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assassination and attempted murder. In addition, the chemically related OP pesticides were frequently used for
suicide and may be deployed for terroristic attacks. Therefore, sensitive and selective bioanalytical methods are
indispensable to investigate biological specimens as pieces of evidence to prove poisoning. OP agents form long-
lived covalent reaction products (adducts) with endogenous proteins like human serum albumin (HSA) and bu-

Ié?l/qvg?;ﬁucts tyrylcholinesterase (BChE). The adducted nonapeptide (NP) obtained by proteolysis of the BChE-adduct is one of
Derivatization the most sensitive and important biomarkers. We herein present a novel class of NP-adducts propionylated at its
LC MS/MS N-terminal phenylalanine residue (F°%). The biomarker derivative is produced by addition of propionic anhydride
Nerve agents to the NP-adduct inducing its quantitative conversion in aqueous buffer within 5 min at room temperature.
Pesticides Afterwards the mixture is directly analyzed by micro-liquid chromatography-electrospray ionization tandem-
Propionic anhydride mass spectrometry (ULC-ESI MS/MS). The sensitivity of the method is comparable to that of the non-derivatized
Verification NP-adduct. These characteristics make the method highly beneficial for forensic analysis especially in cases in
which the OP agent does not form adducts with HSA that are typically targeted as a second biomarker of exposure.
This novel procedure was successfully applied to nerve agent-spiked samples sent by the Organisation for the

Prohibition of Chemical Weapons (OPCW) as well as to plasma samples of real cases of pesticide poisoning.
© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_NC_ND_4.0
1. Introduction (OP) nerve agents (NA) and chemical warfare agents in general are
forbidden [1]. Abidance by that rules is observed and controlled by
According to the Chemical Weapons Convention the develop- the Organisation for the Prohibition of Chemical Weapons (OPCW)
ment, storage, transport and deployment of toxic organophosphorus [2]. Nevertheless, several recent incidents in the Syrian Arab Republic

[3-8], at the airport of Kuala Lumpur (Malaysia) in 2017 [9,10],
in Salisbury (UK) in 2018 [11-13] as well as the current case of Alexei
Navalny document that chemical agents are still used for warfare,

Abbreviations: ACN, acetonitrile; BChE, butyrylcholinesterase; BioPT, bioprofi- attempted murder and assassination. In addition, OP pesticides, that

ciency test of the OPCW; CID, collision-induced dissociation; CVX, Chinese VX; d3-Atr,

triple deuterated atropine; DEP, diethyl phosphate; DMP, dimethyl phosphate; ESI, are structurally closely related to OR'NA- also cause several hu.ndl'ed
electrospray ionization; FA, formic acid; GA, tabun; GB, sarin; GD, soman; GF, cyclo- thousand’s death per year worldwide due to accidental or inten-
sarin; HR, high-resolution; HSA, human serum albumin; ICU, intensive care unit; IMS, tional incorporation and also represent potential poisons for ter-

immunomagnetic separation; IMPA, isopropyl methyl phosphonic acid; pLC, micro roristic attacks [14-17]. Therefore, forensic bioanalytical procedures
liquid chromatography; LOD, lower limit of detection; LOI, lower limit of identifica- X

tion; MS, mass spectrometry; MS/MS, tandem-mass spectrometry; NA, nerve agent; are lpdlspensaple ‘tO verify poisoning by OP .tOXIFanFS.and are thus
NP, nonapeptide; OP, organophosphorus; OPCW, Organisation for the Prohibition of required for criminal prosecution. In surviving individuals lowest
Chemical Weapons; PA-NP, propionylated nonapeptide; Q1 - Q4, qualifying product concentrations of OP-NA may result from the short half-lives of the

iorlls 1—;1; rf, onlecularAresponslen_factlor;flillT, rqom temperature; RVX, Russian VX; SRM, agents and their polar enzymatic and non-enzymatic degradation
Se*ecctgrrer:;;gg;g]:::;?rmg’ » ultrafiltration products, which in vivo often not exceed a couple of hours or days
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products of the agent with endogenous proteins from e.g. plasma are
very beneficial biomarkers for post-exposure analysis. Adducts with
the highly reactive but low abundant butyrylcholinesterase (BChE,
approximately 4 pg/mL, UniProtKB No. P06276, EC 3.1.1.8) and with
the less reactive but high abundant human serum albumin (HSA,
40 mg/mL, UniProtKB No. P02768) may be traceable up to 4 weeks
after exposure [3,5,18,19]. After proteolysis biomarker peptides that
still bear the covalently bound poison-derived phosphyl-moiety are
selectively detected by e.g. micro liquid chromatography tandem-
mass spectrometry (ULC MS/MS) [18-21]. Following this procedure
the presence of BChE-adducts is proved by the detection of the
nonapeptide (NP) biomarker FGES*AGAAS containing the adducted
serine residue Ser'®® (marked with an asterisk; numbering of amino
acids of BChE used herein does not include the signal pep-
tide) [20-22].

However, based on OPCW guidelines at least two biomarkers
have to be detected for the verification of poisoning. Peptide-adducts
derived from the less reactive HSA may thus represent the only long-
term biomarkers required for analysis in addition to NP-OP-adducts.
Nevertheless, detection of HSA-derived biomarkers will fail, if only a
smallest amount of an OP-NA or if an OP-NA of highly selective re-
activity not forming adducts with HSA per se was incorporated.
In such cases the generation and detection of derivatized NP-
NA-adducts may be beneficial and essential to provide additional
evidence of poisoning. Therefore, we elaborated the suitability of
propionic anhydride for derivatization prior to pLC MS/MS analysis
and applied this procedure to real cases of poisoning.

2. Materials and methods
2.1. Chemicals

Acetonitrile (ACN, gradient grade), isopropanol (iPrOH, p.A) and
water (LiChrosolv) were purchased from Merck (Darmstadt,
Germany) and propionic anhydride (299%) from Sigma-Aldrich
(Steinheim, Germany). Formic acid (FA > 98%) and NaOCI solution for
decontamination (12% Cl,) were from Carl Roth (Karlsruhe,
Germany), pepsin from gastric mucosa was from Roche Diagnostics
(Mannheim, Germany), NH4HCOs (ultra-grade, > 99.5%) from Fluka
(Buchs, Switzerland) and three-fold deuterated atropine (d3-Atr)
from CDN Isotopes (Pointe Claire, Quebec, Canada). OP-NA com-
prizing tabun (GA, CAS No 77-81-6), sarin (GB, CAS No 107-44-8),
soman (GD, CAS No 96-64-0), cyclosarin (GF, CAS No 329-99-7), VX
(CAS No 50782-69-9), Chinese VX (CVX, CAS No 468712-10-9) and
Russian VX (RVX, CAS No 159939-87-4) were made available by the
German Ministry of Defence and tested for integrity and purity in-
house by nuclear magnetic resonance spectroscopy. Working solu-
tions of these OP-NA in iPrOH (4 mM) were used for mixing with
plasma. The diethyl phosphate (DEP) pesticide paraoxon as well as
the dimethyl phosphate (DMP) pesticide malaoxon were from
Dr. Ehrenstorfer (Augsburg, Germany) in purities >97%. Working
solutions of the pesticides in iPrOH (200 mM) were used for plasma
spiking. Human EDTA plasma from different individuals was pur-
chased from in.vent Diagnostica (Hennigsdorf, Germany) and plasma
pooled from numerous donors was from Dunn Labortechnik
(Asbach, Germany). Magnetic beads pre-coated with protein G
(Dynabeads) were from ThermoFisher Scientific (Waltham, MA,
USA) and mouse monoclonal anti-human BChE antibodies (3E8)
from Antibody Shop (Utrecht, The Netherlands).

2.2. Incubation of plasma with OP toxicants

Human EDTA plasma was separately mixed with the OP toxicant
(OP-NA and pesticides) working solutions listed above resulting in
concentrations of 40 uM for OP-NA and 2 mM for pesticides. Blank
plasma was mixed with respective volumes of neat iPrOH,

Forensic Science International 323 (2021) 110818

exclusively. Incubation under gentle shaking was allowed for 1 h at
37 °C followed by overnight storage at 4 °C. Complete inhibition of
the BChE activity in plasma was tested by a modified Ellman assay. If
necessary, plasma samples were stored at -80 °C prior to use.

2.3. Ellman assay for BChE activity

For determination of the BChE activity a modified Ellman assay
was used as described before [23,24].

2.4. Plasma sample preparation for BChE-adduct analysis

As addressed below, the sample preparation procedure included
BChE extraction from plasma, its proteolysis, derivatization of the
resulting NP-adduct and final pLC MS/MS analysis in the selected
reaction monitoring (SRM) mode after positive electrospray ioniza-
tion (ESI).

2.4.1. Extraction of BChE and its adducts from plasma

BChE was extracted from plasma (200 pL) applying im-
munomagnetic separation (IMS) as described by Sporty et al. [22]
using magnetic beads labeled with mouse monoclonal antibodies
(mADb) directed against human BChE.

2.4.2. Proteolysis and ultrafiltration

The preparation of extracted BChE was based on the procedure
described by Fidder et al. [21]. In brief, the proteolysis of BChE bound
to the beads was carried out with pepsin (235 pg/mL in 0.6% v/v FA,
85 uL in total) for 30 min at 37 °C followed by ultrafiltration (UF,
10 min at 10,270%g, 15 °C) using 0.5 mL Amicon ultrafiltration units
(molecular weight cut-off 10 kDa, Merck-Millipore, Darmstadt,
Germany) and two-times washing of the retentate with 0.5% v/v FA
yielding about 120 pL ultrafiltrate in total containing the BChE-
derived NP.

2.4.3. Derivatization of BChE-derived NP

A portion (30 pL) of the ultrafiltrate obtained after proteolysis
and UF was evaporated to dryness and re-dissolved in 50 uL 50 mM
NH4HCO; (pH 8.0). An aliquot (20 pL) was mixed with 4 pL propionic
anhydride followed by a 5 min incubation at room temperature (RT)
to produce the propionylated derivatives of NP (PA-NP) and its ad-
ducts (PA-NP-adduct). Afterwards, 20 pL of this solution were mixed
with 70 pL d3-Atr solution (3 ng/mL in 0.5% v/v FA) and 1.8 pL 8 M
NaOH prior to MS-based analysis either as pLC-ESI MS/MS (SRM) or
as pLC-ESI high-resolution tandem-mass spectrometry (MS/HR MS).

2.5. ULC-ESI MS/HR MS analysis

For MS/HR MS detection of PA-NP-adducts produced from GA,
GB, GD, GF, VX, malaoxon and paraoxon as well as the non-adducted
PA-NP initial pLC-ESI MS/HR MS runs were carried out. Spectra of
product ions of the single and double protonated precursor ions
were monitored to measure their exact masses and for structural
assignment.

For chromatographic separation a microLC 200 system (Eksigent
Technologies, Dublin, CA, USA) equipped with a HTC-xt DLW auto-
sampler (CTC Analytics, Zwingen, Switzerland) and a 20 pL sample
loop (Sunchrom, Friedrichsdorf, Germany) was used. The separation
was carried out on an Acquity UPLC HSS T3 column (50 x 1.0 mm L.D,,
1.8 um, 100 A; Waters, Eschborn, Germany) protected by a pre-
column (Security Guard Ultra cartridge C18 peptide; Phenomenex,
Aschaffenburg, Germany). Gradient elution was applied using sol-
vent A (0.05% v/v FA) and solvent B (ACN/H,0 80:20 v/v, 0.05% v/v
FA) with a flow of 30 pL/min at 40 °C: t [min]/B [%]: 0/2, 5/25, 14/35,
15/95, 18/95, 19/2, 20/2. Chromatography was controlled using the
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Eksigent control software (version 4.2) as an extension of the Analyst
TF 1.7.1 software (both ABSciex, Darmstadt, Germany).

The pLC system was on-line coupled to a TT5600" TripleTOF mass
spectrometer (ABSciex) by positive ESI to record product ion spectra of
the protonated NP as well as PA-NP-adducts in the range from my/z 50
to m/z 1200 with an accumulation time of 50 ms. The following MS
parameters were applied: ion spray voltage floating (ISVF) + 5500 V,
declustering potential (DP) 60 V, collision energy (CE) 45 V, collision
energy spread (CES) 5V, ion release delay (IRD) 67 ms, ion release
width (IRW) 25 ms, source gas 1 (GS1) 50 psi (3.45 x 10° Pa), source
gas 2 (GS2) 50 psi (3.45 x 10° Pa), curtain gas (CUR) 30 psi (2.07 x
10° Pa) and temperature 300 °C. Data acquisition, processing and data
analysis were performed using the Analyst TF 1.7.1, PeakView 2.1 and
MultiQuant 2.1.1 software package (all ABSciex).

2.6. uLC-ESI MS/MS (SRM) analysis

A M5 microLC system with an integrated autosampler (kept at
15 °C, ABSciex) equipped with a 20 pL sample loop and a column
oven as an integral part of the on-line coupled mass spectrometer
(QTrap 6500%, ABSciex) was used for chromatography applying the
same conditions of mobile and stationary phase as described above.

MS/MS measurements of the single protonated precursor ions of
the derivatized and non-derivatized NP-OP-adducts were performed
in SRM mode after positive ionization (5 kV) and collision-induced
dissociation (CID) using nitrogen as collision gas. The following MS
parameters were generically applied to all analytes: DP 60 V, CUR
30 psi (2.07 x 10° Pa), temperature 200 °C, GS1 50 psi (3.45 x 10° Pa),
GS2 60 psi (4.14 x 10° Pa), entrance potential (EP) and cell exit po-
tential (CXP) 10 V each, and dwell time 30 ms. d3-Atr was monitored
by the following transitions: m/z 293.3 > m/z 127.1 and m/z 93.1 using
a CE of 42 V. The CE values were individually set between 25 V and
40 V for each transition as indicated in Table 1 allowing monitoring
of four qualifying ions (Q1-Q4) each. The entire system was con-
trolled by the Analyst 1.7.1 and the Eksigent control (version 4.3)
software (both ABSciex).

2.7. Selectivity

Blank plasma obtained from 6 human individuals was prepared
and analyzed by pLC-ESI MS/MS (SRM) to monitor any interference

Table 1
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for any of the transitions used for monitoring of PA-NP and the di-
verse PA-NP-adducts listed in Table 1.

2.8. Stability of PA-NP and PA-NP-adducts in the autosampler

Prepared plasma samples containing PA-NP-adducts derived
from GB, GD, GF, VX as well as paraoxon and malaoxon were stored
in the autosampler at 15 °C and frequently analyzed ten-times
within a 24 h period. Peak areas obtained from the individual Q1
were determined to monitor the respective relative concentration
profiles.

2.9. Determination of the derivatization yield and calculation of the
molecular response factor

BChE-adducts were extracted from plasma containing com-
pletely inhibited BChE (100% inhibition) and subsequently subjected
to proteolysis and UF as described above. The ultrafiltrate thus
contained a maximum concentration of NP-adducts. To produce
samples corresponding to only 50% inhibition of BChE, ultrafiltrates
produced from completely inhibited plasma were mixed with those
of the blank plasma (0% inhibition) with equal volumes thus ad-
justing only half of the maximum NP-adduct concentration. All fil-
trates —-those corresponding to 100% inhibition as well as to 50%
inhibition- were split (2 aliquots of 30 pL, each), evaporated to
dryness and redisolved in 50 pL 50 mM NH4HCOs. A portion of 20 puL
of one aliquot was mixed with 4 pL water (set 1) and a portion of
20 pL of the other aliquot with 4 pL propionic anhydride (set 2)
followed by a 5 min incubation period at RT each. The described
procedure was carried out in triplicate for the blank and each ad-
duct. Subsequently, 70 pL d3-Atr solution (3 ng/mL in 0.5% v/v FA)
and 1.8 uL 8 M NaOH were added to a portion of 20 uL of both
mixtures each. The resulting solutions were injected for nLC-ESI MS/
MS (SRM) analysis to monitor the derivatized and non-derivatized
NP and NP-adduct.

2.9.1. Determination of the derivatization yield

The peak area (A) obtained for Q 1 of the non-derivatized NP-
adduct, that remained after the derivatization step (set 2), was
measured by pLC-ESI MS/MS (SRM) to calculate the ratio to the
corresponding peak area obtained without derivatization (set 1). The

Chromatographic and mass spectrometric properties of the propionylated nonapeptide-adduct-derivatives. *: Q1 is the most intense product ion (qualifying ion), Q2 the
second most, Q3 the third most and Q4 the fourth most intense product ion; °: the ion ratio was calculated as the ratio of peak areas obtained from the extracted ion chro-
matograms of the respective product ions (Q1 - Q4); <: rf is the ratio of the peak area of the PA-NP-adduct to the peak area of non-derivatized NP-adduct based on the individual Q
1 ions considering the yield of derivatization, where PA-NP-adduct is the propionylated nonapeptide-adduct. The listed values were calculated as the mean + SD obtained from
samples with two NP-adduct concentrations corresponding to 50% and 100% inhibition of BChE in plasma; 9: blank plasma not exposed to any OP was analyzed to monitor the

non-phosphylated NP; ©: CE 25 V; f: CE 35 V; & CE 30 V; ™: CE 40 V.

OP toxicant tg [min] Precursor Q1% [m/z] Q22 [m/z] Q3% [m/z] Q4% [m/z] Ion ratio® Ion ratio® Ion ratio® f° [-]
ion [m/z] Q2/Q1 [%] Q3/Q1 [%] Q4/Q1 [%]

none? 79 852.4 747.3¢ 6763 605.3 n.d. 70.7 399 n.d. 468 + 0.19
GA 12.2 987.4 834.4® 658.3" 882.48 811.38 72.3 69.2 60.4 0.21 £ 013
GA (aged) 8.2 960.4 855.38 784.38 834.4" n.d. 87.2 270 n.d. 0.38 + 0.12
GB 11.6 972.4 834.48 867.4% 658.3" 796.38 72.8 71.8 58.8 0.41 £ 0.04
GD 16.2 1014.5 658.3" 834.4® 909.4% 838.48 973 721 67.0 214 £ 0.26
GF 16.1 1012.4 834.48% 907.4% 658.3" 836.4% 72.0 65.5 50.5 1.66 + 0.26
GB (aged) 75 930.4 754.38 825.3% 658.38 834.4" 94.4 26.3 9.3 0.44 + 0.06
VX 10.0 958.4 834.4® 853.3% 658.3" 782.38 78.2 76.9 67.2 0.51 £ 0.04
CVX 14.8 986.4 834.48 881.48 658.3" 810.38 76.3 71.2 59.0 0.50 + 0.06
RVX 14.6 986.4 834.4® 881.48 658.3" 810.38 78.5 74.4 619 042 + 0.04
DMP 9.5 960.4 855.38 784.38 834.4" 658.32 88.4 30.7 20.9 0.58 + 0.01
DMP (aged) 7.6 946.3 841.38 770.38 834.48 658.3" 89.0 479 34.2 0.40 + 0.03
DEP 12.8 988.4 834.4® 883.4% 658.38 812.38 89.3 82.3 73.9 0.39 + 0.05
DEP (aged) 8.1 960.4 855.38 784.38 834.4® n.d. 85.4 26.7 n.d. 0.36 + 0.08

CVX: Chinese VX; DEP: diethyl pesticide; DEP (aged): aged variant of DEP adduct; DMP: dimethyl pesticide; DMP (aged): aged variant of DMP-adduct; GA: tabun; GA aged: aged
variant of the GA-adduct (loss of HNMe;); GB: sarin; GB aged: aged variant of the GB-adduct (loss of alkoxy-group, identical for all G-and V-type nerve agents except GA); GD:
soman; GF: cyclosarin; n.d.: not determined; none: non-adducted NP; NP: nonapeptide derived from BChE after pepsin-mediated hydrolysis; OP: organophosphorus; rf: mo-

lecular response factor; RVX: Russian VX; tg: retention time; VX: nerve agent VX
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yield (k) after the derivatization process was calculated according to
Eq. (1):

k = 1 - A(NP-adduct)se; o/A(NP-adduct)se; 1 (1)

2.9.2. Calculation of the molecular response factor

The molecular response factor (rf) introduced herein is a measure
of the relative signal response (peak area in pLC-ESI MS/MS SRM
analysis) of the derivatized NP and the derivatized NP-adduct in
comparison to their corresponding non-derivatized molecules. To
compare these peak areas, solutions of equal concentrations of NP or
NP-adduct were analyzed either with or without derivatization.
These measurements were carried out for two concentrations of the
NP-adduct (correlating to 50% and 100% inhibition of the BChE ac-
tivity in plasma). The rf was calculated as the ratio of the peak area
obtained for Q 1 of PA-NP and PA-NP-adduct (set 2) to the peak area
obtained for Q 1 of the respective non-derivatized NP and NP-adduct
(set 1) corrected by the derivatization yield following Eq. (2):

rf = A(PA-NP-adduct)se; 2/[x * A(NP-adduct)se 1] (2)

These rf-values were calculated for both concentrations of each
PA-NP-adduct corresponding to 100% and 50% inhibition of BChE.
Due to their low deviations the mean of both values was calculated
yielding the averaged rf-value.

2.10. Samples from real cases of pesticide poisoning and of OPCW
bioproficiency test

Plasma samples of real cases of poisoning were obtained from
two patients intoxicated after swallowing of diverse pesticides.
Detailed clinical information on these cases are provided in our
earlier reports [15,16].

In brief, Case 1: A 79 years old man had ingested an unknown
amount of the DEP-pesticide parathion-ethyl {0,0-diethyl O-(4-
nitrophenyl) phosphorothioate, CAS No. 56-38-2} trying to commit
suicide. After transfer to the intensive care unit (ICU) plasma samples
were taken documenting severely inhibited BChE activity and ther-
apeutic treatment started. Twenty-one days after poisoning the patient
died due to multi-organ failure as a consequence of the cholinergic
crisis and septic complications [15]. Informed consent for plasma in-
vestigations was obtained from close relatives of the anesthetized and
artificially ventilated patient [25].

Case 2: A 87 years old man had accidentally ingested two sips of
a commercial pesticide solution containing the DMP-pesticide di-
methoate {0,0-dimethyl S-(2-(methylamino)-2-oxoethyl) phos-
phorodithioate, CAS-No. 60-51-5}. Feeling sick, suffering from
stomach pain, vomiting and being disorientated he called the am-
bulance for medical treatment. After first care he was admitted to
the toxicological department of the local hospital where plasma
samples were taken that showed considerably inhibited BChE ac-
tivity. Nevertheless, typical signs and symptoms of cholinergic crisis
were missing allowing the release of the patient the next day [16].
Informed consent was obtained from the patient [25].

Within the course of the 4th (2019) and 5th (2020) bioproficiency
test (BioPT) plasma samples spiked in vitro with OP-NA not known to
the participating laboratories were provided by the OPCW. Subsequent
analyses in-house targeting adducts of BChE and HSA revealed the
presence of e.g. GB and GF (4th BioPT) as well as CVX (5th BioPT). After
storage at —-80 °C these samples were analyzed again by the herein
presented method now targeting the propionylated NP-adducts.

3. Results and discussion

Forensic analysis of poisoning with OP toxicants is most pro-
mising by the detection of biomarkers derived from long-term
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protein-adducts. Therefore, novel methods targeting peptide bio-
markers are important to extend bioanalytical possibilities.
Following this idea, derivatives of the NP-adduct biomarkers should
also be considered.

In the past decades the derivatization of analytes was often re-
quired to make polar molecules more hydrophobic and thus suitable
for gas chromatography (GC) analysis. In addition, derivatization
should also improve the properties of the analytes in LC analysis in
terms of selectivity and sensitivity when using e.g. ultraviolet (UV)-
absorbance or fluorescence detection. Multiple reagents and deri-
vatization procedures exist as summarized by e.g. Blau and Halket
[26]. In contrast, LC methods making use of highly selective and
sensitive MS-based detection most often do not need any derivati-
zation. Nevertheless, peptide and protein derivatizations with e.g.
stable isotope-labeled reagents are often the method of choice in
proteomics applications especially when intending relative quanti-
fication of differently expressed proteins [27-31]. In most cases
nucleophilic sites like the nitrogen-atom of the N-terminal amine-
function are effectively targeted. Recently, van Faassen et al. reported
on a simple and highly effective procedure to derivatize serotonin,
5-hydroxyindoleacetic acid (5-HIAA) and 5-hydroxytryptophan
(5-HTP) at the only nucleophilic OH-group of these molecules by
adding propionic anhydride (25% v/v in ACN) directly to plasma for a
15 min reaction at ambient temperature [32]. Adducts of the car-
boxylic acid function of tryptophan, 5-HTP and 5-HIAA were not
found. Propionic anhydride has also been used before to derivatize
e.g. nucleotides [33], phenolic compounds [34] and cytokines [35]
improving chromatographic separation and ESI responses. Therefore,
we decided to transfer this rapid and simple procedure to the
NP-adducts and to elaborate their applicability for forensic analysis.
Accordingly, BChE-adducts were produced by incubation of plasma
with OP toxicants and extracted by IMS followed by derivatization
and pLC-ESI MS/MS (SRM) analysis.

3.1. Incubation of plasma with OP toxicants and BChE extraction by IMS

BChE-adducts were produced in plasma and extracted by IMS
following established protocols yielding highly purified and con-
centrated BChE immobilized on the beads [22,36]. Plasma samples
incubated with diverse OP-NA exhibited complete inhibition (100%
inhibition) of the BChE-activity as proven by Ellman assay (data not
shown). Therefore, IMS of these samples resulted in a maximum
amount of adducted BChE bound to the beads. In contrast, extraction
of blank plasma (0% inhibition) yielded the respective maximum
amount of the non-inhibited BChE. Pepsin-mediated proteolysis of
the immobilized BChE [22] thus yielded either the adducted peptide
FGES*AGAAS (NP-adduct) or its non-adducted variant FGESAGAAS
(NP) present in the ultrafiltrate after UF (Fig. 1).

3.2. Derivatization of NP and NP-adducts

Dried ultrafiltrates were redisolved in 50 mM NH4HCO3; and
mixed with propionic anhydride for short-term derivatization of the
NP and NP-adduct in aqueous buffer under mildest conditions in
terms of pH and temperature. Subsequent addition of NaOH allowed
the increase of the pH to only slightly acidic conditions (pH 5) thus
optimizing the chromatographic peak shape especially of the deri-
vatized aged NP-adducts possessing a phosphonic or phosphoric
acid hydroxyl-group (Fig. 1). nLC-ESI MS/HR MS analysis revealed
that NP and NP-adducts were quantitatively converted into one
single derivative eluting as one single peak each and bearing only
one propionyl-moiety each (Fig. 1). Accordingly, derivatives were
characterized by a mass increase of 56 Da and occurred as single,
[M+H]*, and double protonated species, [M+2 H]?*. Under CID the
[M+H]" ions underwent a common scheme of fragmentation in-
dependent of the adducted OP toxicant. Fig. 2A exemplarily
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Fig. 1. Chemical structures of the N-terminally propionylated nonapeptide-adduct (PA-NP-adduct) derived from BChE adducted by diverse organophosphorus (OP) toxicants.
BChE is inhibited after intoxication by diverse OP nerve agents like sarin (GB), cylosarin (GF) and Chinese VX (CVX) or by pesticides of the diethyl phosphate (DEP) and dimethyl
phosphate group (DMP) covalently binding to the S residue (phosphylation). The phosphyl-moieties of these adducts (depicted as the gray diamond labeled with OP) might
undergo partial hydrolysis forming their aged variants. The chemical structures of some phosphyl-moieties, that were detected in plasma samples obtained from real cases of
pesticide poisoning as well as from the OPCW BioPT, are exemplarily shown in the upper part of the figure. BChE-adducts were proteolyzed yielding the respective NP-adducts
followed by derivatization with propionic acid anhydride to be detected by pLC-ESI MS/MS. Generic product ions of PA-NP-adducts resulting from tandem-mass spectrometric

fragmentation are marked by the dashed lines.

illustrates the MS/HR MS spectrum of the propionylated NP ad-
ducted with an isopropyl methyl phosphonic acid-moiety (IMPA)
derived from GB treatment ([M+H]" m/z 972.410). The signals at m/z
834.361 ([M-IMPA+H]*), m/z 729.3169 (bg-IMPA), m/z 658.2824
(b7-IMPA), m/z 587.2453 (bg-IMPA) and m/z 530.2248 (bs-IMPA) re-
present product ions of the b-series after the loss of the IMPA-
moiety. The presence of the yg ion (m/z 769.3116, loss of PA-F) clearly
proved that the derivatization by propionic anhydride had occurred
at the N-terminal nitrogen atom of the peptide. The derivatization of
the OH-groups of the side chains of the Ser?®® residue in the ad-
ducted NP and of Ser'®® and Ser?%® in the non-adducted NP poten-
tially yielding propionic acid esters were not observed. In addition to
the b-IMPA product ion series (Fig. 2A) discussed above, signals were
detected that were assigned to ions of the b-ion series that still born
the intact phosphonyl-moiety ([M-H,O+H]": m/z 954.3947, bg: m/z
867.3642, b;: m/z 796.3267, and bg: m/z 725.2885). The presence of
such phosphonylated ions was quite unexpected as similar frag-
mentation patterns of the diverse non-derivatized NP-adducts have
not been described before [20-22]. This phenomenon was most
likely due to the decreased basicity of the N-terminal nitrogen-atom
after derivatization to an amide bond thus affecting the most likely
sites of protonation within the PA-NP-adduct. Accordingly, the re-
lative binding strength of the phosphyl-moiety seemed to be stabi-
lized and those of the amide bonds of the peptide backbone were
weakened due to a higher relative probability of protonation.
However, this kind of product ions was found with high signal in-
tensities (Fig. 2A) and therefore also considered for the pnLC-ESI MS/
MS (SRM) method, e.g. m/z 867.4 and m/z 796.3 for the derivatized
NP-adduct of GB (Table 1).

The double protonated precursor ion of the propionylated NP-
adduct of GB underwent similar fragmentation but also showed
product ions corresponding to the cleaved phosphyl-moiety, e.g.
[IMPA+H]* m/z 139.052 (Fig. 2B). The same phenomenon was also
observed for the non-derivatized NP-adducts (data not shown).

3.3. Selectivity

None of the blank plasma samples derived from 6 individuals
showed any interference for Q1-Q4 obtained from single protonated

PA-NP and PA-NP-adducts (Table 1). Examples for the adduct of a
DEP- and a DMP-pesticide are shown in Fig. 3 and examples for
adducts with GB, GF and CVX are illustrated in Fig. 4. In contrast,
interferences were detected for the most intense product ions of the
double protonated precursors thus hindering from sensitive and
selective monitoring. Therefore, product ions of [M+H]* were mon-
itored exclusively (Table 1). In conclusion, the presented method and
PA-NP derivatives in principle are well suited for investigations of
unknown samples providing optimum selectivity.

3.4. Derivatization yield

Avyield of about 98% (x = 0.98) was observed for the derivatization
of all NP-adducts and the non-adducted NP in all samples in-
dependent of the OP toxicant and the concentration (50% or 100%
inhibition) indicating a highly effective procedure under mild con-
ditions.

3.5. Molecular response factor

For forensic analysis the traceability of lowest concentrations of
the respective biomarkers is typically requested. The lower limit of
detection (LOD) and the lower limit of identification (LOI) are often
provided in published reports as relevant measures to characterize
the sensitivity of the method used [21,22,37-39]. However, LOD and
LOI are highly dependent on the method-specific sample prepara-
tion procedure in terms of e.g. concentrating or diluting working
steps. Accordingly, values obtained by the use of different proce-
dures do not necessarily allow comparison of the suitability of dif-
ferent biomarkers. Therefore, we herein introduce the rf-values that
only address the molecular mass spectrometric response as an in-
dependent measure that allows the estimation of sensitivity for any
procedure. As the rf-values of the diverse adducts obtained from
samples corresponding to 100% and 50% inhibition were quite si-
milar documenting no concentration-dependent effects the aver-
aged rf-values were calculated (Table 1). The rf-value for most of the
analytes tested was about 0.4 indicating a somewhat lower signal
response of the derivatives when compared to their non-derivatized
NP-adducts. The lowest rf-value found for the GA-adduct
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Fig. 2. Product ion spectrum of the propionylated nonapeptide-adduct (PA-NP-ad-
duct) derived from BChE after its inhibition with the nerve agent sarin. The spectrum
was extracted from a pLC-ESI MS/HR MS run monitoring product ions of the A) single
protonated and B) double protonated PA-NP-adduct. IMPA represents the loss of the
sarin-specific phosphyl moiety isopropyl methyl phosphonic acid as illustrated in
Fig. 1. A) Signals are sorted by decreasing mass: [M+H]": m/z 972.410, [M-H,0+H]":
m/z 954.395, bg: m/z 867.364, [M-IMPA+H]": m/z 834.361, b;: m/z 796.327, yg: m/z
769.312, bg-IMPA: m/z 729.317, bg: m/z 725.289, b,-IMPA: m/z 658.282, yg-IMPA: m/z
631.268, bg-IMPA: m/z 587.245, bs-IMPA: m/z 530.225. CID was performed with a CE of
45 V. Product ions of the b-series either still comprised the IMPA-moiety (bg - bg) or
had also lost this group (bs-IMPA - be-IMPA). B) Signals are sorted by decreasing
mass: bg: m/z 867.360, [M-IMPA+H]": m/z 834.361, by: m/z 796.322, ys: m/z 769.308,
bg-IMPA: m/z 729.317, b,-IMPA: m/z 658.281, ys-IMPA: m/z 631.264, yg-IMPA-H,0: m/z
613.257; bg-IMPA: m/z 587.243, [M+2H]2*: m/z 486.705, [M-H,0+2H]?*: m/z 477.699,
bs®*: m/z 434.184, b,**: m/z 398.668, b;: m/z 204.101, y,: m/z 177.086, [IMPA+H]": m/z
139.052, y;: m/z 106.050. CID was performed with a CE of 15V. The mass error cal-
culated for the respective theoretical masses was always <5 ppm.

(0.21 + 0.13) was most presumably due to the highly limited stabi-
lity of the adduct that undergoes rapid ageing thus causing low
concentrations and deterioration of quantitative evaluation. How-
ever, higher signal responses were also observed as listed for adducts
of GF (1.66 + 0.26), GD (2.14 = 0.26) and especially the non-ad-
ducted NP (4.68 + 0.19) documenting an improved detectability
after derivatization.

Accordingly, the traceability of PA-NP-adducts was quite similar
to the non-derivatized NP-adducts thus pointing out to the applic-
ability of these novel derivatives and making them valuable addi-
tional biomarkers for OP poisoning.

3.6. Stability of PA-NP-adducts in the autosampler

All derivatized NP-adducts tested were stable for at least 24 h
showing no trend of decomposition (data not shown). Accordingly,
derivatized analytes were of excellent stability thus allowing ana-
lysis of larger sets of samples.
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Fig. 3. Derivatized nonapeptide adducts (PA-NP-adducts) derived from BChE as bio-
markers of poisoning by organophosphorus (OP) pesticides. BChE adducted with the
phosphyl-moieties of OP pesticides was extracted from patient plasma and subjected
to pepsin-mediated hydrolysis to quantitatively derivatize the resulting nonapeptide-
adduct afterwards with propionic acid anhydride yielding its N-terminally propio-
nylated derivative (PA-NP-adduct). Adduct derivatives confirmed poisoning by: A,B) a
diethyl-pesticide (DEP, from paraoxon), C,D) a diethyl pesticide present in its aged
form in the same sample (DEP aged), E,F) a dimethyl pesticide present in its aged form
(DMP aged, from omethoate). Chemical structures of the adduct-derivatives are
shown in Fig. 1. PA-NP-adducts were detected by pLC- ESI MS/MS in SRM mode.
Plasma blanks (A,C,E) document the absence of interferences for each biomarker. For
reasons of clarity, chromatograms represent the extracted ion chromatograms (XIC)
only of the individual most intense product ions: A,B: m/z 988.4 > m/z 834.4, C,D: m/z
960.4 > m/z 855.3 and E,F: m/z 946.4 > m/z 770.3.

3.7. Application of the novel method to samples of real cases of
poisoning and of the BioPTs

The applicability of the presented derivatization was docu-
mented by the analyses of real samples of human OP pesticide
poisoning [15,16] and of human plasma samples spiked with OP-NA
sent by the OPCW for the 4th and 5th BioPT. All the samples men-
tioned have been analyzed successfully by our working group before
applying methods targeting HSA-adducts (real cases) [15,16] as well
as non-derivatized BChE-adducts (BioPT samples). Therefore, this is
the first report on the bioanalytical evidence of BChE-adducts in
these real cases of pesticide poisoning and on NP-derivatives in the
BioPT samples. The ion ratios of individual product ions found in the
samples were similar to those of the references (Table 1) and thus
fulfilled the quality criteria defined by the OPCW for biomedical
verification and documented excellent selectivity of the method.
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Fig. 4. Derivatized nonapeptide adducts (PA-NP-adducts) derived from BChE as bio-
markers of exposure to organophosphorus (OP) nerve agents. BChE adducted with the
phosphonyl-moieties of OP nerve agents was extracted from plasma samples sent by
the OPCW within the course of the 4th (2019) and 5th (2020) bioproficiency tests
(BioPT). Afterwards adducted BChE was enzymatically cleaved with pepsin followed
by quantitative derivatization of the resulting nonapeptide-adducts with propionic
acid anhydride generating the N-terminally propionylated peptide (PA-NP-adduct).
Detected adduct derivatives confirmed the exposure to: AB) sarin (GB), C,D) sarin,
present in its aged adduct form (GB aged), E,F) cyclosarin (GF) and G,H) Chinese VX
(CVX). Chemical structures of the adduct derivatives are shown in Fig. 1. PA-NP-ad-
ducts were detected by pLC- ESI MS/MS in SRM mode. Plasma blanks (A,CE,G)
document the absence of interferences for each biomarker. For reasons of clarity,
chromatograms represent the extracted ion chromatograms (XIC) only of the in-
dividual most intense product ions: A,B: m/z 972.4 > m/z 834.4, C,D: m/z 9304 > m/z
754.3, E,F: m/z 1012.4 > m/z 834.4 and G,H: m/z 986.4 > m/z 834.4.

Case 1. The PA-NP-adduct bearing a DEP-moiety (Figs. 1 and 3B,
tg 12.8 min) as well as its aged variant bearing a monoethyl-
phosphate-moiety (Figs. 1 and 3D, tg 7.9 min) were detected. The
aged variant of a BChE-adduct is formed by hydrolysis of one alkoxy-
group of the phosphyl-moiety thus causing a desalkytion process
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and producing a free hydroxyl-group [18]. Therefore, in congruency
to our previous forensic analyses [15] the intoxication by a DEP-
pesticide was confirmed supporting the assumption that parathion-
ethyl has been ingested by the patient. This pesticide was
biotransformed in the liver to the more toxic paraoxon-ethyl that
formed adducts with BChE.

Case 2. Poisoning by a DMP-pesticide was documented by the
detection of the PA-NP-adduct comprising a monomethyl-
phosphate-moiety (aged variant of the DMP-adduct, Figs. 1 and 3F,
tr 74 min). The non-aged adduct was not detected documenting
quantitative ageing of the BChE-adduct. In accordance to our
previous analyses confirming the phosphorylation of HSA as well
as its adduct formation with the leaving group of the pesticide [16]
the conjecture of incorporation of dimethoate and its subsequent
biotransformation into omethoate was supported.

Furthermore, in the BioPT plasma samples the presence of GB, GF
and CVX was confirmed as illustrated in Fig. 4B,D,FH. In addition to
adducts bearing the intact phosphonyl-moiety (Figs. 1 and 4B,FH)
their aged variants bearing a methyl phosphonyl-group (Fig. 1) were
also found in all samples as exemplarily shown in Fig. 4D for the
GB-containing sample.

These examples provide evidence that our method is applicable
to verify real exposure scenarios covering a broad range of common
OP toxicants with similar sensitivity and selectivity as the conven-
tional method applied to BChE-adducts.

4. Conclusions

We herein present for the first time a rapid and highly effective
procedure for the derivatization of NP-adducts quantitatively
forming propionylated analogs within 5 min at ambient temperature
in an aqueous buffer. As the signal response of the derivatives was
typically somewhat lower than that of the un-derivatized NP-
adducts (rf=0.4-0.5) the method was selective and allowed bio-
marker detection with similar sensitivity. The analysis of derivatized
adducts should be carried out as a complementary approach in
combination with the analysis of the non-derivatized peptide-
adducts. Accordingly, the procedure described herein provides suf-
ficient sample material for both methods only with the need of one
common IMS extraction step. This procedure might therefore be
highly beneficial especially in cases of poisoning with very low
amounts of OP-NA or with those agents that do not form HSA-
adducts.

Furthermore, the product ion that is generated by CID of the
double charged PA-NP-adducts and represents the protonated
phosphyl-moiety formerly bound to the NP will provide highly im-
portant information on the structure of the OP poison accessible by
e.g. MS? fragmentation. This phenomenon is favored by the deriva-
tization of the NP-adduct and provides an additional benefit of the
presented procedure potentially being essential for the forensic
analysis of poisoning by so far unknown OP agents.
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