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Abstract
Organophosphorus esters (OP) bind covalently to the active site serine of enzymes in the serine
hydrolase family. Recently, mass spectrometry identified covalent binding of OP to tyrosine in a
wide variety of proteins when purified proteins were incubated with OP. In the present work, manual
inspection of MSMS data led to the realization that lysines also make a covalent bond with OP. OP-
labeled lysine residues were found in 7 proteins that had been treated with either chlorpyrifos oxon
or diisopropylfluorophosphate: human serum albumin (K212, K414, K199, and K351), human
keratin 1 (K211 and K355), human keratin 10 (K163), bovine tubulin alpha (K60, K336, K163, K394,
and K401), bovine tubulin beta (K58), bovine actin (K113, K291, K326, K 315 and K328), and
mouse transferrin (K296 and K626). These results suggest that OP binding to lysine is a general
phenomenon. Characteristic fragments specific for chlorpyrifos-oxon labeled lysine appeared at
237.1, 220.0, 192.0, 163.9, 128.9 and 83.9 amu. Characteristic fragments specific for
diisopropylfluorophosphate labeled lysine appeared at 164.0, 181.2 and 83.8 amu. This new OP-
binding motif to lysine suggests new directions to search for mechanisms of long-term effects of OP
exposure and in the search for biomarkers of organophosphorus agent exposure.
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Introduction
Organophosphorus agents (OP)1 include pesticides and chemical warfare agents [1,2]. The
intended target of these agents is the active site serine of acetylcholinesterase [AChE, EC
3.1.1.7]. Inhibition of acetylcholinesterase explains the acute symptoms that are observed upon
exposure to high doses of OP [3,4]. However, chronic exposure to OP at doses too low to
generate cholinergic symptoms has been implicated in a variety of adverse effects including
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memory loss, learning disability, fatigue, depression, and Parkinson’s disease [5,6,7,8,9].
These symptoms may appear after exposures too low to significantly inhibit
acetylcholinesterase [10]. These observations suggest that there are clinically relevant targets
for OP in addition to acetylcholinesterase.

Reactions of OP with a variety of serine hydrolases in vitro have long been known. Targets
include, but are not limited to fatty acid amide hydrolase, acyl peptide hydrolase,
carboxylesterase, phosphoglucomutase and trypsin [2,11,12,13]. Enzymes without a serine
active site also react with OP, such as lysyl oxidase and the M2 muscarinic receptor [2,14].
Results from electrospray ionization mass spectrometry have demonstrated that OP can react
with tyrosines on proteins such as transferrin [15], serum albumin [16,17,18,19,20,21] and
tubulin [22]. Though there has been a renewed interest in the reaction of tyrosine with OP
recently, reaction of tyrosines from human serum albumin and bovine serum albumin with the
organophosphorus agent diisopropylfluorophosphate (DFP) was reported by Sanger in 1963
[23]. Between 1965 and 1971, DFP was shown to react with tyrosine residues on bromelain
[24], papain [25], and lysozyme [26]. We have enlarged the group of proteins for which tyrosine
serves as an OP target to include: kinesin 3C, alpha 2-glycoprotein 1 zinc, pro-apolipoprotein
AI, keratin, actin, ATP synthase, adenine nucleotide Translocase I, chymotrypsinogen and
pepsin [27]. Reaction of free tyrosine with OP was demonstrated by Ashbolt and Rydon [28].
Taken together, these observations firmly establish tyrosine as a target for OP in proteins.

In the course of our investigations into OP labeling of tyrosine, we found that the ε-amine of
lysine was also labeled. This finding was quite unexpected because it has long been known
that the phosphoamidate bond, such as that in ε-N-phospholysine, is sensitive to hydrolysis,
especially at pH values below 8 [29]. The pH sensitivity is of particular importance for our
experiments because, as is the general practice when preparing peptide samples for electrospray
ionization mass spectrometry, we used solvents containing 0.1% formic acid. Despite the
unexpected nature of the observations, we have found OP-labeled lysine in 7 proteins. To our
knowledge, there are no previous reports of proteins containing an OP-labeled lysine.

Mass spectrometry is an excellent tool for identifying markers of protein modification. Three
mass spectral features can be used for the identification of protein modification. First, is the
mass of the parent ion, which must be consistent with the mass of a known peptide plus the
mass of the modification. Second, is the presence of a gap in the amino acid sequence from an
MSMS spectrum that is consistent with the mass of a modified amino acid. And, third is the
presence of fragments in the MSMS spectrum that are characteristic of the modification. We
have employed tandem quadrupole electrospray ionization mass spectrometry in conjunction
with collision induced dissociation (CID) to study peptides containing OP-labeled lysine. All
three mass spectral features have been found.

This presentation has four goals. The first is to document the existence of OP-labeled lysine
in proteins. The second is to identify the OP-labeled peptides and the specific OP-labeled lysine
residues. The third is to describe the characteristic fragment ions for the OP-labeled lysine,
along with the frequency at which each ion appears and the relative intensity of the signals for
each characteristic fragment. The fourth goal is to establish that OP reacts with lysine in a
number of proteins.

Here we report on the reaction of seven proteins from three species (human serum albumin,
human keratin 1, human keratin 10, bovine tubulin alpha, bovine tubulin beta, bovine actin,
and mouse transferrin) with two OP (chlorpyrifos-oxon and diisopropylfluorophosphate). In
all cases, the mass of the parent ion in the MS spectrum was consistent with the presence of
the OP label. Manual analysis of the MSMS spectra from the labeled peptides typically revealed
gaps in the b- and/or y-ion series that were consistent with the mass of OP-modified lysine.
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These gaps confirmed the presence of the OP and yielded the location of the labeled residue
in the peptide sequence. Finally, characteristic fragments that are diagnostic for the presence
of OP-labeled lysine were identified for each OP.

Methods and Materials
Materials

Purified human serum albumin (essentially fatty acid free, cat # 05418), bovine actin (cat #
3653), human epidermal keratin (cat # K0253), diisopropylfluorophosphate (DFP, cat #
D0879), iodoacetamide (cat # I6125), Glu-fibrinopeptide B (cat # F3261), and mouse
transferrin (cat # T0523) were obtained from Sigma/Aldrich/Fluka (St. Louis, MO).
Dithiothreitol (electrophoresis grade, cat # BP172-25) was from Fisher Biotech (Fair Lawn,
NJ). Modified porcine trypsin (TPCK treated, reductively methylated, sequencing grade, cat
# V5113) was purchased from Promega (Madison, WI). Bovine brain tubulin (>99% pure, cat
# TL238) was from Cytoskeleton Inc (Denver, CO). Chlorpyrifos-oxon (CPO, cat #
MET-674B) was from Chem Service Inc (West Chester, PA).

Labeling
Reaction of human serum albumin with DFP was performed as follows: 8.8 mg of serum
albumin were dissolved in 5 ml of 10 mM Tris/HCl, pH 8.0 (to yield 1.76 mg protein/ml or
2.6×10−5 M protein) and treated with 26.5 μl of 0.1 M DFP in isopropanol (final concentration
5.3×10−4 M) for 2 h at room temperature. The protein was denatured in 8 M urea, reduced with
10 mM dithiothreitol (with boiling, for 10 min in a water bath), alkylated with 90 mM
iodoacetamide (for 1 h at 37°C in the dark) and dialyzed against 10 mM ammonium bicarbonate
at 4°C overnight, using Spectrapor dialysis membrane (MWCO = 12,000 to 14,000 from
Spectrum Medical Industries, Los Angeles CA. cat # 132700). 500 μl of the mixture was
digested with trypsin (1:50 ratio w/w) overnight at 37 °C. The tryptic digest was dried in a
Jouan SpeedVac (model RC10-10 from Thermo Fisher Scientific, Waltham, MA) and
redissolved in 5% acetonitrile/95% water/0.1% formic acid to make a final solution of 7 pmol
albumin peptides per μl, which was used for electrospray ionization mass spectrometry.

Reaction of human albumin with chlorpyrifos-oxon was performed in an analogous manner,
using 15 μM albumin and 150 μM CPO [19].

Reaction of tubulin with chlorpyrifos-oxon was performed as described by Grigoryan et al.
[30]. Bovine tubulin was dissolved in 200 μl of 15 mM ammonium bicarbonate, pH 8.3, to
give a concentration of 0.6 mg tubulin/ml or 12 μM. This was treated with 500 μM CPO (10
μl of a 10 mM CPO stock solution in dimethyl sulfoxide) for 24 hours at 37°C. The tubulin
was denatured by heating for 10 minutes in boiling water then the denatured protein was
dialyzed against 4 liters of ammonium bicarbonate, pH 8.3 using a Slide-A-Lyzer dialysis
cassette (MWCO = 7000 from Pierce, Madison, WI cat #66370). Sixty μg of dialyzed tubulin
was digested with 1.5 μg of sequencing grade trypsin for 16 hours at 37°C. The tryptic peptides
were dried in a SpeedVac and redissolved in 5% acetonitrile/water plus 0.1% formic acid to a
final concentration of about 2 pmole/μl, which was used for mass spectral analysis.

Reaction of actin with chlorpyrifos-oxon was performed as described by Schopfer et al. [31].
Bovine actin was dissolved in 130 μl of 10 mM ammonium bicarbonate, pH 8.3, to give a final
concentration of 2.5 mg actin/ml or 48 μM. This was reacted with 240 μM CPO (3 μl of a 10
mM CPO stock solution in dimethyl sulfoxide) at 37°C for 24 hours. The actin was denatured,
reduced, alkylated, dialyzed, digested with trypsin, dried and resuspended in 5% acetonitrile/
0.1% formic acid for mass spectral analysis as described for tubulin.
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Reaction of keratin with chlorpyrifos-oxon was performed as described by Schopfer et al.
[31]. One hundred microliters of a mixture of denatured human keratins at 1 mg protein/ml (in
5 mM Tris, 8 M urea, 1 mM beta-mercaptoethanol and 0.1% azide, pH 8.4) was renatured by
dialysis against 25 mM Tris/Cl, pH 7.5, then treated with 2 mM CPO (25 μl of a 10 mM CPO
stock solution in dimethyl sulfoxide) at 37°C for 24 hours. The keratin was then processed as
described for actin.

Reaction of transferrin with chlorpyrifos-oxon was performed as described by Li et al. [15].
One hundred microliters of mouse transferrin at 1 mg transferrin/ml was treated with 0.5 mM
CPO (5 μl of a 10 mM CPO stock solution in ethanol) at 37°C for 16 hours. The transferrin
was denatured in 8 M urea, then reduced, alkylated, dialyzed, digested with trypsin (at a
transferrin to trypsin ratio of 50:1, by weight), dried and resuspended in 5% acetonitrile/0.1%
formic acid for mass spectral analysis.

Quadrupole mass spectrometry
Five to ten microliters of a tryptic digest (30–50 pmole) were injected onto an HPLC
nanocolumn (218MS3.07515 Vydac C18 polymeric reverse phase, 75 micron I.D. × 150 mm
long; P.J. Cobert Assoc, St. Louis, MO). Peptides were separated with a 90 minute linear
gradient from 5 to 60% acetonitrile at a flow rate of 0.3 μl/min and electrosprayed through a
fused silica emitter (360 micron O.D., 75 micron I.D., 15 micron taper, New Objective,
Woburn, MA) directly into the QTRAP 2000 (a hybrid quadrupole linear ion trap mass
spectrometer, Applied Biosystems, Foster City, CA). An ion-spray voltage of 1900 V was
maintained between the emitter and the orifice. Information dependent acquisition was used
to collect MS, high resolution MS, and MSMS spectra. All spectra were collected in the
enhanced mode, using the trap function. The three most intense MS peaks in each cycle having
masses between 200 and 1700 m/z, charge of +1 to +4, and intensities greater than 10,000 cps
were selected for high resolution MS and MSMS analysis. Precursor ions were excluded for
30 s after one MSMS spectrum had been collected. MSMS fragmentation was obtained by low
energy collision induced dissociation (CID). The collision cell was pressurized to 40 μTorr
with pure nitrogen. Collision energies between 20 and 40 eV were determined automatically
by the software based on the mass and charge of the precursor ion. The mass spectrometer was
calibrated on selected fragments from the MSMS spectrum of human Glu-fibrinopeptide B.

Results
OP labeled peptides

A lysine from each of twenty-two peptides was found to have reacted with either chlorpyrifos-
oxon or diisopropylfluorophosphate. Those 22 peptides came from seven different proteins: 5
from human serum albumin, 2 from human keratin 1, 1 from human keratin 10, 6 from bovine
tubulin alpha, 1 from bovine tubulin beta, 5 from bovine actin, and 2 from mouse transferrin
(see Table 1).

When chlorpyrifos-oxon reacts with lysine, the mass added to the peptide is 136 amu (for
diethoxyphosphate). When diisopropylfluorophosphate reacts with lysine, the mass added to
the peptide is 164 amu (for diisopropoxyphosphate). Most of the peptides in Table 1 exhibited
a parent ion mass equal to the mass of the amino acid sequence plus the mass added from the
OP-adduct (to within 0.2 amu). In 5 instances, the mass of the peptide was equal to the mass
of the amino acid sequence plus twice the mass of the OP-adduct. In the latter instances, a label
was found on both a tyrosine and a lysine. The sequence of each peptide was confirmed by
manual analysis of the CID MSMS spectrum. The “MS Product” algorithm (a component of
Protein Prospector, v 5.2.2, on the http//prospector.ucsf.edu website from the University of
California at San Francisco) was used to help identify fragments from the MSMS spectra. The
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Mascot database algorithm (Matrix Science, London, UK, http://www.matrixscience.com) was
also used in the identification of labeled peptides [32]. The masses for OP-labeled lysine have
been added to the Unimod protein modification database (http//www.unimod.org) to facilitate
the use of Mascot in searches for OP-modified residues. They are listed as O-diethylphosphate
(for chlorpyrifos-oxon) and diisopropylphosphate (for diisopropylfluorophosphate). The
precise location of the labeled amino acid could generally be established from the observed
sequence. Finally, characteristic, non-sequence masses were identified that supported the
proposed labeling (see Table 2).

Reaction of OP with lysine
Reaction of an OP with a lysine (in a protein) would be expected to proceed via nucleophilic
attack of the ε-amino group from the lysine on the phosphorus of the OP. This reaction would
result in addition of a single organophosphorous moiety to the ε-amino group of the lysine
(Figure 1).

The OP used in the following work were chlorpyrifos-oxon and diisopropylfluorophosphate
(see Figure 2 for structures). The groups that are displaced from the OP as a consequence of
nucleophilic attack are the O-(3,5,6-trichloro-2-pyridinyl) of chlorpyrifos-oxon and the
fluoride of diisopropylfluorophosphate. The resulting adducts are diethoxyphospho-lysine and
diisopropoxyphospho-lysine, respectively.

CID fragmentation of ε-N-modified lysine from peptides
When peptides containing ε-N-modified lysine are subjected to low energy CID, a sequence
of reactions ensues that yields prominent characteristic fragment ions corresponding to 1) a
modified α-amino-caprolactam (at 129 amu plus the mass of the modification), 2) a modified-
lysine immonium ion (at 101 amu plus the mass of the modification), 3) a modified-lysine (at
84 amu plus the added mass of the modification), and 4) a lysine immonium ion, minus NH3
(at 84 amu). Figure 3 illustrates the immonium ion, minus the modification and minus NH3
sequence of structures involved in this fragmentation process. Details of the process were
worked-out by Fenaille et al. using MSMS and pseudo-MS3 analysis of peptides containing
lysine modified on the ε-amine with hexanal [33]. Their proposed sequence of steps is
consistent with the process described by Yalcin and Harrison for CID fragmentation of
unmodified lysine-containing peptides [34]. CID fragmentation of OP-labeled lysine would be
expected to follow the pathway described in Figure 3. This is essentially what is observed. We
have found fragment masses that are consistent with these structures from peptides containing
OP-modified lysine (where the OP is either chlorpyrifos-oxon or diisopropylfluorophosphate)
(see Table 2).

An alternative fragmentation pathway has also been reported that leads to pipecolic acid (130
amu) [33,34]. This mass was occasionally observed in the CID of peptides containing OP-
labeled lysine.

Characteristic fragments from OP labeled lysine
Chlorpyrifos-oxon—When chlorpyrifos-oxon reacts with lysine, the added mass is 136 amu
(for diethoxyphosphate). Under CID conditions, there is a relatively facile gas-phase
elimination of one or both ethylene side-chains (28 amu each) from the diethoxyphosphate
[31] resulting in a monoethoxyphosphate adduct (added mass 108 amu) or a phosphate adduct
(added mass 80 amu). This side-chain elimination explains the lysine related masses observed
during CID fragmentation of chlorpyrifos-oxon modified lysine-containing peptides (see Table
2).
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CID fragmentation of peptides containing diethoxyphosphate-modified lysine yields non-
sequence, characteristic ions at 237, 220, 209, 192, 164, 130, 129, and 84 amu. These masses
correspond to the diethoxyphosphate adduct of the lysine immonium ion (136 + 101 = 237
amu), the diethoxyphosphate adduct of the lysine immonium ion minus NH3 (136 + 84 =220
amu), the monoethoxyphosphate adduct of the lysine immonium ion (108 + 101 = 209 amu)
the monoethoxyphosphate adduct of the lysine immonium ion minus NH3 (108 + 84 = 192),
the phosphate adduct of the lysine immonium ion minus NH3 (80 + 84 = 164), pipecolic acid
(130 amu), α-amino-caprolactam (129 amu), and the lysine immonium ion minus NH3 and
minus all vestiges of the diethoxyphosphate label (84 amu). Table 2 lists these fragments, shows
their structures, indicates the frequency with which they appeared in the 21 MSMS spectra of
chlorpyrifos-oxon modified peptides, and indicates their intensities relative to the most intense
mass in each spectrum.

As indicated in Table 2, the 237 amu mass could be interpreted as either the diethoxyphospho-
lysine immonium ion or the monoethoxyphospho α-amino-caprolactam. If the latter
interpretation were correct, one might expect to see ions consistent with the diethoxyphospho
α-amino-caprolactam (at 265 amu). No peak at 265 amu appeared in any of the 21 MSMS
spectra, suggesting that the α-amino-caprolactam interpretation is incorrect. Conversely,
masses for both the diethoxyphospho-lysine immonium ion (237 amu) and the
monoethoxyphospho-lysine immonium ion (209 amu) were detected (see Table 2), suggesting
that the lysine immonium ion interpretation is correct. Modified immonium ions are most often
the source of characteristic fragments [35].

The most prevalent characteristic ion was the diethoxyphospho-lysine immonium ion minus
(220 amu), appearing in 95% of the MSMS spectra (20 out of 21). This is consistent with
NH3 to be a the results of Fenaille et al. who found the modified-lysine immonium ion minus
NH3 prominent mass in MSMS spectra of hexanal-modified lysine containing peptides [33].
Though the intensity of the 220 amu ion varied from 6% to 100%, of the most intense ion in
the spectrum, its intensity was generally around 30%. On three occasions it was the most intense
ion in the spectrum. The two next most common characteristic ions were also modified-
derivatives of the lysine immonium ion minus NH3: monoethoxyphospho-lysine immonium
ion minus NH3 (163.9 amu). The lysine immonium (192.0 amu) and phospho-lysine immonium
ion minus NH3 ion (without modification, 83.9 amu) and the diethoxyphospho-lysine
immonium ion (237.1 amu) also were frequently present. Occasionally, masses for the α-amino
caprolactam (128.9 amu), pipecolic acid (129.9 amu), and monoethoxyphospho-lysine
immonium ion (209.1 amu) appeared.

Once identified, the characteristic ions for the diethoxyphosphate-adduct were particularly
useful in that they provided a convenient way to identify diethoxyphosphate-labeled lysine in
other peptides.

Diisopropylfluorophosphate—Only human serum albumin was treated with
diisopropylfluorophosphate, and only one labeled peptide was found, LAK*TYETTLEK.
Since no other proteins were treated with diisopropylfluorophosphate, it is entirely possible
that other diisopropylfluorophosphate-labeled peptides may be found in the future.

When diisopropylfluorophosphate reacts with lysine, the added mass is 164 amu (for
diisopropoxyphosphate). Under CID conditions, gas-phase elimination of the isopropylene
side-chains (42 amu) is even more facile than elimination of ethylene is for the
diethoxyphospho-adducts [31]. Isopropylene elimination is so easy that there is no evidence
for characteristic ions that retain a side chain.
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CID fragmentation of the peptide containing the diisopropoxyphosphate-modified lysine
yielded non-sequence, characteristic ions at 181, 164 and 84 amu. These masses correspond
to the phospho-lysine immonium ion (80 + 101 = 181 amu), the phospho-lysine immonium
ion minus NH3 (80 + 84 = 164 amu), and the lysine immonium ion minus NH3 and minus all
vestiges of the diisopropoxyphosphate label (84 amu). Table 2 lists these fragments, shows
their structures, and indicates their intensities relative to the most intense mass in the spectrum.
Since only one diisopropoxyphospho-peptide was identified, the frequency with which they
appear in the MSMS spectra is set at 100%.

Illustration of CID fragmentation for peptides containing OP-lysine adducts
Figures 4 through 7 show representative MSMS fragmentation spectra for peptides containing
OP-labeled lysine. There is a spectrum for the diisopropoxyphosphate adduct (Figure 4), a
spectrum for a peptide carrying a single diethoxyphosphate adduct on lysine which yielded
characteristic fragments (Figure 5), a spectrum for a diethoxyphosphate adduct on lysine which
did not yield characteristic fragments (Figure 6), and a spectrum for a peptide carrying a
diethoxyphosphate adduct on lysine and another diethoxyphosphate adduct on tyrosine which
yielded fragments characteristic of both labeled amino acids (Figure 7).

Figure 4 shows the MSMS spectrum of the diisopropoxyphosphate-labeled peptide
LAK*TYETTLEK from human serum albumin. It is labeled on the lysine that is three residues
from the N-terminus. That this lysine was not cleaved during the tryptic digestion supports the
proposal that it is labeled. The parent ion is doubly-charged with an m/z of 731.0, which
includes the mass of the amino acid sequence plus an added mass of 164 amu for the
diisopropoxyphosphate.

The spectrum is complicated by the facile loss of isopropylene (42 amu) from the
diisopropoxyphosphate [31]. This neutral loss fragmentation accounts for the doubly-charged
peaks at 709.8, and 688.3 amu, designated P1 and P2. These are associated with the parent ion
(at 731.0 amu, designated P), and are consistent with the loss of first one and then both
isopropylene groups from the diisopropoxyphosphate adduct of the parent ion.

A similar phenomenon occurs for the b3 ion. This ion appears in four forms, designated b3,
b3a, b3b, and b3c. The mass of the b3c fragment (477.6 amu) is consistent with the N-terminal
three amino acids, LAK, plus the mass of diisopropoxyphosphate. Fragment b3b is 42 amu
smaller (at 435.6 amu) consistent with the loss of one isopropylene group. Fragment b3a (at
393.6 amu) is smaller by yet another 42 amu. Finally, the b3 fragment (at 313.4 amu) is 80
amu smaller than b3a indicative of the loss of the phospho-moiety. The masses of these b3
fragments are all consistent with diisopropoxyphosphate labeling of the lysine at position 3.

The b-series, without any added mass, continues from b3 to b5. In addition, there is a y-series
that extends from y2 to y8. None of the residues in this series show any indication of being
labeled. The y-series includes residues y7 and y8, which carry the two other potentially reactive
groups, threonine and tyrosine. The fact that their masses do not include the adduct mass
indicates that they are not labeled. Most of the other major peaks in the spectrum are consistent
with loss of water from the sequence ions or with characteristic fragments. The foregoing
observations: the parent ion mass, the neutral losses from the parent ion, the sequence data,
and the neutral loss from the b3 fragment clearly identify this peptide as being labeled by
diisopropoxyphosphate on lysine.

Having established the identity of the label, we can turn to the non-sequence fragments in the
CID spectrum to identify masses that are characteristic of this particular label. Three such
masses appear in Figure 4. They are enclosed in boxes for emphasis. The most intense of these
masses is at 164.0 amu. It is consistent with phospho-lysine immonium ion minus NH3. The
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phospho-lysine immonium ion is also present (at 181.2 amu), as is the lysine immonium ion
at 83.6 amu. Structures for these compounds are given in Table 2.

Figure 5 shows the MSMS spectrum of the diethoxyphosphate-labeled peptide STTK*DLLFR
from mouse transferrin. It is labeled on the lysine that is four residues from the N-terminus.
That this lysine was not cleaved during the tryptic digestion supports the proposal that it is
labeled. The parent ion is doubly-charged with an m/z of 609.0, which includes the mass of
the amino acid sequence plus an added mass of 136 amu for the diethoxyphosphate.

A y-ion series from y1 to y7 is present. The delta mass for the diethoxyphosphate-lysine adduct
appears in the sequence between y5 and y6. This delta mass is 263.9 amu, consistent with the
expected value for lysine (128 amu) plus diethoxyphosphate (136 amu). Unlike the
diisopropoxyphosphate adduct, neutral loss is not evident from either the parent ion or the
sequence ions. This is similar to our experience with modified tyrosine [31]. The masses at
464.8 amu and 514.8 amu are consistent with doubly-charged forms of y6 and y7. Most other
significant masses could be assigned as fragments due to loss of ammonia from sequence ions,
to loss of water from the parent ion, to internal fragments or characteristic ions. The parent ion
mass and the sequence data, including the y5–y6 interval for diethoxyphospho-lysine, clearly
identify this peptide as being labeled on lysine by diethoxyphosphate.

Non-sequence, characteristic fragments appeared at 237.5 amu (diethoxyphospho-lysine
immonium ion), 220.4 amu (diethoxyphospho-lysine immonium ion minus NH3), 209.4 amu
(monoethoxyphospho-lysine immonium ion), 192.3 amu (monoethoxyphospho-lysine
immonium ion minus NH3) and 164.2 amu (phospho-lysine immonium ion minus NH3).
Though neutral loss of ethylene (28 amu) from neither the parent ion nor the sequence ions
was observed, neutral loss from the immonium ion seems to be more facile. A similar
observation was made for diethoxyphospho-tyrosine [31]. Structures of the characteristic ions
are given in Table 2.

Figure 6 shows the MSMS spectrum of the diethoxyphosphate-labeled peptide
VAPEEHPTLLTEAPLNPK*ANR from bovine actin. It is labeled on the lysine that is four
residues from the C-terminus. That this lysine was not cleaved during the tryptic digestion
supports the proposal that it is labeled. The parent ion is triply-charged with an m/z of 811.9,
which includes the mass of the amino acid sequence plus an added mass of 136 amu for the
diethoxyphosphate.

A y-ion series from y2 to y11 is present. There is a gap in the sequence at y4, which is the
position of the proposed lysine adduct. The delta mass for this gap is too large for simply the
lysine adduct. However, it is consistent with the interval between y3 and y5 (361.3 amu) which
would include lysine plus diethoxyphosphate plus proline (128 + 136 + 97 = 361 amu). This
places the diethoxyphospho-adduct on either lysine or proline. Since proline is not a viable
candidate for labeling, it may be concluded that the label resides on lysine. In addition to the
y-series, there are strong peaks for the b12 and b13 fragments, both the singly-charged forms
(at 1317.5 and 1388.5 amu) and the doubly-charged forms (at 659.2 and 694.8 m/z). Most other
major peaks can be assigned to internal fragments.

The parent mass and the sequence data, including the y3–y5 interval for diethoxyphospho-
lysine and proline, clearly identify this peptide as being labeled by diethoxyphosphate on
lysine. However, there is no evidence for characteristic ions in the MSMS spectrum. This was
the only peptide of the 21 CPO-labeled peptides we analyzed that did not show any
characteristic fragments.

Figure 7 shows the MSMS spectrum of the diethoxyphosphate-labeled peptide K*Y*VPR from
bovine tubulin beta. This peptide is doubly-labeled, once on the N-terminal lysine and again
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on the neighboring tyrosine. In support of the foregoing statement, the parent ion mass is 467.5
m/z (doubly-charged), which includes the mass of the amino acid sequence plus two-times the
added mass of 136 amu, for the two diethoxyphosphate labels. The N-terminal lysine and the
neighboring tyrosine are the only reasonable candidates for labeling in this peptide.
Simultaneous labeling of both lysine and tyrosine occurred in four other peptides (Table 1):
Y*AK*R, LSVDY*GK*K and FDLMY*AK*R (all three from bovine tubulin alpha) and
Y*TKK*VPQVSTPTLVEVSR (from human serum albumin). Thus, double-labeling is not an
isolated phenomenon. Labeling of two tyrosines in a single peptide was observed for two
peptides from mouse transferrin [31].

A complete y-ion series for K*Y*VPR is present in Figure 7. The interval between y3 and y4
(299.3 amu), is consistent with a diethoxyphosphate-labeled tyrosine (163 + 136 = 299 amu).
Addition of 264 amu to y4 (670.3 amu) yields the singly-charged parent ion mass of 934 amu.
The mass for diethoxyphosphate-labeled lysine is 264 amu (128 + 136 amu). There is a neutral
loss from y4 of 28 amu (to give the peak at 642.2 amu) which is most likely due to dissociation
of ethylene from the diethoxyphosphate adduct on tyrosine. A similar loss of 28 amu from b3
(to give the peak at 635.0 amu) is more difficult to interpret. B-ions readily lose CO (28 amu)
to yield a-ions. Alternatively, the 28 amu loss could again reflect loss of ethylene. The 635.0
amu mass has been designated a3 in Figure 7.

Characteristic ions for diethoxyphospho-lysine appear at 220.0, 191.9, 163.9, and 83.9 amu.
In addition, there is a mass at 236.9 amu which could be interpreted as the diethoxyphospho-
lysine immonium ion or the a1 ion. There is a significant peak at 244.0 amu, which is consistent
with the monoethoxyphospho-tyrosine immonium ion [31]. A more commonly observed
characteristic ion for chlorpyrifos oxon labeled tyrosine is the diethoxyphospho-tyrosine
immonium ion at 272 amu [31]. Though an intense peak exists at 271.9 amu, its interpretation
is complicated by the possibility of a proline-arginine internal fragment (nominal mass of 272
amu). Support for the existence of the internal fragment is the 97.7 amu mass which is consistent
with the N-terminal proline expected from such an internal fragment. At a minimum, the 271.9
amu mass is a combination of the proline-arginine internal fragment and the diethoxyphospho-
tyrosine immonium characteristic ion.

A final complication in this MSMS spectrum is a group of doubly-charged fragments (at 453.5,
414.0, 399.6 and 391.1 m/z) in the vicinity of the parent ion. The 453.5 m/z fragment is 28
amu smaller than the parent ion, making it tempting to assign 453.5 to a neutral loss of ethylene
from the parent ion. Similarly, the 399.6 m/z fragment is 136 amu smaller than the parent,
making it reasonable to assign 399.6 to a neutral loss of the entire diethoxyphosphate group,
i.e. HPO(OCH2CH2)2. However, a neutral loss of this sort has not been seen before, either for
diethoxyphospho-tyrosine or diethoxyphospho-lysine adducts. The m/z 414.0 is still more
confusing. Being 108 amu smaller than the parent, it would appear to be due to neutral loss of
monoethoxyphosphate where the second ethylene remains attached to the peptide; however,
we can conceive of no mechanism to accommodate such an interpretation. The 391.1 m/z is a
simple loss of 17 amu (NH3) from 399.6 m/z. One might attribute these masses to contaminants
or some other sort of artifact except that an analogous pattern of peaks is seen in the MSMS
spectrum of Y*AK*R (data not shown).

The parent ion mass, the sequence data (including the y3 to y4 and y4 to parent ion intervals),
and the characteristic fragments strongly argue that this peptide is doubly-labeled by
chlorpyrifos-oxon, carrying diethoxyphosphate groups on both lysine and tyrosine.
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Discussion
Reaction of OP with tyrosine in a variety of proteins has been thoroughly documented [31].
We have now found a comparable reaction between OP and lysine. Table 1 lists 22 peptides
from 7 proteins that are labeled on lysine. Involvement of this many different proteins strongly
suggests that the reaction is commonplace. Nonetheless, we are aware of no other reports of
OP reacting with lysine on protein.

Analysis of the MSMS spectra for 4 of the 22 peptides is presented. Comparable data exist for
the remaining 18. These data firmly establish the existence of this reaction. A useful list of ions
that are characteristic of diethoxyphospho-lysine and diisopropoxyphospho-lysine are given
in Table 2. We have found the characteristic ions for diethoxyphospho-lysine to be especially
helpful in finding unknown peptides that were labeled.

Until recently, investigations into the reaction of OP with biological targets have been confined
largely to studies on serine hydrolases where the OP react with the active site serine [2 11,
12]. Early, work did demonstrate that OP could react with selected tyrosines on some proteins
[23,24,25,26]. These studies laid the groundwork for the possibility that reaction of OP with
proteins other than acetylcholinesterase could be clinically relevant. As a result of increased
interest in the hypothesis that there are clinically relevant targets for OP, other than
acetylcholinesterase, the reaction of OP with tyrosine in proteins has been revisited [18,20,
21,31]. The observation of OP-reactive lysine described in this paper enlarges the field of
targets which must be considered when searching for potential, clinically significant OP-
targets.
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Figure 1.
Illustration of the reaction of lysine with OP, using chlorpyrifos oxon as an example for the
OP.
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Figure 2.
OP structures
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Figure 3.
CID Fragmentation of ε-N-modified lysine. The mass of R2 for DFP can be +164 for
diisopropoxyphosphate, or +80 for DFP that has lost both isopropyl groups. The mass of R2
for CPO can be +136 for diethoxyphosphate, or +108 for monoethoxyphosphate, or +80 for is
indicated as CPO that has lost both ethoxy groups. The immonium ion minus NH3 immonium-
NH3.
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Figure 4.
A CID mass spectrum of the diisopropoxyphosphate-labeled, human serum albumin, tryptic
peptide LAK*TYETTLEK. The doubly-charged parent ion at 731.0 amu is designated by the
letter P. Sequential neutral loss of isopropylene (42 amu) from the diisopropoxyphosphate
parent ion is designated by P1 (709.8 amu) and P2 (688.3 amu). Sequential neutral loss of
isopropylene from the b3 ion is indicated by b3c (diisopropoxyphosphate form at 477.6 amu),
b3b (monoisopropoxyphosphate form at 435.6 amu), and b3a (phosphate form at 363.6 amu).
The values enclosed in the boxes are the masses of the characteristic fragments for
diisopropoxyphosphate-labeled lysine. Lysine 351 is covalently modified by
diisopropylfluorophosphate.
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Figure 5.
A CID mass spectrum of the diethoxyphosphate-labeled, mouse transferrin, tryptic peptide
STTK*DLLFR. The values enclosed in the boxes are the masses of the characteristic fragments
for diethoxyphosphate-labeled lysine. The parent ion is marked by [M+2H]+2. Lysine 626 is
labeled by chlorpyrifos oxon.
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Figure 6.
A CID mass spectrum of the diethoxyphosphate-labeled, bovine actin, tryptic peptide
VAPEEHPTLLTEAPLNPK*ANR. The parent ion is marked by the letter P. There are no
characteristic fragments for diethoxyphosphate-labeled lysine. Lysine 113 is covalently
modified by chlorpyrifos oxon.
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Figure 7.
A CID mass spectrum of the diethoxyphosphate-labeled, bovine tubulin beta, tryptic peptide
K*Y*VPR. The values enclosed in the boxes are the masses of the characteristic fragments for
diethoxyphosphate-labeled lysine and diethoxyphosphate-labeled tyrosine. The parent ion is
marked by [M+2H]+2. Lysine 58 and tyrosine 59 are labeled by chlorpyrifos oxon.
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Table 2
OP-Lysine Characteristic Ionsa

Mass amub Name Structure Per Centc Rel Intensed

Chlorpyrifos-oxon

21 tryptic peptides analyzed

220.0 diethoxyphospho Lys immonium minus
NH3

95 6–100

192.0 monoethoxyphospho Lys immonium
minus NH3

85 4–38

163.9 phospho Lys immonium minus NH3 75 5–26

128.9 α-amino caprolactam 30 4–13

129.9 Pipecolic acid 10 10–15

Anal Biochem. Author manuscript; available in PMC 2010 November 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Grigoryan et al. Page 22

Mass amub Name Structure Per Centc Rel Intensed

83.9 Lys immonium minus NH3 50 4–27

237.1 diethoxyphospho Lys immonium 50 3–18

237 monoethoxyphospho α-amino caprolactam -- --

209.1 monoethoxyphospho Lys immonium 10 2–5

Diisopropylfluorophosphate

1 tryptic peptide analyzed

164.0 phospho Lys immonium minus NH3 100 42
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Mass amub Name Structure Per Centc Rel Intensed

181.2 phospho Lys immonium 100 8

8\ Lys immonium minus NH3 100 8

a
All masses are for the protonated, dehydro form of the amino acid.

b
Masses are given as the average of all measurements.

c
“Per Cent” refers to the fraction of the tryptic peptides that exhibited this mass.

d
“Rel Intense” refers to the intensity of the mass relative to the most intense peak in the MSMS spectrum. This value is generally given as a range, in

percentage. Entries without a range represent masses which appeared only once.
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