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Purpose

Detection and confirmation of human exposure to drugs typically relies on
measurement of parent compounds or specific metabolites in blood, urine, or an
alternative sample matrix. This “biomonitoring” approach is widely employed for
forensic toxicological applications and has been standardized for many xenobiotics.
Despite its broad acceptance, biomonitoring does have significant drawbacks with
regard to the useful time frame for drug detection. Most drugs and their metabolites
(with the exception of lipophilic drugs) are cleared within a week, after which they can
no longer be directly detected in these sample matrices. As a result, blood or urine
measurements alone generally cannot provide data on past episodic exposure,
cumulative exposure, or time-dependent exposure profiles for drugs. Nevertheless,
such data may be critically important in forensic toxicology, for example as evidence in
drug facilitated crimes and for measurement of drug compliance or abstinence in pain
drug management, addiction rehabilitation programs, and probation/parole criminal
justice situations.

Currently, retrospective biomonitoring of drug use or exposure is limited to analysis
of hair, for which numerous methods and a large literature database exist. While clearly
useful for this purpose, hair analysis does have some technical and interpretive
challenges. Another potential technology for longer-term monitoring of drug exposure
involves measurement of the products of covalent modification of free thiol moieties of
blood proteins, such as hemoglobin (Hb) and serum albumin (SA), by reactive
metabolites (RM) of drugs. Since they typically persist for the life of the protein, such
protein “adducts” can provide a much longer window of detection of exposure than is

generally possible by direct measurement of parent compound or a metabolite.
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While widely used in human exposure assessment for environmental and
occupational chemicals, applications of protein adducts as markers of illicit drug
exposure are virtually nonexistent. Regardless, preliminary studies in this laboratory
has demonstrated in vitro modification of glutathione (GSH) and model thiol-containing
peptides by RM of certain abused drugs, suggesting the potential feasibility of this

approach.

Project Design and Methods

Task 1 of this project consisted of development and optimization of an in vitro assay
system to generate RM of 16 selected drugs and assessment of the in vitro adduction
potential of drug RM with thiol containing trapping agents (GSH and a model thiol-
containing peptide). These drugs included alprazolam (ALP), buprenorphine (BUP),
cocaine (COC), diazepam (DZP), methadone (META), methamphetamine (METH),
methylenedioxymethamphetamine (MDMA), methylenedioxypyrovalerone (MDPV),
methylone (METY), morphine (MOR), naltrexone NAL), oxycodone (OXY), a-
pyrrolidinopentiophenone (a-PVP), A®-tetrahydrocannabinol (THC), acetaminophen
(APAP) and clozapine (CLZ). Task 2 of the project included detection and confirmation
of thiol modifications of human Hb by RM of selected drugs following in vitro incubation
in the same assay system.

Relevant data for all experiments are provided in the Appendix to this summary

report.

In vitro generation of RM and thiol trapping assay: An in vitro metabolic system was

developed to facilitate drug conversion to RM and adduction to GSH, an N-terminal
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acetylated cysteine-containing peptide (Ac-PAACAA) model peptide, and a model
protein (human Hb). For GSH studies, final concentrations of assay components were:
1 mM test drug, 1 mg/mL Human liver microsomes (HLM), 2 mM NADPH, 3 mM MgClz,
3 mM glucose-6-phosphate (G6P), 0.4 units/mL glucose-6-phosphate dehydrogenase
(G6PD), 2 mM GSH, in 50 mM sodium phosphate buffer, pH 7.4. In the optimized
assay, drugs were added to plastic vials and residual solvent removed via vacufuge.
Remaining components (except GSH) were added to provide the above listed final
concentrations. Contents were vortexed and pre-incubated for 15 min at 37°C.
Following pre-incubation, GSH was added and the vial was vortexed again briefly and
then incubated at 37°C for 3 h. Once incubation was complete, vials were centrifuged
at 15,000 x g at 4°C for 30 min. A 100 pL aliquot was removed from the vial and added
to a clean LC-MS vial for MS analysis.

For model protein studies, a modified in vitro assay was developed that involved the
analysis of tryptic peptides of adducted protein. This assay consisted of the same
mixture as above but containing 5 mg/mL Hb in 25 mM ammonium bicarbonate buffer,
pH 7.6. The mixture was incubated at 37°C for 3 h and centrifuged for 30 min at
100,000 x g. After centrifugation, a freshly-prepared 15 mM solution of iodoacetamide
was added and the mixture incubated at RT in the dark for 1 h. Adducted Hb was then
extracted from the reaction mixture using a 3K Da cutoff spin filter, followed by addition

of 0.25 mg/mL of trypsin and incubation at 37°C overnight.

Mass Spectrometric Identification of GSH, peptide, and protein adducts: GSH
adduct analysis in negative ESI mode was performed on an Agilent 6460 LC-QqQ-MS

with mobile phases (A) water with 0.1% acetic acid; and (B) 95% acetonitrile, 4.9%
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water with 0.1% acetic acid. For GSH adducts, precursor ion scans using a product ion
m/z of 272, a characteristic transition for GSH and GSH-containing compounds, were
performed. The mass window was set to m/z 400-800, in order to avoid unnecessary
interference from non-adducted GSH. From the total ion chromatogram, an extracted
ion chromatogram was collected for each of the significant peaks, and a corresponding
structure was proposed for each ion detected. Following initial GSH adduct analysis by
negative mode LC-QqQ-MS, adduct peak masses were analyzed using negative mode
targeted scanning on an Agilent 6530 LC-QTOF-MS (HRMS). HRMS analysis was
performed at collision energies of 10, 20, and 40 eV so that transitions could be
observed at a level which would maximize their count and determine distinguishing
values. Peaks observed by both LC-QqQ-MS and LC-QTOF-MS were considered as
confirmed adduct peaks.

Adduct structures were proposed based on accurate mass data for the molecular
ion of each drug-GSH adduct and for major MS/MS fragments. For novel adducts, a list
of metabolites potentially formed in situ was compiled using published metabolism data
as available and, where not available, using in silico metabolite prediction methods.
Structures associated with more than one metabolic transformation were also
considered. The final theoretical adduct list therefore consisted of multiple target
structures for each drug. Calculated molecular ion masses of the theoretical adduct
structures were then compared to those observed in the HRMS analysis for each drug
to identify tentative positive hits.

For model peptide studies, assay supernatant was collected and analyzed using an
Agilent Model 6460 QqQ MS. Peptides were analyzed by direct flow injection analysis

(FIA) with no LC column separation and MS was conducted in positive ionization mode.
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The FIA approach allowed for the concurrent detection of all possible components
present in the sample, including the parent drug, metabolites, and peptide adducts.

For Hb peptide digests, chromatographic separation utilized an Agilent Zorbax
Rapid Resolution HD Eclipse Plus C18 column with gradient elution. HRMS analysis of
tryptic peptides utilized positive ESI full scan mode with an Agilent 1290 Infinity UHPLC

coupled to the Agilent 6460 MS.

Data Analysis and Results

Drug-GSH Adduct Studies: Using the initial QqQ-MS screening approach, a total of
20 potentially significant GSH adduction products were identified for 10 of the 16 drugs
examined, including APAP, CLZ, COC, DZP, MDMA, MDPV, MOR, NAL, OXY, and
THC. Multiple adduct structures were also observed for a number of drugs. In contrast,
GSH adducts were not observed for ALP, BUP, DZP, META, MET, and METY under
these screening conditions. Target products detected by low resolution MS were then
further examined using high resolution LC-QTOF-MS/MS analysis (HRMS).

HRMS analysis confirmed the positive results indicated the screening assay. A
total of 22 individual adduct structures were identified by HRMS for the 10 drugs
yielding positive results. Ten of these have been previously reported in the literature,
while 12 are novel entities not previously reported, including those for DZP, NAL, OXY,
and THC. The structures reported previously all have masses which matched closely
with those observed in spectra collected in the present study. The reason(s) for the lack
of observed GSH adduction with the other five drugs are unclear at the present time, but
may involve unfavorable reaction conditions or insufficient analytical sensitivity due to

ionization issues or other factors. These issues are being explored in continuiung
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studies.

In silico metabolite prediction analysis suggested that, in many cases, formation
of an adduct was associated with an ‘NIH shift’ pathway. There are several proposed
mechanisms by which an NIH shift may occur, however, the prevailing theory, which
has been experimentally corroborated, involves formation of an unstable epoxide which
then undergoes a hydride shift. Plausible structures were proposed for the majority of
the previously unreported adducts identified in the present study, based upon HRMS
accurate mass and MS/MS data and likely metabolic transformations.

GSH adducts of THC have not previously been reported in the literature. The
present study identified four species consistent with covalent adduction of GSH with
THC, all proposed to result from modification of THC metabolites oxidized at the 11
position or on the pentyl chain of the parent drug. The proposed structures for two
adducts are consistent with adducts formed from the stable metabolites 11-OH-A%-THC
and 11-nor-9-carboxy-A°-THC, with direct binding to GSH. Additional data are required
to identify the exact nature of the metabolic modifications present in the other two THC

adducts and the location of the C-S linkage in each species.

Drug-Model Peptide Adduct Studies: Evidence for covalent adduction to the model
Cys peptide was obtained for 14 of the 16 tested drugs, with data for 11 drugs
confirmed by MS/MS analysis. For these drugs, parent ions, metabolites, and their
transitions could be observed. The appearance of new peaks whose masses
correspond to the adduct products were determined. The MS/MS fragmentation of the
adducted peptide peaks indicated that they corresponded to the drug-peptide

adductions. Of the drugs tested, only META and THC did not show detectable
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formation of peptide adducts. In particular, OXY, ALP, METY, and MOR showed a high
potential for peptide adduct formation. Several potential adducts at lower m/z, possibly
corresponding to adducts formed by ALZ metabolites, were also noted. In contrast,
METY and MOR clearly yielded only single adduct ions corresponding to addition of one
parent drug molecule. The adducted peptide parent ions corresponded primarily to the
major adduct detected for each drug. However, for a number of drugs, several minor
adducts were also noted. DZP, MDPV, a-PVP, and COC also formed adducts,
although these were in lower abundance than the other drugs with positive results.
Control experiments, conducted in the absence of HLM and/or NADPH, did not result in
adduct formation, confirming that formation of RM is required for adduction to occur.
Studies were also performed to assess the effect of increasing drug concentration
on the amount of acetylated peptide remaining and the amount of adducted peptide
formed during the metabolic assay. In these studies, decreasing concentrations of
METH and NAL were evaluated. Even at drug concentrations as low as 10 uM, the
formation of the corresponding adducts was observed. These results suggest the

likelihood of covalent thiol adduction by these drugs at physiological levels.

Drug-Protein Adduct Studies: Studies were conducted to determine whether RM of
the selected drugs can covalently adduct free thiols in human hemoglobin (Hb). For this
purpose, purified Hb was incubated in the in vitro trapping assay as described above,
followed by trypsin proteolysis and HRMS peptide analysis. The initial LC-QTOF-MS
data analyzed with BioConfirm produced positive results for the adduction of APAP,
confirming via MS data what has been reported previously in the literature regarding

pharmacological and HPLC studies. APAP adduction was observed for both Hb B%3Cys
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and the less reactive Hb B''2Cys. Adduction was also observed for a-PVP, METH,
NAL, OXY, and THC, producing a total of 11 potential adducts. The adducted drug
species mass observed for THC corresponded to the mass of the 11-hydroxy-THC
metabolite adducted to Hb, also in agreement with the major THC adduct observed in
the GSH studies. METH exhibited adducts at both the B%*Cys and a'®Cys residues,
while THC modified only the B%3Cys. BioConfirm also successfully identified MS/MS
fragmentation at high mass accuracy for two of the adducts; APAP-modified Hb B®3Cys
and a-PVP-modified Hb B%3Cys. These data confirm the Hb binding potential of a
number of the drugs tested to date. This work is continuing in additional studies for the

remaining selected drugs.

Major Findings

¢ In vitro metabolic assays for generation of RM of 16 selected drugs, and for adduct
trapping with GSH, a thiol-containing model peptide, and human Hb were developed

and optimized.

e Of the 16 drugs tested for GSH adduction potential, APAP, CLZ, COC, DZP, MDMA,
MDPV, MOR, NAL, OXY, and THC demonstrated GSH adduction potential, with a
total of 22 individual GSH adducts identified. Ten of these have been previously
reported in the literature, while 12 are novel entities not previously reported, including

those for DZP, NAL, OXY, and THC.

e Evidence for adduction of the thiol-containing model peptide was obtained for 14 of
the 16 tested drugs, with data for 11 drugs confirmed by MS/MS analysis. For these

drugs, parent ions, metabolites, and their transitions could be observed. Of the drugs
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tested, only META and THC did not show detectable formation of peptide adducts.

e |n vitro studies with APAP, METH, THC, a-PVP, OXY, and NAL indicated that all of

these drugs are capable of covalent binding to reactive Cys thiols in human Hb.

e In summary, proof of principle has been obtained that all of the drugs tested have the
potential to form RM capable of covalently modifying GSH, thiol-containing peptides,
and/or human Hb. This represents a key step towards developing a useful drug
monitoring strategy based on blood protein modification that will allow the project to

progress to the next stage involving development and validation of a practical assay.

Implications for Criminal Justice Policy and Practice in the United States

The major purpose of this study was to generate basic research data and
preliminary applied data to support an ultimate goal of developing protein adduct based
biomarker assays for compounds of forensic interest, including drugs of abuse. Such
tools would allow for exposure assessment for these compounds over a much longer
period of time than is currently possible and provide an alternative or complement to
hair analysis. A longer window of detection for drugs of abuse is critically important in
forensic toxicology, such as in drug facilitated sexual assault cases and for
measurement of drug compliance or abstinence in pain drug management, rehabilitation
programs, and probation/parole criminal justice situations. Consequently, this novel
approach is anticipated to significantly benefit forensic science for criminal justice
research by providing additional tools for detecting and quantifying important agents of

forensic interest in biological specimens over longer periods of time.
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Appendix

Final Summary Overview
Award Number 2015-NE-BX-K001

Novel Blood Protein Modification Assay for Retrospective
Detection of Drug Exposure
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Table 1: Data for parent drugs tested for GSH adduction potential.

Drug Formula Exact Mass (Da)
Acetaminophen (APAP) CsHoNO2 151.063
Alprazolam (ALP) C17H13CIN4 308.083
Buprenorphine (BUP) C29H41NO4 467.304
Clozapine (CLZ) C1sH19CIN4 326.130
Cocaine (COC) C17H21NO4 303.147
Diazepam (DZP) C16H13CIN20 284.072
Methadone (META) C21H27zNO 309.209
Methamphetamine (METH) C1oH1sN 149.120
Methylenedioxymethamphetamine (MDMA) C11H1sNO2 193.110
Methylenedioxypyrovalerone (MDPV) C16H21NOs 275.152
Methylone (METY) C11H13NOs3 207.090
Morphine (MOR) C17H1sNO 285.137
Naltrexone (NAL) C20H23NO4 341.163
Oxycodone (OXY) C18H21NO4 315.147
a-Pyrrolidinopentiophenone (a-PVP) C1sH21NO 231.162
A°-Tetrahydrocannabinol (THC) C21H3002 314.225
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Drug is added to a clean microfuge
vial. Human liver microsomes,
NADPH, MgCl,, glucose-6-phosphate,
G-6-P dehydrogenase, all in sodium
phosphate buffer, are added to the
vial.

Following centrifugation,
supernatant is removed and added
to a clean LC-MS vial for analysis.

Shaking
Incubator

Shaking
Incubator

' Vials are pre-incubated at 37°C
 for 15 min

GSH or peptide is added, and vials
are incubated at 37°C for 3 h.
Following incubation, vials are
centrifuged at 15,000 x g at 4°C for
30 min.

Figure 2: Details of in vitro drug metabolism/trapping assay used for GSH and model peptide adduction

studies.
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Table 2: GSH adducts observed for all drugs tested, including proposed formula and composition and major ions.

Drug Formula Composition lons Observed? Reference®
C10H17N306S GSH 306.095, 272.106(k), 254.094, 210.103, 179.059, 160.020, 143.058(b), 128.046(f)

APAP1 C18H24N4O0sS D+GSH-2H 455.089, 272.089(k), 254.078, 210.088, 182.028(d), 143.045(b), 128.046(f) Dahlin et. al (1984)
APAP2 C18H24N409S D+GSH+0O-2H 471.119, 272.088(k), 198.025 (d), 143.045(b), 128.045(f) Xie et. al (2013)
CLZ1 C2sH34CIN706S D+GSH-2H 630.194, 357.095(d), 272.089(k), 254.078, 143.046(b) Zhu et. al. (2007)
CLZ2 C2sH3sCIN7O7S D+GSH+O 648.198, 272.089(k), 143.046(b) Zhu et. al. (2007)
CLZ3 C23H24CINsO7S | D+GSH+0-CsH1oN2 | 548.101, 275.005(d), 272.095(k), 143.046(b) na
coC1 C27H38N4011S D+GSH+O 625.230, 565.055, 384.821, 306.080(i), 272.090(k), 194.950, 143.046(b) Schneider and DeCaprio (2013)
DZP1 C26H30CIN508S D+GSH+O 606.154, 588.142, 315.039, 272.088(k), 258.013, 210.089, 143.046(b) na
MDMA1 | C20H30N4OsS D+GSH-CH. 485.189, 272.090(k), 212.771(d), 143.047(b), 128.045(f) Meyer et. al. (2014)
MDMA2 | C21H30N4OsS D+GSH-2H 497.131, 272.091(k), 254.085, 143.047(b), 128.046(f) Meyer et. al. (2014)
MDMA3 | Ci19H2sN30eS | D+GSH+O-CoH/N | 470.140, 436.793, 272.090(k), 197.030(d), 143.046(b), 128.045(f) Meyer et. al. (2014)
MDPV1 | CasH3sNs0eS D+GSH-CHz 567.238, 294.118(d), 272.091(k) Meyer et. al. (2014)
MDPV2 C21H29N309S D+GSH-CsHsN 498.172, 272.089(k), 225.060(d), 143.046(b), 139.995 na
MDPV3 C21H29N3010S D+GSH+0-CsH7N 514.168, 378.808, 272.103(k), 241.068(d), 143.056(b) na
MOR1 Ca27H34N40eS D+GSH-OH 589.219, 316.102(d), 306.077(i), 272.089(k), 210.089, 143.046(b), 128.045(f) Todaka et. al. (2005)
NAL1 CaoH38N4010S D+GSH-2H 645.249, 306.094(i), 272.105(k), 210.089, 143.057(b), 128.046(f) na
NAL2 CaoHaoN4O11S D+GSH+0 663.260, 390.157(d), 358.184(j), 306.093(i), 272.105(k), 210.089, 143.057(b), 128.046(f) na
OXY1 C2sH36N4010S D+GSH-2H 619.208, 408.012, 306.077(i), 272.958(k), 210.089, 143.057(b), 128.046(f) na
OXY2 C2sH34N4011S D+GSH+0-4H 633.223, 306.076(i), 272.088(k), 210.089, 143.057(b), 128.046(f) na
THC1 C31H4sN300S D+GSH+0-2H 634.306, 361.205(d), 306.095(i), 272.106(k), 210.091, 143.058(b), 128.046(f) na
THC2 C31H4sN3010S D+GSH+02-2H 650.301, 377.199(d), 343.193(j), 306.094(i), 272.106(k), 210.091, 143.057(b), 128.046(f) na
THC3 CatH4sN3011S D+GSH+03-H 666.297, 393.195(d), 359.190(j), 306.094(i), 272.106(k), 210.091, 143.057(b), 128.046(f) na
THC4 C31H41N3012S D+GSH+04-4H 678.304, 306.095(i), 272.106(k), 210.091, 143.058(b), 128.046(f) na

aMolecular ion in bold; letters in parentheses refer to characteristic GSH fragments according to nomenclature of Xie et al. (2013).
bLiterature reference for previously reported adduct; na — not previously reported.

This resource was prepared by the author(s) using Federal funds provided by the U.S.
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Figure 7: Details on approach used to interpret QTOF MS/MS data for identification of drug-GSH adduction products
and loacation of thiol linkage to drug molecule.
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Figure 8: MS/MS spectra for all 12 previously unreported adducts. The molecular ion is
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Figure 9: Scheme illustrating adduction of model Cys peptide by reactive dug metabolites.
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Table 3: Summary of MS results for model peptide modification by reactive drug metabolites

Drug Parent Drug Adducted Peptide "Adducted Peptide
[M+H]* [M+H]* MS/MS Spectra

APAP 152.2 694.5 Yes

CLz 327.2 871.8 Yes

ALP 309.1 853.2 Yes

BUP 468.3 1012.5 Yes

COC 304.3 848.1 No

DzP 285.2 828.4 Yes
MDMA 194.2 738.7 Yes
MDPV 276.1 820.0 No

MET 150.2 694.7 Yes
META 310.1 849.7 No
METY 208.2 752.7 Yes

MOR 286.1 830.3 Yes

NAL 342.2 886.8 Yes

()44 316.1 860.3 Yes
a-PVP 232.3 776.4 No
AS-THC 315.2 859.6 No

1 Drugs for which adequate MS/MS spectra of the adducts were obtained are labeled as (Yes).
Low intensity adduct peaks and/or adducts representing poorly resolved MS/MS spectra are
labeled as (No).

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



Figure 10: ESLMBspesitaRbihesynthelicnadelreptide AskMMzAA adduction by selected
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Figure 11: ESI-MS spectra of adducted by (A) diazepam, (B) MDPV, (C) a-PVP, and (D)
norcocaine and cocaine. The upper spectra show the control or unmodified peptide and
the bottom spectra the appearance of new peaks of the adducted peptide.
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Figure 12: ESI-MS/MS spectra of the adducted model peptide by selected drugs. The
parent ion corresponding to each adducted peptide was fragmented. A combination of
peaks that correspond to the peptide and the drug fragmentation can be observed. The
y- and b-ions associated with MS fragmentation of the peptide are shown. Arrows
represent the mass difference between the adducted peptide [M+H]* and peak
corresponded to the drug mass which is consistent with the peptide molecular mass of
544 Da. In addition, the fragmentation peak of drug and its transitions are labeled.
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Figure 13: ESI-MS spectrum of model peptide adduction by different concentrations
of methamphetamine and naltrexone. The peak abundance of the peptide adducts
increases at higher drug concentrations while the peak abundance of the unmodified

peptide decreases at higher drug concentrations.
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Drug is added with HLM, NADPH,
G-6-P, G-6-P dehydrogenase, and
Hb, all in ammonium bicarbonate

Vials are incubated at 37°C

Incubator  for 6 h and then centrifuged.

buffer, are added to the vial.

A 250 pL aliquot of supernatant
== is removed and added to a clean
Vials are then incubated at room microfuge vial and 250 pL of
temperature in the dark for 1 h. Incubator iodoacetamide solution is added.

Hb is collected in new microfuge
tube and reconstituted in CaCl,
solution. A solution of trypsin is

| Hb is then removed from the ‘ \Uj

solution via centrifugal filtration.

then added.
Following a brief centrifugation, )

supernatant is removed and added to a ]S::uk;';for | The vial is incubated at 37°C for
clean LC-MS vial for peptide analysis. 18 h for the protein digestion.

Figure 14: Details of the in vitro drug metabolism/trapping assay used for protein
(human hemoglobin) adduction studies.
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Figure 15: Total lon Chromatogram (A) and Targeted Compound Chromatogram (B)
for tryptic peptide digest of APAP-adducted human Hb assay mixture.
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Figure 16: lllustration of peptide data analysis using Bioconfirm to identify APAP adduction at 3°3*Cys moiety of human Hb.

Middle panel shows MS/MS spectrum of GTFATLSELHCDK tryptic peptide showing characteristic y- and b-fragment ions expected
with APAP adduction at f%Cys.
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Table 4: Summary of QTOF-MS (gray) and -MS/MS (green) data for Hb adducts confirmed for six of
the drugs examined in the project. Data indicates specific Cys thiol modified, other modifications
detected, and mass difference from predicted.

Site ppm Mass

EJ reaer Hbpe none 2.93 1569.718
n APAP1  Hb B2 none -3.29 1868.0069

Bl «rve1  Hope none -3.63 1651.822
KBl vetHr  Hbpe none -4.63 1597.7632
Bl VvETHT  Hbal®  1Hydrox+lAcetyl.  3.36 3171.7261
KBl vetH  Hopes 1Acetyl. 5.14 1609.7728
NALL  Hbp® none -0.61 1759.8117

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 17: QTOF MS/MS spectrum, adduct localization, and structure (top panel) and confirmed
characteristic fragements (bottom panel) for a-PVP adduct with human Hb.
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Figure 18: QTOF MS/MS spectrum, adduct localization, and structure (top panel) and confirmed
characteristic fragements (bottom panel) for APAP adduct with human Hb.
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ABSTRACT

1.

Conjugation with the tripeptide glutathione (GSH) is a common mechanism of detoxifica-
tion of many endogenous and exogenous compounds. This phenomenon typically occurs
through the formation of a covalent bond between the nucleophilic free thiol moiety of
GSH and an electrophilic site on the compound of interest.

While GSH adducts have been identified for many licit drugs, there is a lack of information
on the ability of drugs of abuse to adduct GSH. The present study utilized a metabolic
assay with GSH as a nucleophilic trapping agent to bind reactive drug metabolites formed
in situ.

Extracted ion MS spectra were collected via LC-QqQ-MS/MS for all potentially significant
ions and examined for fragmentation common to GSH-containing compounds, followed by
confirmation of adduction and structural characterization performed by LC-QTOF-MS/MS.

In addition to the two positive controls, of the 14 drugs of abuse tested, 10 exhibited GSH
adduction, with several forming multiple adducts, resulting in a total of 22 individual identi-
fied adducts. A number of these are previously unreported in the literature, including those
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for diazepam, naltrexone, oxycodone and A®-THC.

Introduction

Phase | and Phase Il metabolic processes generally form
more polar metabolites of xenobiotics and are typically a
means of detoxification and preparation for excretion. Phase
I metabolism, such as hydroxylation or epoxidation, refers to
a number of reactions a xenobiotic may undergo where a
relatively small modification occurs which may slightly
increase hydrophilicity. Phase Il metabolism, such as glucuro-
nidation, refers to reactions where hydrophilicity is substan-
tially increased by the addition of a large polar moiety.
These metabolic products do not typically cause harm to the
endogenous cellular components in their vicinity. However,
in some cases reactive intermediates may also be formed,
which may then modify nearby macromolecules to form
covalent adducts, primarily through electrophilic-nucleophilic
interactions (Attia, 2010; Miller & Miller, 1965). The formation
of these modifications can create a potential for organ-spe-
cific toxicity (lkehata et al., 2008; Lu et al., 2009) or, alterna-
tively, can be innocuous. In either case, such adducts may
also serve as biomarkers of exposure (Xie et al., 2013).
Metabolic trapping assays have been widely employed to
study these possibly harmful products in vitro, particularly in
pharmaceutical development where there is a need to

identify the potential for reactive metabolite production in
candidate drugs (Thompson et al, 2011; Yamaoka &
Kitamura, 2015). Such assays are designed to mimic Phase |
and Il metabolic processes in human cells (Evans et al.,
2004). When a metabolic assay is used for the purpose of
examining reactive metabolite formation, a trapping agent
must be added as a target for covalent modification
(Meneses-Lorente et al., 2006). Trapping agents are typically
any one of numerous, primarily nucleophilic and generally
small, molecules that can bind covalently to reactive inter-
mediates, preventing further metabolism and preserving the
structure of the otherwise unstable compound (Schneider &
DeCaprio, 2013). Examples of trapping agents used in these
assays include glutathione (GSH) (Schadt et al, 2015;
Yamaoka & Kitamura, 2015), N-acetylcysteine (Schneider &
DeCaprio, 2013), and cyanide (Evans et al., 2004).

Glutathione (GSH) is a tripeptide which consists of glu-
tamic acid, cysteine and glycine that is found endogenously
in human cells at concentrations ranging up to 10mM
(Shimizu et al, 2002). GSH contains a free thiol moiety that
acts as a reactive nucleophilic site and that has been shown
to covalently bind to electrophiles in vivo (Dahlin et al., 1984;
Zhu et al., 2007). The capability of GSH to bind to reactive
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metabolites allows it to function as one of the primary cellu-
lar defenses against electrophilic/oxidative stress and dam-
age. Because of G5H's reactivity and prevalence in the body,
G5H adducts have also been used as markers to identify,
analyze, and monitor exposure to and excretion of com-
pounds of interest (Blair, 2010; DeCaprio, 1997; Meyer et al,
2014; Todaka et al, 2005). The chemistry and structure of
G5%H make it an ideal candidate for a trapping agent when
utilized in an in witro metabolic assay (Gomez-Lechon &t al,
2016; Inoue et al, 2009; Kalgutkar, 2011}

Drug abuse is a prominent and on-going problem in the
United States and globally. Abused drugs can be either lict
or illicit compounds which, when ingested, provide a desired
sersation to the user. The effect may be @used by either
the parent drug or a metabolite which s transported
throughout the body, ultimately reaching the brain as the
primary phammacological target Many stable metabolites of
commanly abused drugs are known and have been charac-
terized However, there is a lack of research related to the
formation of potentially reactive metabolic intermediates for
most drugs of abuse and in particular, the ability of such
metabolites to covalently modify endogenous nucleophilic
sites, including those of cellular proteins. Nevertheless, evi-
dence is available for cerain abused drugs that reactive
metabolites may be the cause of severe and unexpected
reactions in the body (Capela et al, 2007; Kovacic & Cooksy,
2005). For example, it has been hypothesized that hepatic
necrosis caused by cocaine may be the result of protein
binding by reactive metabolites (Ndikum-Moffor et al, 1998}
It has also been shown that thioester MDMA metabolites
inrease levels of guinone-protein products 0 neurons
(Capela et al, 2007).

We have previously reported that cocaine can covalently
modify free thiols in G5H and model peptides in an in vitro
metabolic system [Schneider & DeCapria, 2013). The aim of
the present research was to expand upon this work to exam-
ine the potential of a representative set of 16 licit and illigt
drugs to form reactive metabolites capable of covalent bind-
ing to GSH. This was accomplished by utilizing an in vitro
trapping assay system and analyzing reaction products using
liquid chromatography (LC) coupled with triple quadrupole
(2gQ) and quadrupole time of flight (QTOF} mass spectrom-
etry. Results demonstrated the formation of 22 individual
covalent G5H adduct structures by reactive metabolites of 10
of the 16 drugs examined. In addition to confiming previ-
ously reported G5H modifications for several drugs, a num-
ber of nowvel adducts were identified for drugs not
previously studied.

Materials and methods
Drugs selected for study

Table 1 lists the drugs selected for the study along with
chemical formulas and exact masses. Figure 1 shows struc-
tures for all 16 drugs. The drugs of interest in this study
were selected based on a known potential for addiction/
dependence and prevalent usage, while also ensuring that
various structural and phamacological classes of drugs were

Tabie 1. Data for parent daios tested for G5H addudion poentil

Drug Formula Exact mass |Da)
Acetaminaphen (APAP) L BT 151063
Alpmralam (ALF) L P BOEORT
Bupe nanphine {BUF) Ty, MO, ST 304
Clazapine §C17) C gt OON, IX 130
Cacaine (D0 Ty, MOy, 347
Diarepam {DEF) Tt N0 BT
Methadans (META) CnH NO e
Methamphetamine (METH) Crot i 149120
Methylens diymethamphetaming MDMA] O ND: 195110
Methylens dicypyrovalerans (MOPY) Cratz Ny 75152
Methylane METY) Ty MOy 207090
Maorphine |MOH) Tyt MO IHS 13T
Maltrexane (MAL) Ty MO M1.163
Oxpeadans {0XY) gty N0y 3547
a-Pyrmoidinopentiophenane a-PVWP) Ty, MO 231162
A Tetrshydracannatinal [THO Caim e 314225

represented in the final list All of the selected drugs are
examples of compounds which may be identified in authen-
tic specimens from law enforcement cases, rehabilitation
centers, comectional facilties and outpatient therapy. In add-
ition, two lidt drugs, acetaminophen and dozapine, were
chosen as positive controls, since they have both been previ-
ously shown to form metabolites that readily adduct with
G5H and other nuclkeophiles (Dahlin et al, 1984; Guengerich,
2003; Zhu et al, 2007).

Materials

Drug abbreviations are as shown in Table 1. APAP, NAL and
OXY were purchased from Sigma-Aldrich (5t Louis, MO); CLZ
was purchased from Alfa Aesar (Haverhill MA); COC was pur-
chased from Cerilliant (Round Rock, TXl; DZP and MOR were
purchased from Research Biochemical Intemational (Matick,
MA);, MDMA and THC were both purchased from Lipomed
[Cambridge, MAL MDPY was purchased from Caymen
Chemical (Ann Arbor, Ml). COC and THC were obtained as
standard solutions in methanol and ethanol respectively.
The remaining drugs were obtained as neat powders, and
standard solutions with a concentration of 1mg/mL in
methanol (MeOH)} were created and stored at -20C, the
exceptions being NAL and APAP. For NAL, a 1 mg/mL solu-
tion was created in Optima ™ grade water and the solution
was stored at 4C and remade every four weeks, A fresh
1 mg/mL solution of APAP in MeDH was created daily as
needed. Nicotinamide adenine dinucleotide phosphate tetra-
sodium salt (NADPH] was purchased from Merck Millipore
[Billeri, MA) glucose-&-phosphate sodium salt  (G&F),
anhydrous MgCl, and glucose-6-phosphate dehydrogenase
from baker's yeast (G6PD) were all purchased from Sigma-
Alrick; reduced glutathione (GSH) was purchased from
ThemaoFisher Sciertific (Hampton, NHL. Pooled, mixed-gen-
der human liver microsomes (HLM) with concentration of
20myg protein/mL were purchased from XenoTech (Kansas
City, KS). GPD and HLM were received as solutions with con-
centrations of 200 units/mg and 20mg protein/mL, respect-
ively,. All other solents and chemicls
ThermaoFisher Scientific

were from

This resource was prepared by the author(s) using Federal funds provided by the ULS.
Department of Justice. Opinions or points of view expressed are those of the authons) and do not
niecessarnly reflect the official position or policies of the ULS. Department of Justice.



iH
Acetaminophen (APAF)

Alprazolam [ALP)

o T
HyC=—hl
H
Cl o
OH I\V S Cocaine {COC]
EII:uaui:':e [CLZ)

h‘ﬁu i 'I"H Buprennrphlne[ﬂuPr I:]
0 =
n:|”©’\;-m ( e { ﬁ\r
Meth'rlenedmmel}umph:ta mirve (MWDK A]
[ Methamphetamine [METH)
== Mlethadone (META]

Diazeparm

¢ R0 flij’ﬁ‘”

Methylone [METY)

%%

Morphine {MOR) Maltrexone I:Nﬁl-l

Methylenedicasypyrovaberone (MDPWV)
Ln]
- a CH,
b OH
d " =
H -—
H:E (u] H:I
m-Pyrrolidinopentiophenane ja-Pvi)  H
Cryoo-done (OXY] ﬁ*—TeuahydmnmhinnHTH C)

Figuire 1.

Generation and trapping of reactive metabo ftes

Trapping assays were modified from previously published
methods (Meyer et al, 2014; Schneider & DeCaprio, 2013).
Briefly, components of the in vitro trapping assay were com-
bined in a total assay volume of 125puL of 50mM sodium
phosphate buffer, pH 74, at the following final concentra-
tions: 1000 puM drug of interest, 1mg/mL HLM, 3mM MgCl,,
2mM NADPH, 3ImM G6PF, 04U/mL G&PD and 2mM GSH.
Assay components without GSH were fist combined in a
microfuge wial and vortexed briefly to ersure uniformity, fol
lowed by a presincubation of 15min at 37 C. G5H was then
added to complete the assay and achieve final assay volume,
and vials were once again vortexed to ersure proper mixing.
Incubation then ersued at 37 C for 2h. Upon completion of
incubation. wvials were immediately centrifuged at 15,0009
at 4 C for 30min. Following centrifugation, 100pL aliquots
of supematant were removed from each vial and placed in
separate, clean LT vials,

M5 analysis

General LC-MS parameters

Analysis by LC-QgQ-MS was performed on an Agilent 1290
Infinity UHPLC coupled to an Agilernt 6460 QgqQ M5 Analysis
by LC-OTOF-MS was performed on an Agilent 1290 Infinity
UHPLC coupled to an Agilent 6530 QTOF MS. Both instru-
ments wtilized Agilent Jet Streaming electrospray jonization

Structures for sl 16 of the drugs of intem=1 in ®ik shidy Each drug i lahebed with its abhesviation a4 outlined in Table 1.

[E5l} set to negative mode polarity. The column utilized was
an Agilent Zorbax Eclipse Plus Cyz rapid resolution HD. A
biphasic elution system consisting of eluent A: Optima ™
grade water with 0.1% acetic acid and B: 95% acetonitrile,
4.5% Optima™ grade water, and 0.1% acetic acid was uti-
lzed. The pump timetable was as follows: 5% B hold for
1min 5% to 100% B ramp from 1 to 14min, 100% B hold
for 2 min followed by a 3-min post-time for reequilibration
to initial conditions for next injection.

Initial detection of adduction products wia QgQ-M5
Analysis by QgQ-M5 of metabolic assay reaction products
was performed wsing a precursor ion scan set to identify the
precursor ions for any fragments with m/ 272, a common
and indicative product of GSH, corresponding to GSH less
the sulfur atom (Dieckhaus et al, 2005). The san took place
over the mass range m'z 400-800 to avoid interference from
unreacted GSH and to maximize detection of likely adducts
for all drugs. Fragmentor voltage was set to 120V and colli-
sion energy was set to 10eV. Peaks were determined to be
potentially signifiant # they had an unsaled abundance
higher than 1000 counts. All peaks determined to be poten-
tially significant for each drug had their m/z recorded.
Unreacted GSH ([M-H]- ms 306} was not detected, as the
low mass range was set to m/z 400.

The extracted ion chromatogram (XK} MS spectrum was
also collected for each potentially signifiant peak. The XIC
was examined for characteristic fragmentation common to

This resource was prepared by the authons) using Federal funds prowided by the ULS.
Department of Justice. Opinions or points of view expressed are those of the authons) and do not
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GS%H-containing compounds; since the targeted fragment
was a characteristic peak with m/ of M-H|" - 272, a mass
comesponding to the fragment of the adducted compound
bound to the GS5H sulfur (see Figure Z), additional data
needed to be analyzed to confirm presence of GSH. Multiple
additional transitions observed in the spectra were also char-
acteristic of GSH; m/z 306, 272, 254, 210, 179, 160, 143 and
128 all agree with published values for GSH analysis in nega-
tive mode MS (Dieckhaus et al, 2005).

The software used for data processing and chromatogram
peak identification was Agilent (Santa Clara, CA) MassHunter
Qualitative Analysis version 80. Each peak above the base-
line was individually and manually highlighted and analyzed.
Once analyzed, the M5 fragmentation data were compared
to known GSH-containing compound fragmentation pattems
(Dieckhaus et al, 2005} to confirm the presence of a GSH
adduct Peaks with matching fragmentation were labeled as
prospective ions of interest and were recorded and analyzed
further by LC-QTOF-MS5. Peaks without comesponding frag-
mentation were omitted from further analysis, regardless of
the results from the initial precursor ion scan.

Confirmatory analysis of adduction products via QTOFMS
Initial analyses by QTOF-MS were performed wsing full san
mode. In this mode, the mass range was again restricted to
mysz 400-800 with fragmentor voltage set to 120V and no
collision induced dissodation. Data were collected for this
mass range over the entire run time and any prominent
peaks of interest were recarded and then analyzed using tar
geted M5/MS. In targeted mode, MS'MS data were collected
only for the molecular ion peaks of interest, with the mass

range set to m/z 100-800 to allow for smaller identifying
fragments to be recorded at collision energies of 10, 20 and
40eV to allow for full visualization of fragments formed.
Compounds with fegmentation consistent with masses come
monly seen for fragmentation of GSH were recorded and
compared to the list previously compiled from the initial
QgqO-M5 analyses. In addition, several putative adducts not
seen during initial low-resolution M5 analysis were observed
by QTOF-MS. These putative adducts also exhibited the G5H-
characteristic jon with the mass of m'z M-H*]" - 272 A
with the QgQ-M5 studies, other ions previously reported to
be characteristic of GSH adducts in negative mode ESl were
typically present.

Identification of adduct strucures

Adduct structures were proposed based on accurate mass
data for the molecular ion of each drug-GSH adduct and for
major MSMS fragments. Masses comsistent with previously
reported adducts were assigned the respective structures
published in the literature. For novel adducts, a list of metab-
olites potentially formed in sitv was compiled wing pub-
lished metabolism data as available and, where not available,
manual manipulation of the structure of the parent drug
was performed using commaon metabolic processes found in
the literature wvia ChemDraw Prime software (PerkinElmer,
Waltham, MA&; version 160} until a plausible adduct structure
was created. For this purpose, metabolic processes that were
examined included hydroxylation (along with MIH shift), O-
and N-demethylation, oxidation/reduction, and loss of react
ive moieties, as these are common for Phase | metabolic
pathways (Schneider & DeCaprio, 2013). Structures assodated

This resource was prepared by the authons) using Federal funds provided by the LS.
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with mare than one metabolic transformation were also con-
sidered. The final theoretical adduct list therefore consisted
of multiple target structures for each drug.

Calculated molecular ion masses of the theoretical adduct
structures were then compared to those observed in the
QTOF-MSMS analysis for each drug to identify tentative
positive hits. For these compounds, MS/MS fragmentation
data were then utilized for further confirmation of adduct
structure. Both GSH- and drug-specific fragments were con-
sidered in this analysic for maximum confidence in the
resultant structural assignments. Where present, exact stereo-
and regiospecificity of the covalent adduct bond was
not identified.

Results
Optimization of metabolismArapping assay system

Optimization of the in vitro assay system required numerous
factors to be examined. Incubation times of 1, 3, 6 and 12h
were examined with 3 h determined to be optimal for mas-
imum production of primary metabalites and minimal forma-
tion of secondary products. As reported by other investigators
(Meyer et al, 2014}, glutathione-5transferase (G5T) was
included in several trials to determine if its presence would
aid in the formation of adducts with GSH. However, there
was no observed increase in adduct formation, and GST
was therefore eliminated from the protocol for simplicity.
The addition of G&F and G6PD provided a regeneration sys-
tem for NADPH which allowed for optimal enzymatic activ-
ity for the duration of the incubation. Initial trials were
conducted with a drug: GSH molar mtio of 1:20, however
this was later changed to 1:2 (final concentration as stated
in Methods) by increasing the concentration of the drug of
interest in order to maximize the concentration of the
reactive metabolites formed. This ratio is higher than that
typically used in metabolic trapping assays. However, while
our initial experiments with lower drug concentrations did
yield positive results in the OQgQ screening procedure, the
higher ratio was necessary to produce suffident product for
the QTOF MS/MS analyses.

QgQ-M5 identification of GSH adducts

Figure 3a} shows an example of a product ion TIC for the
positive control drug APAFP. A large peak is present at RT
26min; the inset shows numerous additional potentially
relevant peaks at lower abundances. XIC analysis of APAP-
adducted GSH (Figure 3(b}} revealed one major product at
RT 268 min with m/z 455 and a minor product at RT
2.36min with m/z 471. Despite showing counts for the m/&z
272 fragment, other peaks in the TIC did not show chamacter-
istic GSH fragmentation patterns and were eliminated from
further consideration. The APAP-GSH adducts identified in
this experiment have been previously reported (Dahlin et al,
14984 Xie et al, 2013).

Using this approach, a total of 20 potentially significant
G5%H adduction products were identified by LC-0gQ-MS/MS

l.i_-\.
KENOBOTIC A ) 5

analysis for 10 of the 16 drugs examined, including APAP,
CLZ, COC, DZP, MDMA, MDPY, MOR, NAL, OXY and THC.
Multiple adduct structures were also observed for a number
of drugs. In contrast, G5H adducts were not observed for
ALP, BUP, DZP, META, METH and METY under the conditions
used in the study. Target products detected by low reso-
lution MS were then further examined using high resolution
LC-0QTOF-MS/MS analysis as described below.

QTOF-M5 identification of GSH adducts

Figure 2 shows the high-resolution mass spectrum of G5H,
with corresponding fragment structures indicated. Table 2
presents HRMS data (molecular formula, molecular jon and
characteristic fragment ions and proposed composition] for
all G5H adducts detected in the study, along with literature
reference if previously reported. The presence and relative
abundance of characterstic GSH fragments (ie. “&°, *F, 7"
and “K ions) and fragments associated with drug still bound
to G5H (Le. “d™ and *f" ions) provided important data to fur-
ther elucidate adduct identity and location of the drug-thiol
linkage (Xie et al, 2013). In addition, ions assodated with
fragmentation within the drug moiety itself were ocasionally
observed. Structural elucidation was facilitated by the gener-
ation of fregments at collision energies of 10, 20 and 40eV
(ie. top, middle and bottom panels of each adduct MS/MS
spectrum in Figures 4 and 5).

As an example of the procedure used to confimm GEH
adduct formation and identity based on HRMS data, the
molecular ion peak observed at my'z 455089 for APAFP was
consistent with a previowsly reported adduct of the parent
drug with GSH (APAPY; Figure 4{a} and Table 2} Major frag-
ment ions for this adduct induded the molecular ion (ms4
455.089), five fragments specific to GSH (ms 272089,
254.078, 210088, 143045 128.0456) (Mie et al, 2013), and a
fragment comesponding to the drug moiety bound to the
sulfur of G5H (mz 182.028). A second, less intense maolecular
ion peak for an acetaminophen-GSH adduct (APAPZ was
observed at méz 471.119, along with three fragments consist-
ent with GSH modifiation (m/s 272088, 143045 and
128.045) in addition to a fragment corresponding to the
drug moiety bound to the sulfur of GSH (m/z 198.025)
(Figure #{b} and Table Z). To determine potential structures
for this adduct the parent drug was subjected to manual
metabolic modifiation analysis using ChemDraw Prime soft-
ware [PerkinElmer, version 160} to produce a list of likely
alterations occurring from Phase | metabolism. This analysis
indicated that hydroxylation of the phenyl ring would pro-
duce calculated molecular ion and fragment masses consist-
ent with those observed. This proposed most likely adduct
structure has also been previously reported (Xie et al, 2013}

The same general procedure was repeated for all detected
putative drug-G5H adducts. Figure 5 shows QTOF MS/MS
spectra and proposed structures for all GSH adducts identi-
fied in the present study that have not been previoush
reported in the literature. For dozapine, three GSH adducts
were detected. Data for two of these (CLZ1 and CLZ2) are
consistent with adducts previously meported by other

This resource was prepared by the authons) using Federal funds prowided by the ULS.
Department of Justice. Opinions or points of view expressed are those of the authons) and do not
necessanty refiect the official position or poficies of the U.S. Depariment of Justice.
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Figure 3. (A) TIC of APAP + GSH collected by product ion scan mode via LC-QqQ-MS in negative ionization mode. Inset is zoomed-in portion around the base of
the major peak, showing multiple peaks with lesser intensities. (B) XICs for ions at m/z 471 and 455, the two relevant peaks of interest from the TIC.

investigators. In contrast, CLZ3 (Figure 5) represents a novel
GSH adduct structure for this drug. For CLZ3, the [M-H] ion
with m/z of 548.099 is consistent with loss of the entire
piperazine moiety, in addition to hydroxylation and rearoma-
tization following adduction with GSH. The peak labeled as a
“d” transition at m/z 275.005 corresponds to the neutral loss
observed from the cleavage of the sulfur of GSH from the
rest of the tripeptide. The resulting fragment represents the
metabolized CLZ moiety still bound to the sulfur of GSH. The
“k" ion corresponds to a characteristic GSH fragment.
Rearomatization of the benzene ring is supported by the
presence of the “k” peak and lack of an “i" peak, suggesting
that conjugation occurs at an aromatic site on the clozapine
metabolite (Xie et al., 2013).

DZP1 is a previously unreported adduct for diazepam and
was the only one observed for this drug. The presence of
the [M-H]™ ion at m/z 606.154 is consistent with a mechan-
ism involving reduction of the diazepine ketone in the par-
ent drug to a hydroxyl group, hydroxylation of the 5-phenyl

ring and covalent adduction of GSH with rearomatization of
the phenyl group. The specific fragment at m/z 588.142 is
consistent with cleavage of a hydroxyl group, most likely
that attached to the 5-phenyl moiety. The specific fragment
at m/z 315.044 may be derived via cleavage of both the 5-
phenyl hydroxyl and the phenyl C-S bond of the adduct.
Rearomatization of the phenyl ring containing the site of
adduction is supported by the presence of the “k” fragment
at m/z 272.098 in addition to the lack of an “/" fragment. The
remaining “b” and m/z 210.093 ions are each consistent with
GSH fragmentation.

MDPV1 is identical in MS/MS characteristics to a previ-
ously reported GSH adduct with this compound and which
represents adduction to a demethylenated diol metabolite
(Meyer et al, 2014). MDPV2 is the first of two previously
unreported MDPV adducts observed in this study. The [M-H]"
ion at m/z 498.172 most likely represents metabolic deme-
thylenation, as with MDPV1, in addition to further metabolic
loss of the pyrrolidine ring via N-deamination, followed by

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



Table 2. GSH adducts observed for all drugs tested, including proposed formula and composition and major ions.
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Drug Formula Composition lons observed? Reference®
CioH17N306S GSH 306.095, 272.106(k), 254.094, 210.103, 179.059, 160.020, 143.058(b), 128.046(f)

APAP1 Cy8H24N408S D + GSH-2H 455.089, 272.089(k), 254.078, 210.088, 182.028(d), 143.045(b), 128.046(f) Dahlin et al. (1984)

APAP2 CyH24N400S D + GSH + 0-2H 471.119, 272.088(k), 198.025 (d), 143.045(b), 128.045(f) Xie et al. (2013)

CLZ1 CygH34CIN;OgS D + GSH-2H 630.194, 357.095(d), 272.089(k), 254.078, 143.046(b) Zhu et al. (2007)

CLZ2 CygH36CIN,O,S D+ GSH+0 648.198, 272.089(k), 143.046(b) Zhu et al. (2007)

z3 C23H>4CINsO,S D+ GSH 4 O-CsHqoN,  548.101, 275.005(d), 272.095(k), 143.046(b) na

coc1 Cy7H3eN4041S  D+GSH+0 625.230, 565.055, 384.821, 306.080(i), 272.090(k), 194.950, 143.046(b) Schneider &
DeCaprio (2013)

DzZP1 Cy6H30CINsOgS D+ GSH+0 606.154, 588.142, 315.039, 272.088(k), 258.013, 210.089, 143.046(b) na

MDMAT  CyoH3oN40gS D GSH-CH, 485.189, 272.090(k), 212.771(d), 143.047(b), 128.045(f) Meyer et al. (2014)

MDMA2  C;H3oN408S D + GSH-2H 497.131, 272.091(k), 254.085, 143.047(b), 128.046(f) Meyer et al. (2014)

MDMA3  Cy9H,5N300S D + GSH + O-C,H/N 470.140, 436.793, 272.090(k), 197.030(d), 143.046(b), 128.045(f) Meyer et al. (2014)

MDPVT  Cy5H36N400S D -+ GSH-CH, 567.238, 294.118(d), 272.091(k) Meyer et al. (2014)

MDPV2  CyHyoN30sS D+ GSH-CsHgN 498.172, 272.089(k), 225.060(d), 143.046(b), 139.995 na

MDPV3  (5;HpN30:,0S D+ GSH + O-CsH;N 514.168, 378.808, 272.103(k), 241.068(d), 143.056(b) na

MOR1 Cy7H34N400S D + GSH-OH 589.219, 316.102(d), 306.077(i), 272.089(k), 210.089, 143.046(b), 128.045(f) Todaka et al. (2005)

NAL1 C30H3gN4010S D+ GSH-2H 645.249, 306.094(i), 272.105(k), 210.089, 143.057(b), 128.046(f) na

NAL2 C30H4oNs011S  D+GSH+0 663.260, 390.157(d), 358.184(j), 306.093(i), 272.105(k), 210.089, na

143.057(b), 128.046(f)

OXY1 CugH36N4010S D + GSH-2H 619.208, 408.012, 306.077(i), 272.958(k), 210.089, 143.057(b), 128.046(f) na

OXY2 CygH34N401:S D+ GSH + 0-4H 633.223, 306.076(i), 272.088(k), 210.089, 143.057(b), 128.046(f) na

THC1 C31H45N300S D+ GSH+0-2H 634.306, 361.205(d), 306.095(i), 272.106(k), 210.091, 143.058(b), 128.046(f) na

THC2 C31H4sN3010S D+ GSH + 0,-2H 650.301, 377.199(d), 343.193(j), 306.094(i), 272.106(k), 210.091, 143.057(b), 128.046(f) na

THC3 C31H45N3044S D + GSH + Os-H 666.297, 393.195(d), 359.190(j), 306.094(i), 272.106(k), 210.091, 143.057(b), 128.046(f) na

THC4 C31H41N301,S D+ GSH + 04-4H 678.304, 306.095(i), 272.106(k), 210.091, 143.058(b), 128.046(f) na

“Molecular ion in bold; letters in parentheses refer to characteristic GSH fragments according to nomenclature of Xie et al. (2013).
PLiterature reference for previously reported adduct; na — not previously reported.
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Figure 4. LC-QTOF-MS/MS spectra for the two GSH adduct peaks of interest observed for APAP; (A) m/z 455.089 and (B) m/z 471.119. The top, middle, and bottom
panel for each spectrum represents collision energies of 10, 20 and 40 eV, respectively. The use of multiple collision energies allowed for optimum generation of
identifying fragments.
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Figure 5. MS/MS spectra for all 12 previously unreported adducts. In online version, the molecular ion is represented in blue, GSH-specific peaks in green, and
structurally significant peaks for GSH-containing compounds in red. Letters in italics refer to characteristic GSH derived fragments. Proposed structures for 9 of the

12 adducts are also shown with GSH linkage indicated.

covalent adduction by the GSH thiol on the phenolic ring.
The presence of a “d” fragment at m/z 225.060 further sup-
ports the identity of the adducted drug moiety, as it corre-
sponds to the mass of the moiety plus the sulfur of GSH.
The presence of a “k” fragment with m/z 272.089 and lack of
a detectable “i” fragment strongly indicates linkage of the
GSH sulfur to an aromatic carbon. The remaining “b” ion at
m/z 143.046 represents a GSH fragment.

MDPV3 is a second unreported GSH adduct for this com-
pound. Similar to MDPV2, the [M-H]™ ion at m/z 514.168 is
consistent with demethylenation, loss of the pyrrolidine ring
and covalent adduction of the GSH thiol. However, the pre-
cursor ion mass for MDPV3 also indicates addition of a
hydroxyl group, most likely on the alkyl chain moiety. This
interpretation is corroborated by the presence of a “d” ion
with m/z 241.068. Again, the presence of a “k” fragment at

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 5. Continued.

m/z 272.103 along with the lack of an “i” fragment supports
an aromatic thiol linkage. The remaining “b” ion represents a
GSH fragment, while the ion at m/z 378.808 is unidentified.
Two naltrexone-GSH adducts were observed in the pre-
sent study and are the first such derivatives reported in the
literature. For NAL1, a [M-H]™ ion at m/z 645.249 is consistent
with unmodified precursor drug directly adducted to GSH.
The MS/MS spectrum clearly shows the presence of “k” ions
with lower intensities of “i” and “d” ions (Figure 5). While not

unequivocal, this pattern is most consistent with thiol conju-
gation to the benzene ring in naltrexone. The “f" and “b”
ions represent GSH fragments.

The MS/MS spectrum for NAL2 exhibits an [M-H]™ ion at
m/z 663.260, which is most consistent with GSH conjugation
to a hydroxylated metabolite. This interpretation is also sup-
ported by the presence of a “d” fragment at m/z 390.157
and a “j” fragment at m/z 358.184. The similar relative abun-
dances of the “k” ions along with the higher

"

and ‘i
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Figure 5. Continued.

abundance of “d” as compared to “/” ions suggest linkage of
the thiol sulfur of GSH to an aliphatic carbon in the drug
moiety (Xie et al.,, 2013). While Figure 5 shows one possible
structure consistent with these data, the position of the
hydroxyl group and C-S link cannot be unequivocally deter-
mined without additional information.

GSH adducts with oxycodone have not previously been
reported. In the present study, OXY1 exhibited a [M-H]™ ion
at m/z 619.208, consistent with GSH adduction to parent

drug. The presence of an “i" fragment at m/z 306.077 at a
much higher abundance than the “k” ion at m/z 272.958,
along with the absence of a “d” ion, is strongly suggestive of
a GSH thiol linkage to a benzylic carbon. The determination
of a benzylic linkage is in agreement with the literature on
GSH adduct linkage sites (Xie et al, 2013). Based on these
data, a possible structure for the OXY1 adduct is shown in
Figure 5. Evidence for a second GSH-oxycodone adduct
(OXY2) was also obtained. The [M-H]™ ion at m/z 633.223 is

This resource was prepared by the author(s) using Federal funds provided by the U.S.
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14 Da larger than the OXY1 species, suggesting GSH adduc-
tion to a metabolite of the drug. As with OXY1, the presence
of a high abundance “i" fragment at m/z 306.077 combined
with the lack of a “d” ion is strongly suggestive of a GSH
thiol linkage to a benzylic carbon. However, without add-
itional data, a putative structure for this adduct is
not proposed.

GSH adducts of A°-tetrahydrocannabinol (THC) have not
previously been reported in the literature. The present study
identified four species consistent with covalent adduction of
GSH with THC, all proposed to result from modification of
THC metabolites oxidized at the 11 position or on the pentyl
chain of the parent drug. THC1 exhibited a [M-H]™ ion at m/z
634.306, consistent with GSH adduction to 11-hydroxy-A®-
THC, a prominent metabolite of this cannabinoid (Dinis-
Oliveira, 2016). The presence of a major “d” ion at m/z
361.205 in addition to the “i" fragment further supports this
interpretation. The data most support a benzylic C-S linkage
between the drug moiety and GSH, based on the substantially
higher intensity of the “/” fragment as compared to that of
the “k” ion (Figure 5). However, due to the presence of a def-
inite “d” fragment, an aliphatic linkage cannot be entirely
ruled out.

The THC2 moiety exhibited a [M-H]™ ion at m/z 650.301,
which is consistent with conjugation of GSH with another
common THC metabolite, i.e. 11-nor-9-carboxy-A°-THC. This
interpretation is also supported by the presence of a “d”
fragment at m/z 377.199. The covalent linkage between the
drug moiety and the GSH sulfur is most likely aliphatic, since
the intensity of the “k” ion (at m/z 272.106) is higher than
that of the “i” fragment at m/z 306.094.

The structures of the detected adducts represented by
THC3 and THC4 are more speculative, as they appear to
involve adduction of secondary oxidized THC metabolites.
For example, THC3 exhibited a [M-H]" ion at m/z 666.297,
which would be consistent with GSH adduction to a
hydroxylated metabolite of 11-nor-9-carboxy-A°-THC, a con-
clusion further supported by the presence of the drug-spe-
cific “d” fragment at m/z 393.195. The lack of prominent “i"
ions in the spectrum suggests linkage of aromatic carbon to
the GSH sulfur. The MS/MS spectrum of THC4 exhibited a
[M-H]™ ion at m/z 678.334, i.e. 38 Da higher than observed
for THC2. This observation would be consistent with GSH
adduction to a metabolite of 11-nor-9-carboxy-A®-THC con-
taining a second carboxyl function. Furthermore, the appear-
ance of “/" ions at much higher intensity than “k” ions, in
addition to the absence of “d” ions in this spectrum, sug-
gests a linkage of the GSH sulfur to a benzylic carbon.
Nevertheless, additional data are required to identify the
exact nature of the metabolic modifications present in the
THC3 and THC4 adducts and the location of the C-S linkage
in each species.

Discussion

This research explored the capability of selected drugs of
abuse to form adducts with the tripeptide glutathione. The
formed adducts result from covalent bonds between the
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nucleophilic sulfur in GSH and an electrophilic site on the
parent drug or a metabolite. The formation of GSH-based
adducts with drugs of abuse has only been sparingly
reported in the literature, with available data limited to
cocaine (Schneider & DeCaprio, 2013), MDMA and MDPV
(Meyer et al, 2014), and morphine (Todaka et al., 2005). In
these examples, MDMA was the only compound with
reported GSH adducts formed by both the precursor drug
and a metabolite. While previous work with these drugs has
demonstrated the capability to form adducts with GSH, there
is clearly a lack of available information on this phenomenon
for other widely abused substances.

Of the 22 GSH adducts observed in this study, nine have
been previously reported in the literature (see Table 2 for
references). The structures reported previously have masses
which match closely with those observed in spectra collected
in the present study (Dahlin et al., 1984; Meyer et al.,, 2014;
Schneider & DeCaprio, 2013; Todaka et al., 2005; Zhu et al.,
2007). A direct comparison of our spectral data with previous
reports is possible for MDMA and MDPV, where negative
mode MS ionization and analysis was also utilized. MS/MS
data for fragments of GSH and GSH containing compounds
and molecular ion exact masses observed for MDMAT1,
MDMA2, MDMA3 and MDPV1 in the present study agree
with the data previously reported with negative mode ana-
lysis (Meyer et al., 2014).

Manual metabolite prediction analysis suggested that, in
many cases, formation of the adduct is associated with an
“NIH shift” pathway. There are several proposed mechanisms
by which an NIH shift may occur, however, the prevailing
theory, which has been experimentally corroborated, involves
formation of an unstable epoxide which then undergoes a
hydride shift (Jerina & Daly, 1974; Ortiz de Montellano &
Nelson, 2011). While this process is typically followed by a
rearomatization step, in situations where GSH or a similar
nucleophile is present, rearomatization is not always seen
(Guengerich, 2003).

Plausible structures are proposed for the majority of the
previously unreported adducts identified in the present
study, based upon HRMS accurate mass and MS/MS data
and likely metabolic transformations. However, for the OXY2,
THC3 and THC4 adducts, the available data were insufficient
to propose a structure with a high degree of confidence. The
fragmentation patterns suggest that both OXY2 and THC4
have benzylic covalent thiol linkages, while THC3 likely con-
tains an aromatic linkage. The molecular ion masses of THC3
and THC4 seem to suggest further metabolic modifications
to the metabolite 11-nor-9-carboxy-A®-THC prior to covalent
adduction with GSH, such as a hydroxylation or further carb-
oxylation. OXY2 also appears to have undergone additional
metabolic modification prior to adduction, although the
exact steps are unclear.

While NALT and OXY1 have an adduct mass which corre-
sponds to the parent drug directly bound to GSH without
any other modifications, the other structures proposed for
GSH adducts in Table 2 represent adducts formed by one or
more primary metabolites of the drug. One of the initial
metabolic steps is likely to be hydroxylation, as is consistent
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with the proposed structures for CLZ1, DZP1, MDPV3 and
NAL2. Hydroxylations are common oxidative steps in the
metabolic pathways of CLZ, DZP and MDPV, although this
pathway has not been reported for NAL (de Almeida et al.,
2015; Schaber et al., 1998; Yamada et al., 2005).

Structures consistent with bond cleavage within the drug
moiety were also observed for three of the adducts. CLZ3 is
proposed to have lost the piperazine ring in addition to
undergoing hydroxylation and rearomatization. While this
particular metabolite has not previously been reported in the
literature, there have been observations of modifications to
the piperazine ring in CLZ, indicating that it may be a site of
potential metabolic processes resulting in loss of piperazine
ring (Dragovic et al., 2013). Loss of a piperazine ring has
been exhibited in the metabolism of other heterocycle con-
taining compounds such as aildenafil (Li et al., 2014).

Formation of MDPV2 is associated with loss of the methy-
lene bridge and pyrrolidine moiety (via oxidative deamin-
ation) in addition to rearomatization, while MDPV3 may form
via the same process in addition to a hydroxylation on the
resultant alkyl chain. Demethylenation, common to either the
orthocatechol or orthoquinone, and oxidative deamination of
methylenedioxy type drugs has been reported in the litera-
ture (Meyer & Maurer, 2010; Yamada et al., 2005). The ortho-
quinone formed by some methylenedioxy drugs has been
reported to be the reactive metabolite responsible for toxicity
(Kalgutkar et al., 2005). As mentioned previously, some of the
drugs underwent a rearomatization step following GSH
adduction and NIH shift (CLZ1, MDPV1, MDPV2, NAL1, OXY1,
THC1 and THC2) while others did not (DZP1 and NAL2). This
observation is similar to what has been generally reported in
the literature involving NIH shifts (Guengerich, 2003).

GSH adducts with A°-THC have not been previously
reported. The proposed structures for THC1 and THC2 are
consistent with adducts formed from the stable metabolites
11-OH-A°-THC and 11-nor-9-carboxy-A°-THC, respectively,
with direct binding to GSH. The fragmentation patterns and
peak ratios discussed in the Results section indicate the thiol
linkages appear to be benzylic for THC1 and aliphatic for
THC2. The fact that these adducts are consistent with the
stable metabolites implies that there may be a reactive inter-
mediate formed, allowing for electrophilic interactions with
the thiol moiety from GSH.

For the MS analysis of the GSH compounds in the present
study, negative mode scanning was utilized. This was chosen
primarily to facilitate analysis of adducted GSH fragmenta-
tion. GSH fragmentation patterns in negative mode are well-
established in the literature, and in fact have been studied
for a variety of covalent adducts, including those with aro-
matic, aliphatic and benzylic linkages (Dieckhaus et al., 2005;
Xie et al., 2013). The observed transitions also provided more
prominent and clearer ion signals than those following initial
analyses utilizing positive mode scanning. Additionally, many
of the parent drugs included here do not produce prominent
molecular ions or fragment ions in negative mode, thus mini-
mizing potential interferences due to coelution with
unreacted drug present in the assay mixture at significantly
higher concentrations than the formed adducts.

While positive mode analysis of the novel GSH adducts
could provide additional data for structural confirmation, pre-
liminary use of positive mode for several of the drugs in the
present study did not provide useful fragmentation data. As
other authors have reported, positive mode ionization is not
always helpful for characterization of GSH adducts, particu-
larly with certain drugs where doubly charged [M -+ 2H]"
ions are formed, as these do not allow for the neutral loss
analysis which is generally utilized in positive mode GSH
studies (Dieckhaus et al., 2005). Although negative ionization
mode alone did not provide the data necessary for complete
structural analysis of all adducts, this approach did provide
sufficient information to determine a plausible adduct struc-
ture for most of the drugs under study. Unequivocal struc-
tural confirmation, including identification of regioselectivity
of adduct formation where present, will require additional
work with synthetic standards and further analysis by HRMS
and definitive techniques such as NMR.

The present work utilized in vitro reactive metabolite trap-
ping assays to generate adducts of GSH and a number of
common drugs of abuse. The ability of many of these com-
pounds and metabolites to bind to GSH has implications for
both toxic mechanisms of action and approaches to longer-
term exposure biomonitoring for these drugs. The data also
suggest that many of these drugs have the potential to bind
to protein thiols in vivo. This phenomenon may have import-
ant implications for longer-term biomonitoring of abused
drugs, where analysis of such adducted protein could be
usefully applied in areas of drug testing and forensic toxico-
logical analysis. At the present time, hair analysis is the only
available method for long-term detection of illicit drug use.
However, hair analysis suffers from methodological and inter-
pretive challenges, and the mechanisms by which most
drugs incorporate into hair are not clearly established
(Wennig, 2000). Current work in this laboratory is focused on
assessing thiol modification in human proteins by reactive
metabolites of abused drugs and developing technology for
routine monitoring of such modifications as an alternative to
hair analysis.
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