sensitive biomarker of OP exposure (Quistad
et al., 2005). OP-modified APH can possibly be detected several weeks following exposure
since the half-life of RBCs is ~#33 days (Umlas et al., 1991).

This study is focused on the rapid purification from blood samples of TCP metabolite-
modified BChE and APH from in vitro exposed samples.

2. Materials and Methods

2.1 Sample collection

The samples used for this study came from an institutional review board-approved project
investigating organophosphate exposure. Blood samples were collected in lithium heparin
tubes. RBCs were separated from plasma by centrifugation at 1285xg for 10 min at 4°C.
Plasma samples were stored at —80°C until use. The RBCs were washed 3 times with PBS
and then frozen at —80°C. The experiments reported here made use of blood fractions
obtained from non-exposed control subjects. The samples were exposed in vitro to the
chemically synthesized metabolic intermediates.
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Plasma samples were incubated with 5 uM CBDP for 1h at room temperature. We
performed a concentration dependence inhibition of BChE using plasma and different
concentrations of CBDP, with a 10 min incubation (Fig. 1a). For the MS characterization of
adducts, we used 5 uM CBDP and a 1h incubation to insure complete inhibition of the
BChE, with activity determined before and after incubation with CBDP.

An analogue of CBDP, phenyl saligenin phosphate (PSP), was used to inhibit RBC APH, as
described previously (Kim et al., 2010). The concentration dependence of PSP inhibition of
APH is shown in Fig. 1b. For the MS characterization of adducts, 25 uM PSP was used with
a 1h incubation to insure complete inhibition of the APH, with activity determined before
and after the incubation.

CBDP (99.5% pure, CAS 1222-87-3) was custom synthesized by Starks Associates, Buffalo,
NY, USA. PSP was a generous gift of Dr. Marion Ehrich.

2.2 BChE and APH purification

We have developed single-step immunomagnetic bead-based protocols (IMB) for purifying
both plasma BChE and RBC APH to high levels of purity starting with just 200 puL of
plasma or packed RBCs. For both protocols, we used magnetic beads (Invitrogen, Carlsbad,
CA, USA), coupled to either mouse monoclonal anti-human plasma BChE antibodies
(Thermo Fisher Scientific, Waltham, MA, USA) or in-house biotinylated, affinity purified
polyclonal anti-human RBC APH antibodies (generated in rabbits by Cocalico Biologicals
Inc., Reamstown, PA, USA—this company maintains a current USDA research license and
a current Animal Welfare Assurance from the NIH’s Office of Laboratory Animal Welfare).
We used 2.5% v/v (0.4 M) acetic acid to elute the antibody bound proteins from the IMBs.

We tested the efficiency of the IMB protein capture by activity assays of the samples before
and after incubation with the beads. Enzyme activity was reduced by approximately 85—
90%. All procedures were performed in Protein LoBind Tubes (Eppendorf, Hamburg,
Germany).

The purified proteins were analyzed by gel electrophoresis using SDS-PAGE gels
(NUPAGE® 4-12% BisTris Gel, Invitrogen, Carlsbad, CA, USA), stained with the Pierce®
Silver Stain kit (Thermo Fisher Scientific Inc., Rockford, IL, USA) or with the Imperial
Protein Stain solution (Thermo Fisher Scientific Inc.).

2.3 Determination of BChE and APH activity

Plasma BChE activity was measured as described by Ellman (Ellman et al., 1961), using 1
mM butyrylthiocholine in 0.1 M phosphate buffer pH 8.0 at 25°C. The reaction was started
by the addition of 100 pL of diluted BChE to 100 pL of substrate solution and was
monitored continuously at 405 nm over 3 min at 25°C.

Since APH has esterase activity, we adapted a protocol from Mastropaolo (Mastropaolo and
Yourno, 1981) to assay the RBC APH activity. A 0.73 M stock solution of alpha-naphthyl
butyrate (ANB) in methanol was diluted to 0.2 mM with 20 mM Tris pH 7.0. The reaction
was initiated by the addition of 200 uL of substrate solution to the sample, and was
monitored continuously at 235 nm over 4 min at 25°C. We have also used the APH specific
substrate N-acetyl-L-alanyl-p-nitroanilide (AcAlaPNA) to measure APH activity as
described (Quistad et al., 2005).

The assays were carried out in a SPECTRAmMax® PLUS Microplate Spectrophotometer
(Molecular Devices, Sunnyvale, CA). The AcAlaPNA was obtained from Bachem
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(Torrance, CA, USA). The other reagents were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

2.4 Mass spectrometry protocols

3. Results

Samples were analyzed by high resolution MS with the aim of detecting and quantifying
active site serine modifications.

Samples obtained from IMB protocol were digested with 1 pg of chymotrypsin (Promega,
Madison, WI, USA) for 2 h at 37°C and loaded onto an LC-MS/MS system nanoAcquity
(Waters Corporation, Milford, MA, USA)/LTQ-FT (Thermo Fisher Scientific, Waltham,
MA, USA). The system was equipped with a 30 cm column of 75 um 1.D. fused silica
capillary pulled to a 5 um 1.D. tip using a Sutter Instruments P-2000 CO5, laser puller. The
analytical column was packed with C-12 reversed phase chromatography material
(Phenomenex, Jupiter 41, Proteo 90 A) using an in-house constructed pressure bomb and
compressed helium gas. Peptides were eluted using a 60 min water:acetonitrile gradient.
SEQUEST was used for the databank search using the following dynamic modifications: S
(Serine): 170.0138 (cresyl phosphoserine) and 79.9668 (phosphoserine) for BChE.

3.1 Target proteins isolation

One of our aims was to develop protocols for fast and accurate purification of the biomarker
proteins BChE and APH. We were able to obtain a high level of purity of BChE and APH in
single steps (Fig. 2). The samples obtained from the IMB protocol, when digested and
analyzed by MS, provided modified target peptides that were easily identified.

3.2 MS analysis of adducted target proteins

The chymotryptic sequence of the BChE active site peptide, GESAGAASVSLH, is shown
in Fig. 3a. A peptide database search of the acquired data identified active site serine
modifications, corresponding to +170 (C;H7PO3) and +80 (HPO3) for BChE (Fig. 3b).
Fragmentation of parent ion 1255.5 for the cresyl-phosphate derivative in Fig.4a yielded a b-
ion series (b3 to b11) that carried the +170 modification, and a y-ion series (y4—y10) where
only the y10 ion carried the modification. Fragmentation of parent ion 1165.5 for the
phosphate derivative in Fig. 4b yielded a b-ion series (b4 to b11) that carried the +80
modification and a y-ion series (y4—y10) where only the y10 ion carried the modification.
Signals corresponding to the neutral loss of the modification were also observed in both
spectra (denoted by the mass difference between parent ion, yellow mass labeled with “0”,
and mass marked with the arrow) indicating partial dissociation of the label. Taken together,
these data confirmed our identification of peptide modifications. The phenyl-phosphate
adduct on the active site serine of APH corresponding to +156 (CgH5PO3) has been
described previously following in vitro inhibition with PSP (Kim et al, 2010).

4. Discussion

OP-modified enzymes are more stable in the organism than intact OPs, due to the rapid
elimination of free OPs. For this reason, new methods to identify and quantify the degree of
modification of biomarker proteins need to be developed.

An ideal protein purification/enrichment strategy would be amenable to high-throughput
scale-up. Affinity chromatography is currently the most commonly used technique for the
isolation of peptides and proteins. The main disadvantages are the large amount of sample
required and the necessity of more than one step to achieve a high level of purity. IMB
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isolation protocols solve these disadvantages. The process is simple, can be done in just a
few steps, does not require expensive equipment or large volumes of sample, is very
efficient, and is amenable to automation (Safarik and Safarikova, 2004). In this study we
report a single-step purification procedure that is very efficient and only uses small amounts
of sample.

MS analysis provides sequence information as well as the localization and mass change of
the OP-modification on the biomarker proteins (Schopfer et al., 2010; Sun and Lynn, 2009;
Wieseler et al., 2006). Here, we describe protocols for identifying OP-modified BChE
peptide in samples inhibited by the chemically-synthesized TCP metabolite CBDP in vitro.
As reported earlier with an affinity chromatographic protocol, both the partially aged cresyl
phosphoserine and the more extensively aged phophoserine modifications were identified.

The methods described in the manuscript are compatible with the Thermo Scientific
KingFisher Magnet Particle Processors, as well as other related systems for automation of
sample analyses. Furthermore, this general approach should be useful for analyzing other
OP exposures such as OP insecticides and nerve agents.

5. Conclusions

We report here a rapid and efficient method for purifying two protein biomarkers of OP
exposure, BChE and APH, and MS protocols for identifying the sequence modifications.
These protocols are readily adaptable for automated high throughput assessment of OP
exposures.
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Figure 1.

Concentration dependence of a. CBDP inhibition of human plasma BChE, and b. PSP
inhibition of human pure APH; following a 10 min incubation at ambient temperature.
Results are represented as U/L or U/mg (U = pmol/min).
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SDS-PAGE analysis of the IMB-purified target proteins; a. Silver stained gel of IMB-
purified plasma BChE, and b. Coomassie blue stained gel of IMB-purified RBC APH.

Abbreviations: MW = molecular weight markers; P = plasma.
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Figure 4.

Mass spectra showing the identification and characterization of the BChE modified active
site serine of: a. the partially aged cresyl phosphoserine and b. the more extensively aged

phosphoserine.
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