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Abstract

Our goal was to determine whether chlorpyrifos oxon, dichlorvos, diisopropylfluorophosphate
(DFP), and sarin covalently bind to human albumin. Human albumin or plasma was treated with
organophosphorus agent (OP) at alkaline pH, digested with pepsin at pH 2.3, and analyzed by
MADLI-TOF mass spectrometry. Two singly charged peaks, 1718 and 1831 m/z, corresponding to
the unlabeled peptide fragments containing the active site Tyr 411 residue, were detected in all
samples. The sequences of the two peptides were VRYTKKVPQVSTPTL and
LVRYTKKVPQVSTPTL. The peptide-OP adducts of these peptides were also found. They had
masses of 1854 and 1967 for chlorpyrifos oxon, 1825 and 1938 for dichlorvos, 1881 and 1994 for
DFP, and 1838 and 1938 for sarin; these masses fit a mechanism whereby OP bound covalently to
Tyr 411. The binding of DFP to Tyr 411 of human albumin was confirmed by electrospray tandem
mass spectrometry and analysis of product ions. None of the OP-albumin adducts lost an alkoxy
group, leading to the conclusion that aging did not occur. Our results show that OP pesticides and
nerve agents bind covalently to human albumin at Tyr 411. The presence of Tyr 411 on an exposed
surface of albumin suggests that an antibody response could be generated against OP-albumin
adducts.
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Introduction

The acute toxicity of organophosphorus toxicants (OP) is known to be due to inhibition of

acetylcholinesterase. However, other proteins also bind OP though their role in toxicity is less

defined (Casida and Quistad, 2004). Albumin is a potential new biomarker of OP exposure.
Mice treated with a nontoxic dose of a biotinylated nerve agent analog, FP-biotin (10-
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fluoroethoxyphosphinyl-N-biotinamidopentyldecanamide), had 1000 times more FP-
biotinylated albumin than FP-biotinylated butyrylcholinesterase in their blood (Peeples et al.,
2005).

Albumin has been shown to covalently bind radiolabeled diisopropylfluorophosphate (DFP).
Human albumin incorporated 1 mole of DFP per mole of albumin when 20-70 pM albumin
was incubated with a 7-fold molar excess of DFP at pH 8.0 for 2 h at 23°C (Means and Wu,
1979;Hagag etal., 1983). Bovine albumin also incorporated 1 mole of DFP per mole of albumin
(Murachi, 1963). The site of covalent binding of DFP to human albumin was identified by
amino acid sequencing. The labeled peptide had the sequence ArgTyrThrLys with DFP bound
to Tyr (Sanger, 1963). Later, when the complete amino acid sequence of human albumin was
known, the active site tyrosine was identified as Tyr 411 (Tyr 435 when residue #1 is Met of
the signal peptide). Mass spectrometry identified Tyr 410 of bovine albumin (equivalent to Tyr
411 of human albumin) as the covalent binding site for FP-biotin (Schopfer et al., 2005). The
nerve agents soman and sarin were shown to bind covalently to human albumin on tyrosine
(Black et al., 1999;Adams et al., 2004) and to be released by treatment with potassium fluoride
(Adams et al., 2004).

Albumin has also been demonstrated to be an OP hydrolase, hydrolyzing chlorpyrifos oxon,
O-hexyl O-2, 5-dichlorophenylphosphoramidate, and paraoxon at measurable rates (Erdos and
Boggs, 1961;0rtigoza-Ferado et al., 1984;Sultatos et al., 1984;Sogorb et al., 1998a). The
apparent Km of bovine albumin is 0.41 mM for chlorpyrifos oxon, 1.85 mM for paraoxon
(Sultatos et al., 1984) and that of human albumin is 3.6 mM for DFP (Means and Wu, 1979).
Despite this seemingly consistent body of results, some issues have been raised regarding the
reaction of OP with albumin. It has been questioned whether the observed OP hydrolase activity
was associated with the albumin molecule itself, or with minor phosphotriesterase
contaminants in the aloumin preparation (Erdos and Boggs, 1961). In addition, the possibility
has been raised that DFP binds to one site in albumin, but that other OP bind to a different site
(Mourik and de Jong, 1978;Sultatos et al., 1984).

Our goal was to determine whether Tyr 411 of human albumin was the site for covalent
attachment of a variety of OP. For this purpose we developed a MALDI-TOF mass
spectrometry assay applicable to purified human albumin and to human plasma.

Materials and Methods

Materials

Purified human serum albumin, essentially fatty acid free (Fluka via Sigma, St. Louis, MO;
cat no. 05418), pepsin (Sigma, St. Louis, MO; cat no. P6887 from porcine gastric mucosa),
modified trypsin, sequencing grade (Promega, Madison, WI; cat no. V5113),
diisopropylfluorophosphate (Sigma; cat no. D0879), dichlorvos and chlorpyrifos oxon (Chem
Service Inc., West Chester, PA; cat no. PS-89, MET-674B), sarin treated human plasma from
Dr. Patrick Masson, acetonitrile (HPLC grade 99% ACRQOS cat no. 61001-0040 from Fisher
Scientific, Pittsburgh, PA), trifluoroacetic acid, sequencing grade (Beckman Instruments, Palo
Alto, CA; cat no. 290203), 2,5-dihydroxybenzoic acid (DHBA) matrix (Applied Biosystems
Foster City, CA), alpha-cyano 4-hydroxycinnamic acid (CHCA) (Sigma; cat no. 70990) was
recrystallized before use. Calibration standards for MALDI-TOF were from New England
Biolabs (Beverly, MA; cat no. P7720S). They included Angiotensin 1, 1297.51 amu, ACTH
(7-38) 3660.19 amu, and ACTH (18-39) 2466.73 amu. Double distilled water was prepared
in-house and autoclaved.
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Sample preparation for diisopropylfluorophosphate, dichlorvos, and chlorpyrifos oxon
treated samples

MALDI-TOF

Fatty acid-free human albumin at a concentration of 10 mg/ml, which is 150 uM, was dissolved
in 25 mM ammonium bicarbonate pH 8.6 and treated with an equimolar concentration of OP
for 24 h at 37°C. The pH of 1000 pl reaction mixture was reduced to pH 2.3 by the addition
of 500 pl of 1% trifluoroacetic acid. Pepsin was dissolved in 10 mM HCI to make 1 mg/ml and
stored at —80°C. The albumin was digested with pepsin (1:250 ratio) for 2 hours at 37°C and
diluted to 1 pmol/ul with 0.1% trifluoroacetic acid.

A 200 pl aliquot of human plasma was treated with 6.85 pl of 20 mM OP (660 uM final OP
concentration) for 24 h at 37°C. The pH was adjusted to 2.3-2.5 by the addition of 200 pl of
1% TFA. Proteins were digested with 50 ul of 1 mg/ml pepsin for 2 hours at 37°C. Before
spotting the digest on the target plate, a 10 pl aliquot of the digest was diluted with 390 pl of
0.1% TFA so that the final plasma dilution was 1000-fold.

A1 ulaliquot of diluted peptic digest was applied to a stainless steel target plate, air dried, and
overlaid with 1 pl of 2,5-dihydroxybenzoic acid matrix. The CHCA matrix gave similar results.
Mass spectra were acquired with the Voyager DE-PRO MALDI-TOF mass spectrometer
(Applied Biosystems, MDS Sciex, Foster City, CA) in linear positive ion mode, 20,000 volts
accelerating voltage, 94% grid voltage, 0.1% guide wire, 350 nsec extraction delay time,
automated laser intensity adjustment from 1000 to 1600. The instrument was calibrated with
a peptide calibration mixture from New England Biolabs. Mass accuracy for each standard was
within 0.05% of the corresponding average molecular weight. Spectra were acquired in
automatic mode, by examining signals from random spots on a target. The signals from the
first 10 spots that met the acceptance criteria were summed into one final profile mass spectrum
The acceptance criteria were signal intensities between 1000 and 55000 counts, with signal to
noise ratios of 10 or greater, and minimum resolution of 50. The final spectrum was the average
of 1000 shots.

The MS-Digest program from the UCSF Mass Spectrometry Facility was used to calculate the
masses of the peptic peptides expected from digests of human serum albumin.

Quadrupole mass spectrometer

MS/MS spectra were acquired on a Q-Trap 2000 triple quadrupole linear ion trap mass
spectrometer (Applied Biosystems, MDS Sciex, Foster City, CA) with a nano electrospray
ionization source. DFP-labeled albumin digested with trypsin was infused into the mass
spectrometer via a fused silica emitter (360 um o.d., 20 um i.d., 10 um taper from New
Objective, Woburn, MA), using a Harvard syringe pump to drive a 100 pl Hamilton syringe
equipped with an inline 0.25 micron filter, at a flow rate of 1 ul/min. Samples were prepared
in 50% acetonitrile, 0.1% formic acid. Positive ion spectra were obtained. Mass spectra were
calibrated using fragment ions generated from collision-induced dissociation of Glu
fibrinopeptide B (Sigma). Enhanced product ion scans were obtained with a collision energy
of 40%5 volts and a nitrogen gas pressure of 4 x 107 Torr. The final enhanced product ion scan
was the average of 212 scans.

Sample preparation of sarin treated plasma

100 pl of human plasma was treated with 600 pM sarin and stored at ambient temperature for
3 days. This concentration of sarin is equimolar with the concentration of albumin in plasma.
Ten pl was digested with 0.5 pg of pepsin at 37°C for 2 h at pH 2.3, and the peptides separated
by HPLC on a Waters 625 LC system. A C18 reverse phase column (Prodigy 5 p ODS(2), 100
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X 4.6 mm, 5 micron, 00D-3300-EO0 from Phenomenex) was used to trap the peptides from the
digest, which were then eluted with a 40 min gradient starting with 85% of buffer A (0.1 %
trifluoroacetic acid in water) 15% buffer B (acetonitrile containing 0.07% trifluoroacetic acid)
and ending with 65% buffer A, 35% buffer B. One ml fractions were reduced in volume to 200
pl in a vacuum centrifuge and 1 ul was analyzed by MALDI-TOF. A control plasma sample
was treated identically, except that it was incubated with 3.5% isopropanol rather than with
sarin.

Reaction of pure human albumin with OP

The assay was developed with pure human albumin and later tested with human plasma. Fatty
acid free-albumin was used because fatty acids and OP bind to the same albumin domain and
therefore fatty acids could block the binding of OP (Means and Wu, 1979;Peters, 1996). The
covalent attachment site for human albumin, Tyr 411, is located near the surface of the albumin
molecule where it is accessible to proteases. Digestion with trypsin at pH 8.6 or with pepsin
at pH 2-2.5 released peptides of the expected masses without the need to denature or to reduce
and alkylate the disulfide bonds of albumin. Peptides containing Tyr 411 had the sequence
YTK (411 m/z, singly charged mass) when the protease was trypsin, and the sequences
VRYTKKVPQVSTPTL (1718 m/z) and LVRYTKKVPQVSTPTL (1831 m/z) when the
protease was pepsin. Pepsin routinely missed one cleavage in our experiments.

The tryptic YTK peptide (411 m/z) and the dichlorvos, chlorpyrifos oxon, and DFP adducts
had masses that overlapped with matrix peaks, which made them difficult to detect by MALDI
mass spectrometry. Furthermore, the YTK peptide and Y TK-OP adducts did not seem to ionize
when irradiated by the nitrogen laser in the Voyager DE-PRO, though they did ionize in the
electrospray source of the Q-Trap. By contrast, the larger peptides produced by digestion of
albumin with pepsin separated well from matrix and ionized to give good signals in the VVoyager
DE-PRO. Therefore, samples intended for analysis by MALDI-TOF were digested with pepsin
rather than with trypsin.

Table 1 lists the expected peptic peptide masses before and after covalent binding of dichlorvos,
chlorpyrifos oxon, DFP, and sarin to Tyr 411 of human albumin.

The leaving group in Table 1 is that portion of the OP molecule that detaches from the OP upon
covalent binding of the OP to protein. The mass of the leaving group is absent from the final
adduct. The added OP mass comes from the phosphorus atom, the two phosphorus ligands, the
phosphoryl oxygen atom, less one hydrogen.

Figure 1 shows the MALDI-TOF spectra obtained for pepsin-digested human albumin before
and after treatment with OP. The top panel shows masses at 1718 and 1831 m/z, which are
consistent with the peptides from unlabeled albumin that contain Tyr 411. Additional albumin
peptides are also present but they do not contain Tyr 411 and are therefore not discussed. The
dichlorvos panel shows peaks at 1718 and 1831 m/z, as well as two new peaks at 1826 and
1939 m/z. The two new peaks have the expected sizes for the dimethoxyphosphate adducts of
the 1718 and 1831 m/z peptides. The amount of labeled albumin estimated from the relative
peak areas is about 65%. The chlorpyrifos oxon panel shows two new peaks at 1854 and 1967
m/z for the diethoxyphosphate adducts. About 30% of the albumin is labeled. The DFP panel
shows two new peaks at 1882 and 1995 m/z for the diisopropoxyphosphate adducts. About
70% of the albumin is labeled. Since the MALDI conditions disrupt non-covalent interactions,
the OP-peptide adducts must be covalently formed. These results support the conclusion that
human albumin is labeled by dichlorvos, chlorpyrifos oxon, and DFP; and are consistent with
the site for covalent attachment being Tyr 411. The masses correspond to the dialkoxy adducts
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rather than the monoalkoxy adducts. Masses for monoalkoxy adducts were not found,
supporting the conclusion that OP-albumin adducts do not age.

Saturating the albumin binding sites

Unlabeled 1718 and 1831 m/z peptides were always present when the concentration of OP was
the same as the concentration of albumin. However, when the dichlorvos or DFP concentration
was 40-fold higher than the albumin concentration, all the Tyr 411 sites were occupied and no
unlabeled peptides of 1718 and 1831 m/z were detected. OP labeling reactions with albumin
were performed at pH 8.5 because labeling occurs at high pH but is markedly decreased at
neutral pH (Murachi, 1963;Means and Wu, 1979).

Limit of detection

It was essential to dilute the albumin and plasma digests before applying the sample on the
target plate. Undiluted samples did not show the desired peptides due to ion suppression and
charge competition effects. The limit of detection of OP-labeled peptide was determined from
dilutions of peptides in which all of the Tyr 411 sites were occupied. The diluent was 0.1%
trifluoroacetic acid in water. Peaks of interest were detected after 100, 1000, 3000, and 9,000
fold dilution of a sample whose starting concentration was 600 uM (40 mg/ml) albumin. The
signal to noise ratio for the 1:9000 diluted sample was 3:1. At 18,000 fold dilution the peak
height was only two fold above the noise. Thus, the minimum detectable signal from an OP-
labeled peptide occurred at 0.07 pmol/ul.

Missed cleavage

We hoped to increase the sensitivity of the assay by changing digestion conditions so that
pepsin would consistently cleave Leu from the N-terminus of the active site peptide. If there
were no missed cleavage, the area of the 1721 peak would increase relative to the background
noise, thus increasing the sensitivity of the assay. We increased the pepsin to albumin ratio up
to 1:25, lowered the pH in increments down to 1.5, and increased the digestion time to 4 hours.
A pepsin to albumin ratio of 1:25 at pH 1.8 incubated for 2.5 hours at 37°C did eliminate the
1831 peptide, but did not increase the signal for 1721.

Detection of dichlorvos bound to albumin in human plasma

The concentration of albumin in human plasma is about 40-50 mg/ml, which is 600-770 uM.
No other protein in plasma is present at such a high concentration. This overwhelming
concentration of albumin in plasma suggested that it might be possible to detect OP-albumin
adducts without separating albumin from other proteins in plasma. This was tested by
incubating an aliquot of human plasma with a concentration of dichlorvos equimolar to the
albumin concentration in plasma. The pH was not adjusted and no buffer was added for the
reaction with dichlorvos. Next the plasma was digested with pepsin at pH 2.3, and diluted 600
fold with 0.1% trifluoroacetic acid to yield an aloumin peptide concentration of about 1 pmole/
pl. A 1 pl aliquot of the diluted digest was applied to the MALDI target. The control sample
was human plasma treated in parallel with everything but dichlorvos. Figure 2 shows that
albumin peptides at 1718 and 1831 m/z stand out, despite the presence of normal plasma
components, and that the OP-labeled form of these peptides at 1826 and 1939 m/z can be
detected by MALDI-TOF. We conclude that human plasma can be assayed for OP bound to
albumin. The 1826 and 1939 masses are 108 amu larger than their unlabeled counterparts,
which identifies the OP as a dimethoxy OP, thus classifying it as a pesticide rather than a nerve
agent. For forensic purposes it is valuable to know whether the OP is a pesticide or a nerve
agent.
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Detection of sarin bound to albumin in human plasma

MALDI-TOF analysis of peptic digests of human plasma labeled by reaction with 600 uM
sarin did not show the sarin-labeled peptides after simple dilution. We suspected that the
absence of signal was due to ion suppression. Therefore the digests were fractionated by reverse
phase chromatography, prior to mass spectral analysis, as shown in Figure 3. Fractions were
collected at one minute intervals. Each HPLC fraction was analyzed by MALDI-TOF. Peptides
of interest eluted between 8-16 min. The unlabeled active site peptides of aloumin, of mass
1718 and 1831, eluted at 8-10 min. The sarin-labeled peptides of mass 1838 and 1951 eluted
at 14-16 min (fractions 14 and 16, Figure 4). The peptides of interest separated from a large
peak of UV absorbing material in the HPLC. Elimination of this material would be expected
to reduce ion suppression, thereby accounting for the appearance of the sarin-labeled peptide
signals in MALDI-TOF analysis.

Figure 4 shows the MALDI-TOF spectra for the two sarin-labeled peptides of human albumin
with masses of 1838 and 1951 m/z. These masses are consistent with the 1718 and 1831 albumin
peptides to which 120 amu from sarin have been added. That the sarin-peptide complex
survived the MALDI conditions indicates that sarin has made a covalent complex. These results
show that sarin covalently binds to human albumin on Tyr 411. They also show that binding
can be detected in plasma, and that the sarin adduct of albumin does not lose an alkoxy group
during storage for 3 days at room temperature.

MS/MS analysis confirms DFP binding to Tyr 411 of the YTK peptide

DFP-labeled human albumin was digested with trypsin and the digest was infused into the Q-
Trap mass spectrometer. The enhanced mass spectrum showed a peak at 575.4 m/z, which is
consistent with the singly charged YTK peptide covalently bound to DFP ([M+H]*! = 411
amu for the YTK peptide plus 164 amu added mass from DFP, see table 1). This peptide was
subjected to collision-induced dissociation with nitrogen as the collision gas. The resulting
enhanced product ion spectrum yielded amino acid sequence information consistent with the
sequence YTK where DFP is covalently bound to tyrosine. See Figure 5. A mass was found
at 147.2 amu, indicative of the C-terminal lysine from a y-series. This was followed by masses
at 248.3, for the ThrLys dipeptide, and at 575.4, for the Tyr*ThrLys tripeptide, including the
N-terminus, from a y-series (where Tyr* represents the diisopropylphospho-adduct of
tyrosine). No relevant signals were found at higher mass. No evidence for the
diisopropylphospho-adduct of threonine was found.

Further, convincing evidence for covalent binding of DFP to Tyr 411 comes from the presence
of 6 masses that are all consistent with various fragments of DFP attached to tyrosine, alone
or in conjunction with the YTK peptide. The structures of these 6 ions are shown in Figure 5.
As mentioned before, the ion at 575.4 amu is consistent with the singly protonated Y TK peptide
plus the added mass from covalent attachment of DFP. Neutral loss of 42 amu yields the 533.4
amu ion. Loss of 42 amu is predicted for B-elimination of propylene from the
diisopropylphosphate adduct. This B-elimination type reaction, also referred to as a McLafferty
rearrangement (McLafferty, 1959;Fredriksson et al., 1995) is a facile reaction commonly seen
during collision induced dissociation of phosphopeptides (McLachlin and Chait, 2001). A
second neutral loss of 42 amu yields the 491.3 amu ion; this mass is consistent with a
phosphorylated YTK peptide. In theory, all three of these masses are consistent with DFP
adducts of either tyrosine or threonine. However, the mass at 244.2 amu is characteristic of an
N-terminal phosphotyrosine, b-series aziridone ion, and the 226.2 amu ion is consistent with
its dehydration product (Mann et al., 2001). In addition, the mass at 216.2 amu is characteristic
of a phosphotyrosine immonium ion (Steen et al., 2001). Furthermore, no indication of
phosphorylated or organophosphorylated threonine was found. These results prove that DFP
covalently binds to Tyr 411 of human albumin.
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No evidence for any form of the dephosphorylated YTK peptide was found. This probably
reflects the relative difficulty of releasing OP from tyrosine, compared to the other
fragmentation pathways available to the diisopropylphospho-YTK peptide. Facile
dephosphorylation of phospho-tyrosine via a B-elimination type mechanism is not available
because tyrosine does not afford a suitable environment. Beta-elimination would require the
shift of a proton from the beta carbon of the leaving group to the phosphate oxygen, with
concomitant formation of a double bond between the alpha and beta carbons of the leaving
group. For phospho-tyrosing, the beta-proton of the leaving tyrosine is aromatic and therefore
not readily released; furthermore, formation of the double bond requires introduction of a triple
bond into the aromatic ring of tyrosine, another difficult operation. Though phosphate can be
released from tyrosine during collision induced dissociation, it seems to require the presence
of hydroxyl moieties on the phosphate. Even then, the yield of dephosphorylation is poor
(Fredriksson et al., 1995;Tholey et al., 1999). Thus, it would appear that elimination of
propylene from the diisopropoxy-moieties and fragmentation of the peptide backbone provide
energetically more acceptable routes for utilization of the collision energy than
dephosphorylation of the tyrosine.

The spectrum in Figure 5 contains a number of major peaks that were not used in the analysis
of the DFP-YTK adduct. Most of these are attributable to fragments from a second albumin
peptide. The doubly charged form of LVNEVTEFAK appears at 575 m/z. The peaks at 218,
365, 494, and 595 amu (plus additional peaks at higher mass: 694, 823, 937 and 1036 amu)
correspond to the complete y-series for this contaminating peptide. Peaks at 213, 327, 456 and
555 amu can be assigned to a b-series from this same peptide, while peaks at 312, 343, 426,
and 444 amu reflect internal fragments. The large peak at 86 amu is the immonium ion of Leu/
Ile.

The presence of two isopropyl groups in parent ion 575.4 supports the conclusion that the DFP-
albumin adduct does not age.

The unique set of 6 phosphorylated fragment ions in Figure 5 for DFP-albumin could be useful
for identifying exposure to DFP in a mass spectrometry method that selectively searches for
characteristic fragment ions.

Only one covalent binding site for OP

Human albumin labeled with dichlorvos or DFP and digested with pepsin was searched for
additional peptides that might bind OP. MALDI-TOF and Q-Trap analysis revealed no other
OP adducts. The only identified OP binding site was Tyr 411.

Discussion

Mechanism of OP labeling of albumin

Each of the OP tested in this work labeled Tyr 411 of human albumin. The stoichiometry of
labeling has been shown to be one mole 3H-DFP or 14C-DFP incorporated per mole of aloumin
(Murachi, 1963;Means and Wu, 1979;Hagag et al., 1983;Sultatos et al., 1984). The specific
labeling of one tyrosine in a molecule that contains 18 tyrosines suggests that Tyr 411 isin a
special environment. This tyrosine has an unusually low pKa of 7.9-8.3 (Means and Wu,
1979;Ahmed et al., 2005), in contrast to the pKa of 10 for the average tyrosine.

Tyr 411 is the active site residue not only for reaction with OP, but also for reaction with esters
such as p-nitrophenyl acetate, carbamates such as carbaryl, and amides such as o-
nitroacetanilide (Means and Wu, 1979;Sogorb et al., 1998b;Sogorb et al., 2004;Manoharan
and Boopathy, 2006). The esterase and amidase activity of aloumin can be inhibited by
pretreatment with DFP. Conversely, labeling with DFP can be prevented by pretreatment with

Anal Biochem. Author manuscript; available in PMC 2007 March 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 8

p-nitrophenyl acetate, which forms a stable acylated albumin adduct (Means and Wu, 1979).
The sensitivity of albumin esterase activity to ionic strength led Means and Wu to conclude
that the reactive tyrosine residue is located on the surface of albumin in an apolar environment
adjacent to several positively charged groups. This description of the OP binding site of
albumin was proven to be correct when the crystal structure was solved (He and Carter,
1992;Sugio et al., 1999). Subdomain Illa of albumin contains a pocket lined by hydrophobic
side chains. The hydroxyl of Tyr 411 is close to the side chains of Arg 410 and Lys 414.

Site-directed mutagenesis experiments have shown that albumin esterase activity is abolished
when Tyr 411 is mutated to Ala, and severely diminished when Arg 410 is mutated to Ala
(Watanabe et al., 2000). These results support Tyr 411 as the active site for albumin esterase
activity and support a role for Arg 410 in stabilizing the reactive anionic form of Tyr 411. The
negatively charged Tyr 411 is available for nucleophilic attack on ester and amide substrates.
Though crystal structures of several ligand albumin complexes have been solved (Ghuman et
al., 2005), the crystal structure of an OP-albumin adduct is not yet available.

No aging of OP-albumin adducts

Advantages

Aging of OP-labeled acetylcholinesterase and butyrylcholinesterase is defined as the loss of
an alkoxy group from the OP-labeled active site serine (Benschop and Keijer, 1966;Michel et
al., 1967). The nerve agents sarin, soman, and VX yield the same aged OP derivative, so that
these agents may be difficult to distinguish when bound to acetylcholinesterase or
butyrylcholinesterase (Millard et al., 1999a;Millard et al., 1999b).

Three of the OP studied in this work, sarin, DFP, and chlorpyrifos oxon, are known to age
when bound to acetylcholinesterase and butyrylcholinesterase. However these OP did not age
when bound to albumin. Aging is a catalytic process that requires the participation of nearby
histidine and glutamic acid residues (Kovach et al., 1997). Residues that promote aging are not
present in the active site pocket of albumin. The absence of aging allows the bound OP to be
spontaneously released from Tyr 411. This makes albumin an OP hydrolase, though a very
slow one. Albumin hydrolyzes chlorpyrifos oxon, O-hexyl O-2,5-
dichlorophenylphosphoramidate, and paraoxon (Erdos and Boggs, 1961;0rtigoza-Ferado et
al., 1984;Sultatos et al., 1984;Sogorb et al., 1998a). We have recently measured the hydrolysis
of soman by human albumin and found a deacylation rate of 0.0052 per hour (unpublished).

The observation that OP-albumin adducts do not age is supported by the findings of others
(Black et al., 1999;Adams et al., 2004). Using LC/MS, Black et al found O-(pinacolyl
methylphosphonyl)tyrosine in human plasma as well as in albumin samples that had been
treated with soman. They found O-(isopropyl methylphosphonyl)tyrosine in samples treated
with sarin. If aging had occurred the products would have been (methylphosphonyl)tyrosine
for both soman and sarin. Adams et al used GC-MS to measure sarin and soman recovered
from human plasma and albumin samples. The plasma and albumin were reacted with sarin or
soman, excess agent was removed by solid phase extraction, and the samples were treated with
potassium fluoride to release the bound OP. Intact sarin and soman were recovered,
demonstrating that aging had not occurred. Absence of aging in OP-albumin adducts suggests
that albumin could be a useful biomarker to distinguish between soman and sarin exposure. In
the same manner, OP-albumin adducts could distinguish between pesticide and nerve agent
exposure.

and disadvantages of MALDI-TOF mass spectrometry

The MALDI-TOF mass spectrometer is an easy instrument to use. Samples have to be free of
salt and the concentration of peptide has to be approximately 1 pmol/ul. As little as 0.5 pl of
a 1 pmol/ul solution gives a good signal. Results are acquired in seconds.
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The disadvantage of MALDI is that not all peptides ionize when the sample contains a mixture
of peptides. For example the FP-biotin labeled bovine albumin YTR peptide gave an intense
signal at 1012 amu (data not shown). In contrast FP-biotin labeled human albumin YTK peptide
gave no signal. In both experiments the sample was a mixture of tryptic peptides. lon
suppression is a common problem in mass spectrometry and one way to solve the problem is
to separate the peptide of interest from other peptides by HPLC before examining it by MALDI-
TOF mass spectrometry. This strategy allowed us to detect sarin-labeled albumin in human
plasma. Alternatively, the peptides can be separated by step elution from a C18 ziptip, a
procedure that was successful for nerve agent adducts of acetylcholinesterase (Elhanany et al.,
2001).

OP-albumin as a biomarker of OP exposure

Many proteins in human plasma are labeled by OP. Mass spectrometry assays have been
developed for OP-butyrylcholinesterase adducts (Fidder et al., 2002;VVan Der Schans et al.,
2004;Tsuge and Seto, 2006) . The present report provides an assay for OP-albumin adducts.
Albumin is far less reactive with OP than butyrylcholinesterase, but the 10,000 fold higher
concentration of albumin in plasma compared to butyrylcholinesterase (40,000-50,000 mg/ml
versus 4-5 mg/ml), means that both albumin and butyrylcholinesterase will be labeled when
a person is exposed to OP. New assays that use precursor and fragment ion m/z values in
selected reaction monitoring experiments are expected to be capable of diagnosing low dose
exposure (Tsuge and Seto, 2006).

Antibody to OP-albumin

The information presented in this work could have application to the monitoring of individuals
exposed to OP. It may be possible to detect exposure through use of an antibody detection
assay directed toward the OP-albumin adduct at Tyr 411. There is precedent for the generation
of antibodies to very small haptens bound to protein. For example, antibodies that distinguish
between phosphotyrosine, phosphoserine, and phosphothreonine have been successfully
produced (Glenney etal., 1988;Levine et al., 1989). Antibodies to soman, sarin, and VX bound
to carrier proteins through a chemical linker have been produced (Grognet et al., 1993;Zhou
etal., 1995;Johnson et al., 2005) . The proposed OP-albumin epitope could be more useful for
detection of OP exposure than existing antibodies because the OP-albumin adduct has no
chemical linker and no foreign protein environment.

An OP-albumin adduct at Tyr 411 may generate an antibody response in exposed individuals
and the antibody could be detected to determine a history of exposure to OP. This would
facilitate monitoring exposure to OP long after the exposure incident and long after the antigen
has disappeared.
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FP-biotin

10-fluoroethoxyphosphinyl-N-biotinamidopentyldecanamide
DFP

diisopropylfluorophosphate
DHBA

2,5-dihydroxybenzoic acid
CHCA

a-cyano 4-hydoxycinnamic acid
OoP

organophosphorus toxicant
MS/MS

tandem mass spectra
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Figure 1.

MALDI-TOF analysis of human albumin-OP adducts. (Top panel) Digestion of human
albumin with pepsin at pH 2.3 yields 2 peptides containing Tyr 411 whose average mass to
charge ratios are 1718 and1831 (singly protonated). (Dichlorvos panel) Incubation of human
albumin with dichlorvos in ammonium bicarbonate pH 8.5, followed by digestion with pepsin
at pH 2.3 yields dimethoxyphosphate adducts of 1826 and 1939 m/z. (Chlorpyrifos oxon panel)
Incubation with chlorpyrifos oxon yields diethoxyphosphate adducts of 1854 and 1967 m/z.
(DFP panel) Incubation with DFP yields diisopropoxyphosphate adducts of 1882 and 1995 m/
z. Samples were diluted to 1 pmol/pul before plating 1 ul on the MALDI target with 2,5-
dihydroxybenzoic acid matrix.
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Figure 2.

MALDI-TOF analysis of OP-albumin adducts in human plasma. The top panel is the control
sample. Human plasma digested with pepsin shows the Tyr 411 containing, albumin peptides
of 1718 and 1831 m/z. The bottom panel shows two new peaks at 1826 and 1939 m/z in
dichlorvos treated human plasma, representing peptides containing dichlorvos covalently
bound to Tyr 411 of albumin.

Anal Biochem. Author manuscript; available in PMC 2007 March 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal. Page 15

0.8
=
=
=
QAl
80.4— 17181831
& X v
e} 1838 1951
(@]
2 vy
& w
A
10 20 30 40
Time, minutes
Figure 3.

HPLC trace. A peptic digest of human plasma (10 pl) that had been treated with sarin was
subjected to reverse phase chromatography. Unlabeled active site albumin peptides of mass
1718 and 1831separated from sarin-labeled albumin peptides of mass 1838 and 1951 and from
a large peak of UV absorbing material. The marked peaks contain a mixture of peptides and
therefore the relative UV intensities do not represent the relative amounts of labeled and
unlabeled albumin.
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Figure 4.

MALDI-TOF analysis of sarin covalently attached to human albumin. Panels A and C, control
human plasma digested with pepsin and fractionated by HPLC, but not treated with sarin.
Panels B and D, human plasma treated with sarin before digestion with pepsin and fractionation
by HPLC. Fractions were collected at one minute intervals. Sarin-labeled albumin peptides of
1838 and 1951 amu include 120 amu from sarin.
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Product ion spectrum of DFP-labeled human albumin peptide 575.4. DFP-labeled albumin was
digested with trypsin and infused into the Q-Trap mass spectrometer. The singly charged parent
ion of 575.4 m/z has the sequence YTK and has the diisopropylphosphate group covalently
bound to tyrosine. Fragment masses and their corresponding structures are shown. In addition
to information on the DFP-YTK peptide, fragments from a second albumin peptide
(LVNEVTEFAK, doubly protonated) can be extracted from the fragmentation information.
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Table 1
Pepsin digested human albumin. The [M+H]*! masses of peptic peptides containing Tyr 411 are listed before
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and after covalent binding of OP. Tyr 411 is underlined.

Human albumin peptide peptide m/ peptide m/z dichlorvos leaving group added mass
z after
dichlorvos
VRYTKKVPQVSTPTL 1718 1826 Cl CI 108
LVRYTKKVPQVSTPTL 1831 1939
0
O0—P—0O Cl
s 0 cl
H,C 0 N
GH,
Human albumin peptide peptide m/ peptide m/z chlorpyrifos oxon
z after
chlorpyrifos
oxon
VRYTKKVPQVSTPTL 1718 1854 136
LVRYTKKVPQVSTPTL 1831 1967 CH, Cl
CH, 0
? Cl N b
HC—C-0-P-0 § _
|
2 O N
= Cl Cl
Cl Cl
Human albumin peptide peptide m/ peptide m/z DFP
z after DFP
VRYTKKVPQVSTPTL 1718 1882 F 164
LVRYTKKVPQVSTPTL 1831 1995 HyC 0 0 CH,
Yy
7N _
H3C 0 F Ch3
Human albumin peptide peptide m/ peptide m/z sarin
z after sarin
VRYTKKVPQVSTPTL 1718 1838 0 F 120
LVRYTKKVPQVSTPTL 1831 1951 H30 Y
0 ri> CH,
H,C F

The accession # for human albumin is GI:28592 where Tyr 411 is Tyr 435 because numbering begins with the signal peptide.
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