
Journal of Health Science, 55(6) 879–886 (2009) 879

— Minireview —

Mass Spectrometric Identification of Chemical Warfare
Agent Adducts with Biological Macromolecule for
Verification of Their Exposure
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Exposure to chemical warfare agents (CWAs) can be verified by detecting their degradation products in bi-
ological samples. However, the half-lives of these CWA degradation products in the body are short. CWAs are
known to combine with biological macromolecules and the covalently bound compounds are called adducts. The
residence time of adducts in the human body is longer than that of the corresponding CWA degradation products.
Therefore, development of analytical methods to detect these adducts is a more realistic way of verifying CWA
exposure. In this mini review, we describe the present state of research on analytical methods for identifying CWA
adducts, and mainly introduce our research on nerve gas adducts using a direct method. Novel analytical methods
for verifying low level exposure to nerve gases use liquid chromatography-mass spectrometry (LC-MS). Butyryl-
cholinesterase (BuChE) has been purified by affinity chromatography and sodium dodecylsulfate poly-acrylamide
gel electrophoresis. The purified enzyme is inhibited by nerve gases (sarin, VX and soman) and digested by
chymotrypsin, and then the peptides are analyzed by LC-MS and LC tandem MS. The peptide fragment that is
combined with nerve gas is detected by LC-MS. Furthermore, the chemical structure of the adduct peptide charac-
terized by MS provides structural information about the analyte. The detection limit of BuChE or BuChE adduct is
estimated at 4 ng/injection (53 fmol/injection). If at least 1% of BuChE activity is inhibited by nerve gas, the adduct
can be detected at a level of 1% BuChE inhibition in the victim’s serum.
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INTRODUCTION

The Matsumoto and Tokyo subway system sarin
gas attacks in 1994 and 1995 remind us that ter-
rorists have used chemical warfare agents (CWAs)
against civilians. When CWAs are used for ter-
rorism and homicide, rapid and accurate identifica-
tion is needed for management of the incident and
its consequences, such as emergency medical treat-
ment and criminal investigation.1)

Various chemicals have been used as CWAs. In
World War I (WWI), chlorine gas was used in mu-
nitions for the first time, as a choking agent, by
the German army, another choking agent, phosgene
was also used. To protect soldiers from the ef-
fects of such agents, gas masks were introduced,
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then to circumvent the defenses afforded by gas
masks, a mustard gas called Yperite was devel-
oped. This blister agent is more toxic than chok-
ing agents, especially after skin exposure. Hydro-
gen cyanide, cyanogen chloride and arsine are cate-
gorized as blood agents. After WWI, new classes of
CWAs were developed in an attempt to render gas
masks ineffective: diphenylchloroarsine, diphenyl-
cyanoarsine and adamsite, which are categorized as
vomiting agents. Figure 1 shows the chemical struc-
ture of these CWAs. Blister agents, choking agents,
tear gases and blood agents were formerly used by
the Japanese military, and were left behind not only
in China, but also in Japan during World War II
(WWII). In Germany, extremely toxic organophos-
phorus compounds called G-type nerve gases were
developed from insecticides (Fig. 2). These agents
exert a fatal effect by obstructing the nervous sys-
tem. A treaty prohibiting the development, produc-
tion, stockpiling, or use of chemical weapons and
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Fig. 1. Chemical Structure of CWAs, except Nerve Gases

Fig. 2. Chemical Structures of Nerve Gases

mandating their destruction was ratified (1992) and
has come into force (1997).

Since they readily decompose, it is difficult
to detect CWAs themselves, especially in bio-
logical samples obtained from victims. There-
fore, detection and identification of their degrada-
tion products is a more realistic manner in which
to verify exposure to CWAs. In forensic chem-
istry and toxicology, mass spectrometry (MS) is
widely used to demonstrate exposure to toxic sub-
stances.2, 3) The decomposition products are mostly
water-soluble and non-volatile compounds, there-
fore, derivatization is indispensable for gas chro-
matography (GC) and GC-MS analysis. Nerve

gases rapidly hydrolyze to alkyl methylphospho-
nic acids (AMPAs),4) finally producing methylphos-
phonic acid (MPA). Our laboratory has adopted tert-
butyldimethylsilylation to derivatize CWA decom-
position products. AMPAs and MPA can be de-
tected in environmental5, 6) and biological7, 8) sam-
ples. Thiodiglycol (a degradation product of mus-
tard gas) and ethanolamines (degradation products
of nitrogen mustards) can also be detected.9, 10)

However, it is difficult to detect CWA de-
composition products in a victim’s blood, because
the blood half-lives of these low-molecular-weight
compounds are not long, and most components
of CWAs are bound to biological macromolecules
such as proteins and nucleic acids. CWAs have an
electrophilic nature, and covalently react with nu-
cleophilic compounds in the body (Fig. 3). In fact,
we were not able to detect sarin hydrolysis prod-
ucts from all of the victims in the Tokyo subway
sarin attack.11) The covalently bound compounds
that are formed from xenobiotics and biological
macromolecules are called adducts. Adduct anal-
ysis has stolen the limelight as a method of demon-
strating exposure to CWAs. In this mini review, we
describe the present state of research on analytical
methods for identifying CWA adducts, and intro-
duce our own research on nerve gas adducts.

ANALYSIS OF NERVE GAS ADDUCTS

Indirect Analysis
Nervous system acetylcholinesterase (AChE,

enzyme code (EC) 3.1.1.7) is the target enzyme
for organophosphorus compounds (including nerve
gases), and the inhibition of brain AChE activity
leads to the disturbance of neurotransmission and
toxicity. AChE and butyrylcholinesterase (BuChE,
EC 3.1.1.8), are serine esterases in which the ac-
tive center contains a serine residue and a re-
lated charge relay system.12) Organophosphorus
anti-cholinesterase agents irreversibly phosphory-
late these serine residues.13) Therefore, inhibited
cholinesterases (ChEs), ChE adducts seem ideal
candidates for verifying nerve gas exposure, be-
cause of the long-term presence of adduct proteins
in a victim’s blood. Polhuijs et al.14) have verified
sarin exposure by detecting sarin in blood samples
from victims of the Matsumoto sarin gas attack, us-
ing GC-MS through regeneration of sarin from iso-
propylmethylphosphonylated BuChE with excess
fluoride ion. Nagao et al.15) have also verified sarin
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Fig. 3. Schematic Diagram of Changes in CWAs after Exposure and the Corresponding Analytical Methodology

exposure by detecting isopropylmethylphosphonic
acid (IMPA) in blood samples from victims of
the Tokyo subway sarin gas attack, using GC-MS
through immunoaffinity purification of erythrocyte
AChE adducts and IMPA liberation by phosphatase.
These two methods using GC-MS are indirect meth-
ods for demonstrating CWA exposure.

Direct Analysis
When high-molecular-weight molecules such as

proteins are measured by MS, the influence of the
natural isotope distribution cannot be disregarded.
There was a peak overlap between native AChE
and sarin-inhibited AChE upon MS.16) To over-
come inefficient mass separation between natural
and adduct proteins, liquid chromatography (LC)-
MS with protease digestion has been developed.
Barak et al.16) have demonstrated the direct detec-
tion of sarin and soman adducts of human recom-
binant AChE using matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) MS. Noort
et al.17) have established the biomonitoring method

of CWA exposure by detecting adducts of biological
macromolecules using LC-MS. Fidder et al.18) have
reported the analysis of human BuChE adducts us-
ing LC-MS to verify nerve gas exposure, by which
human BuChE was purified by procainamide affin-
ity chromatography, and the active center nonapep-
tide was detected as an adduct marker after pepsin
digestion. Other BuChE-Organization for the Pro-
hibition of Chemical Weapons (OPCW) Schedule 1
nerve gas adducts have also been analyzed.19)

Recently, tandem MS with a capillary LC and
electrospray ionization (ESI) ion source or post-
source decay MALDI-TOF MS has been used
widely for peptide sequencing of protein digests in
proteome research.20) Identification of the protein is
possible by the integration of sequence information
on the obtained peptide segments.

Blood samples are suitable for proving nerve
gas exposure, because they can be collected not
only from fatal cases, but also from patients with-
out severe symptoms. In blood, there are two kinds
of ChEs, membrane-bound erythrocyte AChE and
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soluble serum BuChE. To analyze the erythrocyte
AChE, a complicated solubilization procedure is
necessary. On the other hand, serum BuChE does
not require such solubilization pretreatment. Blood
BuChE and AChE concentrations were reported to
be about 80 nM21) and 20–40 nM.22) Therefore, it is
advantageous to select BuChE as the analytical tar-
get.

It is impossible to detect adducts in whole
blood by LC-MS after protease digestion, because
the blood BuChE concentration is very low and
other blood proteins such as albumin and globu-
lin obstruct the analysis. To increase the purity
of blood BuChE, we adopted procainamide affinity
chromatography and sodium dodecylsulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) pre-
treatment procedures, and succeeded in identifying
phosphorylated BuChE using LC-MS.

The selection of protease is important in obtain-
ing appropriate peptide fragments using LC-MS
and LC-MS/MS. To identify the peptide sequence
by LC-MS/MS, the ideal molecular weight of the
peptide fragments is m/z 600–1500. Indeed, it is
difficult to identify peptide sequences that have
a molecular weight of > 3000, because all the
b- and y-series fragment ions are not necessarily
obtained. Trypsin cleaves peptide chains at the
carboxyl side of the basic amino acids lysine
and arginine, and it has been used mainly as the
protease for digestion of proteome analysis. The
amino acid sequence of human serum BuChE
and the active center serine residue have already
been identified.23) Thus the sequence of active
center serine residue containing peptide and its
monoisotopic mass after proteolytic digestion
can be predicted. Diisopropylfluorophosphate
(DFP)-inhibited α-chymotrypsin could be digested
by trypsin to produce active center pentacosapep-
tide (DAMICAGASGVSSCMGDS∗GGPLVCK;
monoisotopic mass of protonated acrylamide-
modified non-inhibited peptide is 2529.1), and the
peptide sequence was identified.24) Tryptic digest of
BuChE has been predicted to produce active center
nonacosapeptide (SVTLFGES∗AGAASVSLHLL-
SPGSHSLFTR; monoisotopic mass of protonated
acrylamide-modified non-inhibited peptide is
2928.5), which seemed difficult to analyze by
LC-MS. Indeed, we could not detect that peptide
from a tryptic digest of BuChE.

Fidder et al.18) have digested BuChE using
pepsin, and have obtained the nonapeptide. We
have used chymotrypsin for BuChE digestion,25)

Fig. 4. Total and Extracted Ion Chromatograms of Chymotryp-
tic Digest of Untreated Human BuChE

A: total ion chromatogram. B: extracted ion chromatogram at
m/z 948.5. LC-MS measurement was carried out using Micromass Q-
TOF2 equipped with Agilent 1150 HPLC system using CrestPak C18S
（JASCO, Tokyo, Japan, φ = 2.2 mm, L = 150 mm）column. mo-
bile phase; H2O-acetonitrile (contains 0.1% formic acid) gradient elu-
tion. MS condition: Electrospray Ionizaion (ESI)(+); capillary voltage
+3 kV; cone voltage 35 V; nebulizer gas: N2 250◦C; MS/MS condition:
collision gas: Ar; collision energy 20–45 eV.

because we considered the substrate specificity of
chymotrypsin and pepsin. Chymotrypsin cleaves
peptide bonds at the carboxyl side of aromatic
amino acids (tyrosine, tryptophan and phenylala-
nine). Under appropriate reaction conditions of
reaction time and temperature, chymotrypsin also
hydrolyzes other amide bonds, particularly those
with leucine-donated carboxyl residues. When
human BuChE is digested by chymotrypsin, the
expected peptide-containing active serine residue
is “GES∗AGAASVSL” (S∗ denotes active serine
residue) and the monoisotopic mass is calculated
at 947.5. From the LC-MS analysis of chy-
motryptic digests of untreated human BuChE, one
peak eluted at 19.0 min was detected on the ex-
tracted ion chromatogram at m/z 948.5 (Fig. 4B),
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Fig. 5. Product Ion Mass Spectra of Peptide Fragments Con-
taining Active Center Serine

A: sarin adduct (m/z 1068.5). B: VX adduct (m/z 1054.5). C:
soman adduct (m/z 1110.5). D: soman adduct, aged enzyme (m/z
1026.5). MS/MS condition: collision gas; Ar.

and the sequence was ascertained by MS/MS anal-
ysis (Fig. 4C and 4D). In addition, Fig. 4A shows
the total ion chromatogram. The adduct of human
serum BuChE with nerve gases (sarin, soman or
VX) produced corresponding nerve-gas-combined
active center peptides. From the digest of the human
BuChE-sarin adduct, a singly charged peptide peak
was detected on the extracted ion chromatogram at
m/z 1068.5 (Fig. 5A), and the sequence was ascer-
tained to be “GEXAGAASVSL” by MS/MS analy-
sis (X denotes isopropylmethylphosphonylated ser-
ine). The difference in molecular weight (120.0 Da)
between the active center peptide fragments that
corresponded to the untreated BuChE and BuChE-
sarin adduct was assumed to be derived from the ad-
dition of an isopropyl methylphosphonyl moiety to

Fig. 6. Schematic Diagram of Nerve Gas-ChE Adduct Forma-
tion and Its “Aging” Reaction

the active serine residue. The formation of human
BuChE adducts with VX has also been confirmed
(Fig. 5B). It is known that alkyl ester residues are
eliminated from nerve gas-ChE adducts by a non-
enzymatic reaction. This is called the aging reaction
(Fig. 6)26, 27). The aging speed of the soman-ChE
adduct is the fastest of the nerve gas-ChE adducts,
and the half-life of rat AChE-soman adduct is esti-
mated to be 10 min.28) Soman adduct and its aging
product have been detected and their sequences as-
certained (Fig. 5C and 5D). The inhibition level of
the enzymatic activity was well correlated with the
content ratio of the adduct peptide to non-adduct
peptide. The peak area of the VX-combined pep-
tide increased in proportion to the inhibition lev-
els of the enzymatic activity (Fig. 7). The detec-
tion limit of BuChE was estimated at 4 ng/injection
(53 fmol/injection). Therefore, considering from
the sensitivity of this MS analysis, if we can prepare
the 5-ml blood samples, the minimum detectable in-
hibition level was presumed to be able to detect 1%
inhibition.

Usage of nerve gases in usual laboratories is
legally restricted, and so the authentic adduct sam-
ples are not available. Instead, synthesis and usage
of the nerve gas-adduct peptides are not legally re-
stricted. We are now developing a method to synthe-
size adduct peptides which can be usable as authen-
tic compounds for protease digestion LC-MS anal-
ysis.

ANALYSIS OF MUSTARD GAS AND
NITROGEN MUSTARD ADDUCTS

The blister agent sulfur mustard has two chlo-
rine atoms with high reactivity, and forms an adduct
with biological macromolecules via electrophilic
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Fig. 7. Correlation between BuChE Activity Inhibition and
Adduct Formation

A: Inhibition curve for human serum BuChE with VX. BuChE ac-
tivity was measured by Ellman’s 5,5’-Dithiobis (2-nitrobenzoic acid)
(DTNB) spectrophotometric method. B: Multiple Reaction Monitor-
ing (MRM) chromatograms of human serum BuChE with various in-
hibition state after chymotryptic digestion. LC-MS was carried out
using Agilent LC-MSD Trap equipped with 1100 HPLC system using
Zorabax SB C18 300 A (Agilent φ = 0.5 mm, L = 150 mm）column,
and mobile phase; H2O-acetonitrile (contains 0.1% formic acid) gradi-
ent elution, MS condition: ESI(+); capillary voltage +3 kV; nebulizer
gas: N2 300◦C 8.0 L/min, MS/MS condition: collision gas; He.

alkylation. This alkylation is non-specific, com-
pared with specific nerve gas-ChE adduct forma-
tion. Fidder et al. have shown that mustard gas
combines with the N-terminal valine residue of hu-
man hemoglobin, by detecting the mustard gas-
valine adduct, using GC-MS under negative ion-
ization after modified Edman degradation and hep-
tafluorobutyric derivatization.29) Other mustard gas
adducts, cysteine, aspartic acid, glutamic acid and
histidine adduct, have also been found for human
hemoglobin.30, 31) Mustard gas has been shown to
alkylate a cysteine residue in human serum albumin,

and the alkylation site was identified in a tryptic di-
gest of mustard-gas-exposed albumin.32) From an
in vitro experiment using [14C]-labeled mustard gas
and cultured human cells, 15–20% of radioactivity
was combined with keratin.33) A time course study
of the mustard gas adduct showed that the albu-
min adduct (S-2-hydroxyethylthioethyl)-Cys-Pro-
Tyr was detected until 7 days after exposure, and
the N-terminal valine adduct in hemoglobin was
detected after 28 days.34) This result indicates the
possibility of detection of mustard gas adduct for
a comparatively long time. Benschop et al. have
reported that the mustard gas N7-guanine adduct
was detected from the lymphocytes and granulo-
cytes of victims from the Iran-Iraq conflict.35) The
reaction mechanisms of nitrogen mustard with bio-
logical macromolecules are non-specific, similar to
those of mustard gas.36) Osborne et al. have re-
ported that nitrogen mustard 2 (HN2) reacts with
DNA, which produces N7-guanine and N3-adenine
adducts. In addition, crosslinking by HN2 of gua-
nine to guanine or guanine to adenine has been ob-
served.37)

ANALYSIS OF PHOSGENE ADDUCTS

The choking agent phosgene does not have
strong toxicity compared with nerve agents, but be-
cause of its use as an important intermediate in
the chemical industry, very large amounts of phos-
gene are produced and stockpiled all over the world.
Noort et al. have reported the characterization of
phosgene-globulin adduct and phosgene-serum al-
bumin adduct using micro-LC-MS/MS analysis af-
ter the tryptic and V8 protease digestion. This report
showed that phosgene binds to globin and serum
albumin in vitro38) through crosslinking at lysine
residues by an urea-type chemical bond. Phosgene
is metabolically generated after exposure to chloro-
form and combines with phospholipids.39)

CONCLUSION

We described MS for retrospective verifica-
tion of exposure to CWAs by detecting adduct
molecules. CWA adducts remain in the body for
a longer period than the agents themselves, and de-
tecting these adducts is very strong proof of CWA
exposure.
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