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Introduction
Reactive Metabolites (RM) have been related to the risk of Idiosyncratic Drug Toxicity 

(IDT). The mechanism is believed to involve covalent binding of RM to cellular proteins causing 
IDT [1,2]. The potential for RM formation is routinely tested in lead optimization phase of drug 
discovery to identify compounds with excessive RM risk [3]. One way to experimentally address 
this question is to perform in vitro metabolism studies in the presence of the tripeptide glutathione 
(γ-glutamylcysteinylglycine, GSH) as a nucleophile in the media in order to trap any thiol-reactive 
electrophilic metabolite. Other types of RM could be detected using other trapping agents. Due to 
the advantage of the specific fragmentation of the GSH molecule, such screening assays have been 
implemented by most pharmaceutical companies as part of the screening cascade during compound 
optimization in the drug discovery process [4]. 

Numerous methods based on mass spectrometry are published to detect GSH conjugates in 
vitro, but the automation of these methods as well as the identification of the drug moiety and 
the site of attachment of the tripeptide currently is key to efficiently support the drug discovery 
efforts. Precursor Ion Scanning (PreIS) is a standard method that has been used up to today [5], 
because of the enhanced sensitivity and selectivity of detection the molecular ions. It does not 
provide fragmentation data and only be used for known mechanisms. However, High-Resolution 
Mass Spectrometry (HRMS) is a powerful technique currently available to identify and elucidate 
the structure of GSH adducts with mass accuracy in complex biological matrices [6]. At this point, 
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Abstract

The bioactivation of drugs to Reactive Metabolites (RM) has been related to drug-induced liver injury and 
hypersensitivity reactions in patients. Therefore, many pharmaceutical companies are investigating the potential 
to form reactive metabolites in vitro as an integral part of the optimization of drug candidates. A computer-
assisted workflow to efficiently analyze larger numbers of compounds for the formation of glutathione trappable 
RM is presented here. A set of 95 compounds with known bioactivation potential was selected for this study. 
Incubations with human liver microsomes were prepared with GSH. The acquisition of MS/MS spectra was 
triggered by ion intensity. MS with singly and doubly charged ions were used for peak detection and MS/MS 
spectra were used for structural elucidation. A confidence classification system for the GSH peak detection 
(high, medium, low) was developed based on the detection of characteristic fragment ions or neutral losses and 
applied to remove potential false positive results. A comparative analysis of the HRMS results with literature 
data was carried out. The most frequently observed Neutral Loss (NL) found in singly charged GSH adducts 
(drug-glutathione conjugates) were, the Neutral Loss (NL, 129 Da) and Fragment Ion (FI, m/z 308) and in the 
doubly charged ones the Fragment Ion (FI, m/z 130). These NL and FI were used to identify GSH-related drug 
metabolites. MS/MS spectra were inspected to aid structural elucidations: 17% of drug substrates and 29 % of 
GSH adduct metabolites were identified with only doubly charged ions, stressing the importance of considering 
this charge state in the identification workflow. A total of 41 compounds that form GSH adducts were retrieved 
from literature (HRMS, identified 28 compounds (68%) in high confidence, and the same result was obtained 
using precursor ion scan). By the confidence analysis of GSH peaks, the quality of the each GSH adduct was 
determined.
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the loss of constant Neutral Fragments (NL) and the characteristic 
GSH related Fragment Ions (FI) has been useful to interpret the 
conjugations of GSH adducts. 

During mass spectrometric analysis, glutathione may undergo 
cleavage and leads to characteristic neutral loss of glycine (75.0320 Da) 
and pyroglutamic acid (129.0426 Da). In addition, other characteristic 
NL fragments were also reported, for example, 232.0696, 249.0691, 
273.0961, 275.1117Da NL that are attributed to the cleavage of the 
cysteinyl C-S bond of the GSH moiety. The GSH molecule itself might 
be lost as neutral moiety (307.0838 Da) and/or can form a specific 
fragment ion [GSH +H]+ (m/z 308.0911). The molecular ions appear 
by the cleavage of the C-S bond between the drug and GSH. Finally, 
the fragment ions with m/z e.g. 179.0485, 177.0328 and 162.0219 Da, 
which were derived from the glutathione moiety, were reported [7,8].   

This work describes a novel approach for the detection and 
structure elucidation of reactive compounds trapped with GSH. 
Mass-Meta Site [9] and Web Metabase [10,11] software were used 
to process the HRMS raw data in a highly automated workflow. In 
addition to the singly charged ions, which were recently reported 
[8], the detection of doubly charged GSH adducts was introduced. 
MS/MS spectra were inspected for fragments originating from singly 
and doubly charged GSH adducts with the new workflow. Herein, 
the structural proposals of both ions (singly and doubly charged) 
were consolidated for the interpretation of the MS/MS spectra. 
In addition to the automatic peak finding algorithms [8], the new 
workflow includes a new list of GSH related FI obtained from the 
doubly charged adduct. This improvement represents an incremental 
advance in the ability to detect doubly charged GSH trapped reactive 
drug metabolites in an automated way. Moreover, a new system 
to process HRMS data automatically by marking and filtering of a 
specifically desired group of adducts is presented in this workflow. 
In order to avoid false positive results, a classification of confidence 
groups (high, medium and low levels) was developed by the GSH 
peak criteria by analyzing the quality and reliability of a labeled GSH 
adduct.    

Materials and Methods
Data set

Ninety-five (95) commercially available compounds were used in 
this analysis. Aminopyrine [4,12], Amodiaquine [13], Benzbromarone, 
Ethinylestradiol, Ezetimibe, Tolcapone [8], Acetaminophen, Acetyl-
salicylic acid, Amitriptyline, Amlodipine, Aripiprazole, Atorvastatin, 
Bromfenac, Buspirone, Captopril, Carvedilol, Clopidogrel, 
Citalopram, Diazepam, Diclofenac, Donezepil, Enalapril, Felbamate, 
Fluoxetine, Furosemide, Gabapentin, Lisinopril, Lorazepam, 
Memantine, Nifedipine, Olanzapine [4], Quetiapine, Phenytoin, 
Procainamide, Ranitidine, Sertraline, Simvastatin, Sitagliptin, 
Sulfamethoxazole, Valsartan, Venlafaxine, Verapamil, Warfarin and 
Zolpidem [3], Carbamazepine [14], Cilazapril [15], Clozapine [16], 
Flutamide [17], Imiloxan [18], Moclobemide [19], Nefazodone, 
Haloperidol, Indomethacin [20], Nevirapine [4,21,22], Probucol 
[23], Rimonabant [24], Caffeine and Ritonavir [21], Ticlopidine 
[25], Tienilic-acid [26], Pioglitazone, Rosiglitazone and Troglitazone 
[27], Dilthiazem, Diphenhydramin, Erythromycin, Imipramine, 
Tacrine, Valproic-acid, Zafirlukast [28], Alprazolam [29], Baclofen 
[30], Desipramine [4,31], Hexobarbital [32], Risperidone [33], 

Gemfibrozil [34], Propranolol and Tamoxifen [2], Sumatriptan 
[35], Amantadine, Atropine, Chlorpromazine, Dextromethorphan, 
Fenofibrate, Levofloxacin, Lidocaine, Olmesartan, Pentobarbital, 
Pindolol, Pravastatin, Prazosin, Tocopherol acetate, Paroxetine [36] 
and Zomepirac [4]. 

Chemicals and reagents 

All chemicals and reagents were used at the highest quality 
available and were obtained from standard commercial suppliers. 
The pharmaceutical test compounds were obtained from Sigma-
Aldrich (Buchs, Switzerland), Toronto Research Chemicals 
(Toronto, Canada), Ark Pharm (Libertyville, USA) or from the 
Roche compound depository. The GSH trapping experiments 
were performed in Human Liver Microsomes (HLM) incubations 
including GSH and the drug under investigation. Pooled mixed 
gender Human Liver Microsomes (HLM) were purchased from BD 
Biosciences (Woburn, MA. USA). Glutamine was obtained from 
Life Technologies Invitrogen (Lucerne, Switzerland) and acetonitrile 
LC-MS grade from Fischer Scientific (Wohlen, Switzerland). The 
water of chromatography grade and Magnesium Dichloride (MgCl2) 
was obtained from Merck (Darmstadt, Germany). β-nicotinamide 
adenine dinucleotide phosphate reduced tetrasodium salt (NADPH), 
formic acid p.a. was purchased from Sigma-Aldrich (St. Louis, MO, 
USA).  

Incubations with HLM and trapping conditions

All compounds were incubated using a 96-deep-well plate 
(Eppendorf) at 20 µM (addition of 1 µl of 10 mM DMSO stock 
solution) in 450 µl of 0.1 M sodium phosphate buffer at pH 7.4 
containing Human Liver Microsomes (HLM). Microsomal protein 
concentration was 1 mg/ml. Pipetting was performed using a TECAN 
pipetting robot. The buffer was prepared at room temperature by 
combining 2.62 g NaH2PO4*1H2O and 14.43 g Na2HPO4.2H2O 
dissolved in H2O (Millipore, >18 MΩ) to a weight of 1000 g (pH 7.4). 
After 5 minutes of pre-incubation at 37°C, the reaction was started 
by adding 50 µl of buffer containing GSH (100 mM) and NADPH 
(20 mM). Fresh stock solutions of GSH and NADPH were prepared 
straight before each experiment. The final concentrations were 5 mM 
for GSH and 1 mM for NADPH. After 60 minutes of incubation at 
37°C (shaking at 800 rpm), the reaction was quenched with 500 µl of 
cold acetonitrile and centrifuged at 5000 x g at 4°C for 11 minutes.  

Bio-analytical methods

Two different methodologies were used for the analysis of 
the samples. Firstly, as a standard method in order to validate 
our results internally, LC-MS/MS analyses were performed on a 
triple quadrupole-linear ion trap mass spectrometer (Q-TRAP 
4000, AB Sciex, Warrington, UK) interfaced with a Shimadzu high 
performance liquid chromatography system. Sample clean-up and 
chromatography of analytes were performed on-line by a column-
switching set-up of two HPLC columns. From each sample 50 µl were 
injected (Shimadzu Sil HTC) and loaded with water containing 0.1% 
formic acid onto a trapping column (Waters Oasis HLB 2.1 x 10 mm, 
25 µm) with a flow rate of 0.3 ml/min. After 1.5 minute the trapped 
analytes were then flushed (included a change in flow direction on 
the trapping column) onto an analytical column (Waters Atlantis T3 
2.1 x 100 mm, 3 µm) with a total flow of 0.2 ml/min starting with 
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95/5% water containing 0.1% formic acid/acetonitrile. The fraction 
of acetonitrile was increased to 20% acetonitrile between 2 and 2.5 
minutes, to 70% at 10 minutes and to 98% at 11 minutes. After 12 
minutes the analytical column was equilibrated to start conditions 
(5% acetonitrile). The trapping column was washed with acetonitrile 
for 1 minute at a flow rate of 1.5 ml/min and equilibrated for 1.25 
minutes with water containing 0.1% formic acid at a flow rate of 1.5 
ml/minutes. The total running time was 14 minutes per sample. 

Mass Spectrometer was operated with Q-TRAP 4000 equipped 
with an electrospray ionization source (Turbo V), both from AB 
Sciex. Based on a published method of Dieckhaus [1] a precursor ion 
of (m/z 272) survey scan (PreIS) method was used to detect GSH-
conjugates in negative ion mode. Briefly, as survey scan ions (400 to 
900 amu within 2 seconds) are scanned for precursors of m/z 272 
amu, the ion spray voltage was -4200 V, the source temperature 500°C, 
nitrogen was used as curtain and collision gas. If the parent molecule 
exceeds a molecular mass of 500 the scan range was changed to 500 
amu to 1000 amu within 2 seconds. For signals in the survey scan 
exceeding 7500 cts (that was approximately 5-times the background 
signal), enhanced resolution scan and an enhanced product ion scan 
was triggered. This allows for isotope determination and confirmation 
of a positive GSH adduct by the presence of diagnostic fragment ions. 
Further instrument settings were as follows: Curtain gas: 30 psi, 
CAD gas: 10 psi Gas 1: 30 psi, Gas 2: 50 psi, declustering potential: 
-70 V, entrance potential: -10 V, collision energy: -24 V and cell exit 
potential -15 V. 

Secondly, the incubations were analyzed by HRMS method to 
obtain the main data for the described new workflow data analysis. 
Chromatographic separation of adducts was performed on an 
ACQUITY Ultra Performance Liquid Chromatography (UPLC) 
System (Waters, Milford, MA, USA) using an ACQUITY UPLC 
HSS C18 column (2.1 x 50 mm, 1.8 µm) at 50°C. The mobile phase 
consisted of 0.1% formic acid in water/acetonitrile (eluent A; 95/5, 
v/v) and 0.1% formic acid in acetonitrile (eluent B) at a flow rate of 
0.5 ml/min. The initial condition was 0% B, which was maintained 
for 1 min. Eluent B was then increased to 70% over 3.5 min and 
further to 99.9% over 0.1 min where it was maintained for 1.4 min. 
Subsequently, eluent A was adjusted to 100% over 0.1 min and re-
equilibration was performed until the end of the run at 8.5 min. 

MS/MS analyses were run on a Triple TOF 5600+ System (AB 
Sciex, Warrington, UK) mass spectrometer operated in Positive 
Electrospray Ionization (ESI) mode. MS/MS experiments in HRMS 
were performed using with the following source parameters (parameter 
types are source and gas): CUR*=25 psi (Curtain Gas), GS1=45 psi 
(Ion Source Gas 1), GS2=60 psi (Ion Source Gas 2), ISVF=5500 V 
(Ion Spray Voltage Floating), and TEM=500°C (Temperature). 
The settings for the TOF MS were; CE=10 eV (Collision Energy), 
DP=80 eV (De-clustering Potential), Mass Range 100-1200 m/z 
and Accumulation Time 50 ms. The IDA (Information Dependent 
Acquisition) criteria were as follows: Intensity was greater than 500 
cps, Spectra was 10, target ions were excluded after 3 occurrences for 
2 seconds, Mass Tolerance was 25 ppm, excluded after 3 occurrences, 
excluded isotope was 2 Da. The settings for the MS/MS were CE=40 
eV, CES=20 eV (Collision Energy Spread), DP=80 eV, Mass Range 
m/z 50-1200, Accumulation Time: 30 ms and Cycle Time: 340 ms.

Processing data

Data acquisition for Precursor Ion Survey Scan (PreIS) method 
was performed using Analyst 1.4.2, data analysis, i.e. sample control 
(solvent) comparisons were performed with Metabolite ID 1.3 (AB 
Sciex).

The HRMS data were processed using Mass-MetaSite “MetaSite 
5.0.3 Mass 3.1.3” and “WebMetabase release-2.0.2” (Molecular 
Discovery Ltd., Middlesex, UK). Mass-MetaSite is the software 
to process HRMS data and interpret fragment ions rationally for 
metabolite identification [9-11,37]. Mass-MetaSite was used in 
the chromatographic peaks detection of the potential drug-related 
GSH adducts and in the structural elucidation for each GSH-
adducts. Herein, Troglitazone, Diclofenac, and Nefazodone were 
included as experimental positive control compounds in the batch 
of Mass-MetaSite. All data (chromatograms, MS and MS/MS spectra, 
definitive/MarkusGSH-adduct structures) was stored in a searchable 
database mining tool named “WebMetabase”, which can be used 
for SAR analysis (structure–activity relationships), identification of 
chemical motifs and comparison of GSH related metabolic pathways 
for large compound sets. 

Mass-MetaSite settings

The Mass-MetaSite settings required for reproducing the 
results are reported in Table 1. The settings are the profile used by 
the MetaSite-Batch-Processor to run the analysis. Mass-MetaSite 
procedure to label GSH adducts peaks is based on 3 algorithms: 
GSH related FI, related constant NL and the related reactions 
(GSH-conjugation and common CYP mechanisms). Mass-MetaSite 
automatically adds asterisks (*) and exclamations marks (!) to the 
adduct names of NL and FI, respectively.    

The methodology solely based on singly charged ions for the 
NL and FI detection was reported previously [8]. In this study, the 
workflow is updated by searching FI and NL of GSH molecule in MS/
MS spectra coming from the both singly and doubly charged GSH 
adducts. These singly and doubly charged ions were used during 
the structure elucidation process by generating MS/MS spectra that 
consolidated both charged ions. 

Figure 1, shows how the software automatically reviews the 
MS/MS spectra for NL and FI of the GSH molecule. Herein, NL of 
129.0426 and FI of m/z 308.0911 for singly charged adducts and m/z 
130.0499 for doubly charged adducts were set up as trigger ions by 
the user. These values were selected after a preliminary statistical 
analysis. According to the approach, if the initially defined NL or FI 
m/z were detected, the system would trigger the analysis for other NL 
(75.0320, 146.0692, 275.1117, 273.0961, 307.0838, 305.0682, 232.0696 
and 249.0691) and FI (162.0219, 177.0328, 179.0485, and 308.0911). 
GSH adducts that show (1) NL in the MS/MS spectra were labeled by 
adding an asterisk sign (*) and (2) FI in the MS/MS spectra by adding 
exclamations mark sign (!) in the name of the compound. If none of 
these trigger ions were identified above a predefined threshold, the 
mass chromatogram was inspected for expected masses (m/z) of GSH 
conjugations in doubly and singly charged ions based on common 
and compound-specific biotransformation reactions. If there is not 
any mass (m/z) related with GSH conjugation, then the system does 
not look for any other possibility and skips the compound in the 
analysis to mark it as (non) GSH related compound. 
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Mass-MetaSite-WebMetabase workflow

In order to process HRMS data by marking drug-GSH adducts 
automatically, several settings must be configured in the Mass-
MetaSite/WebMetabase procedure (Figure 2A). The processed results 
and the raw data files were uploaded automatically by Mass-MetaSite 
into WebMetabase where the experimental results were consolidated. 
Once Mass-MetaSite settings were set (Table 1), then an experiment 
protocol was configured in WebMetabase to map the experimental 
variables/properties.

WebMetabase macro settings required to reproduce the results 
are reported in Table 2. A macro is a set of rules to filter the detected 
peaks specifically when the results were uploaded into WebMetabase. 
For instance, GSH adducts can be selected with a specific range of score 
and of MS area. A limit of absolute ppm value (m/z) and excluding 

red peak metabolites (unassigned structures) from theexperiment 
can also be applied to restrict the adduct selection. By using the 
macro function in this automated workflow, the GSH adducts were 
sorted out and automatically assigned to a defined “GSH” metabolite 
group. Herein, “flags” were applied to the uploaded experiments to 
label them if they were containing at least one peak in the “GSH” 
metabolite group. The flag is a predefined variable and was named as 
GSH-FLAG by macro labeling system (shown in Table 2).

Figure 2B shows the utilization of the workflow for the 
automation of HRMS data processing. The data was loaded into the 
batch processor of Mass-MetaSite and treated according to the rules 
shown in Figure 1 and settings shown in Table 1. Then, the results 
were uploaded into WebMetabase. During this uploading process, 
the system applied the macro function to the labeled (GSH related) 
chromatographic peaks as GSH-FLAG in agreement with previously 

Table 1: Mass MetaSite settings are shown with experimental details.

Import Protonation policy Neutralize
  Maximum number of conformers 20
Metabolite generation Minimum mass 50
  Metabolite stereochemistry and redundant metabolites ignored
  MIM (the percentage of the monoisotopic mass of the parent) 30%
  Common cytochrome P450 and GSH-conjugation reaction mechanisms all
Mass settings, experiment Retention time range (min) 0.5 min to 10 min
  GSH mode activated
Mass settings, MS peaks Maximum metabolite counts limit not used
  Peak area threshold (%) 0.50%
  Peak area threshold (absolute) 100
  Peak detection smoothing high
Expected metabolites Rescue computed DRM peaks used
  Split computed DRM peaks not used
  Isotopes, pattern filtering tolerance (%) 20
  Adducts; positive (Na+, K+, NH4+) used
  Neutral Losses included
  Dimeric Ions included
  Unexpected metabolites included
Mass settings, charges Multiple-charge ions included and set to max (z) 2

GSH specific NL (in Da) 75.0320, 129.0426, 146.0692, 232.0696, 249.0691, 273.0961, 275.1117, 
305.0682, 307.0838 applied

The NL trigger was set to 129.0426
GSH specific FI (at m/z) 130.0499, 162.0219, 177.0328, 179.0485, 308.0911 applied
  The trigger of FI was set to 308.0911
Doubly charged GSH FI (at m/z) fragment ion trigger (130.0499 m/z) and specific fragment ion (76.0393 m/z) applied
Mass settings, Met ID Number of metabolite generations 3
  Compound fragmenting, bond breaking limit 4
  Even electron MS and MS/MS
  Odd electron MS and MS/MS
  N-Oxide MS
Mass settings, DD-MS/MS Mass spectrometer AB Sciex Triple-TOF
algorithms, thresholds Same peak tolerance (amu) 0.01
  Chromatogram automatic filtering threshold 0.97
  MS automatic filtering threshold 0.95
  MS/MS automatic filtering threshold 0.85
  Ionization mode positive [M+H] +

  Spectra comparisons for “Maximum MS/MS level" 2
  Signal filtering automatic
  Scan filtering automatic
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defined rules (shown in Table 2). The workflow employs a query in the 
database to find the experiments and a review tool to edit experiments 
and to summarize the GSH adducts findings of the study compounds.    

GSH-confidence criteria

In order to evaluate the quality of the structural assignment of 
the relevant GSH adduct, a classification of confidence groups was 
created attending to the criteria specified in Table 3. In this way, it 
is also targeted to avoid the false positive adducts. According to this 
analysis in Table 3, checkmark sign (√) was used to indicate that the 
GSH peak criteria concept was verified. In this criteria, substrate peak 
(if it is existing), structure assignment (if the system could provide an 
assigned structure to the found peak), fragmentation (if diagnostic 
fragments were detected for the interpretation), isotopic pattern (if 
expected pattern was observed for singly or doubly charged ions), 
MS/MS spectra (if there were MS/MS spectra acquired for the singly 
or/and doubly charged ions), ppm<5 (if adduct molecular ion had 
difference between observed and calculated masses (m/z) lower than 5 
ppm), score (if score of Mass-MetaSite was higher than 200), asterisks 
and exclamation marks (if NL and FI were detected) were taken into 
account. GSH adducts were classified as: (1) high confidence when 
all the required criteria were applied, (2) medium confidence when 
adducts did not show fragmentation or isotopic pattern features 
and (3) low confidence when adducts did not show GSH and parent 
related fragmentation ions in the MS/MS spectra, isotopic pattern, or 
additionally structural assignment.

Results
The results of GSH trapping method for a set of publicly 

known 95 drug compounds were obtained based on the application 
of automated workflow. The analysis is based on the data from 

Figure 1: Automated workflow for GSH adduct identification based on characteristic trigger ions (HRMS data were used for this workflow).

Table 2: Web Metabase macro settings are shown with experimental details.

TABLE 2: WebMetabase Macro Settings
Filters:  

Filter name: GSH

GSH-adducts contains: *, !

 
 
 Filter Reactions:
 
 
 
 
 
 
 

GSH Conjugation (aromatic bond)

GSH Conjugation (carboxylic acid)

GSH Conjugation (double bond)

GSH Conjugation (epoxide)

GSH Conjugation (extended conjugation)

GSH Conjugation (halogen)

GSH Conjugation (isothiocyanate)

GSH Conjugation (triple bond)

GSH Conjugation and dehydration

Epoxidation and GSH Conjugation

Dehydrogenation and GSH Conjugation

Metabolite group: GSH

Experimental Flags:
 

GSH_FLAG

GSH_NO_FLAG

Macro's:  

Macro name: GSH 

Filter to use: GSH

include: GSH-adducts lower than 5 (absolute) ppm

include Singleton GSH-adducts

exclude: Red peak metabolites without formula
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Precursor Ion Scanning (PreIS) of m/z 272 in negative mode, HRMS 
and literature review. In this article, we used the HRMS data for 
the purpose of presenting the described new workflow. Thus, an 
automated structural elucidation was accomplished for each GSH 
adduct based on the MS/MS fragmentation (out of HRMS data) and 
the MassMetaSite algorithm. The GSH adducts were fragmented 
under positive ion conditions. The list of generic NL and FI often 
observed for GSH adducts was reported previously [8]. In this article, 
GSH adduct identification based on doubly charged molecular ions 
is introduced. In addition to the singly charged the GSH adduct 
analytes, the new method can also use doubly charged adducts for 
peak detection and to trigger MS/MS (Table 4). 

The frequency analysis of NL in singly charged GSH adduct ions 
bar plot is shown in Figure 3A. Since the most frequent ion was 129 
NL, it (129.0426 Da) was chosen as a trigger for the GSH adduct 
filtering in the case of singly charged adducts. Therefore, if this NL 
was found, then the system looked for all the other NL(s) according 
to the trigger ion approach. Figure 3B shows that, after the 129 NL, 
the FI at 308 (308.0911 m/z) was the most frequently observed one 
if singly charged GSH adduct ions were fragmented, and therefore it 

was chosen as the trigger for the FI filtering. The frequency analysis of 
FI in doubly charged GSH adduct ions bar plot is presented in Figure 
3C. Herein, 130 FI (130.0499 m/z) from the doubly charged precursor 
ion was the most frequently observed ion and so it was chosen as a 
specific trigger for compound classification. In addition, the m/z at 
76.0393 was observed as the second most observed FI from a doubly 
charged precursor ion in Figure 3C. For this reason, it was placed 
as a complementary FI of doubly charged GSH adduct ions in the 
workflow, shown in Figure 1.

Since one of the parameters used for detection of the GSH adducts 
is the NLs and FIs that are typically detected in MS/MS spectra, 
the presence of MS/MS spectra was assessed for substrates and 
metabolites that had both singly and doubly charged ions. Herein, 
the total numbers of compounds were counted as 84 (out of the initial 
95 investigated) that are actually capable of forming GSH adducts. 
The total number metabolites were counted as 611analogously. 
The percentages were calculated using these values. In the case of 
spectra for parent compounds that had at least one GSH adduct in 
the experimental results (Figure 4A): 11% of the parent compounds 
did not have any MS/MS, 26% of the substrates had only singly 
charged triggered MS/MS, 17% of the substrates had only doubly 

Table 3: Confidence group classification depending on the GSH peaks criteria.

Substrate peak Structure 
Assignment Fragmentation Isotopic 

pattern
MSMS 
spectra ppm < 5 Score exl. mark! 

astericks* NAME of the group

√ √ √ √ √ √ √ √ high confidence

√ √ √   √ √ √ √ medium confidence

√ √   √ √ √ √ √ medium confidence

√ √     √ √ √ √ low confidence

          √ √ √ low confidence

Figure 2: A) Setting up the system for the automation of HRMS data processing. B) Utilizing the system for the automation of HRMS data processing.

Table 4: Singly charged GSH fragment ions observed upon collision-induced 
fragmentation of doubly charged GSH adducts.

Table 5: Tables of HRMS results for the study compounds which showed at least 
one GSH adduct in literature.
A) Overall compounds with GSH detection B) Compounds with GSH detection 
comparison to literature.

Acquisition 
mode

DETECTED NON-
DETECTEDhigh 

confidence
medium 

confidence
low 

confidence
HRMS 43 11 28 13

Acquisition 
mode

Confirmed by the literature Not found in the literature
DETECTED NON-

DETECTED

DETECTED NON-
DETECTEDhigh low/

medium high low/
medium

HRMS 28 12 1 15 27 12
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Figure 3: Number of time of key NL and FI are observed in: A) Singly charged GSH adducts B) Singly charged GSH adducts, excluding the neutral loss (NL) of 
129 Da C)Doubly charged GSH adducts was observed. Nominal masses are depicted for clarity in the figures although the experimental analysis was based on 
the accurate masses of HRMS data.

Figure 4: Distribution of the number of A) Substrates or B) metabolites (GSH adducts) depending on the existence of the MS/MS spectra and the parent ion used 
to generate the MSMS spectra.
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Figure 5: Chromatogram and table of the GSH adduct detected for Clozapine, based on doubly charged ions (obtained by HRMS method).

charged triggered MS/MS and 46% of the substrates had both singly 
and doubly charged MS/MS. In total, 63% of the substrate had MS/
MS spectra triggered by doubly charged ions. In the case of the RM 
(GSH adducts) (Figure 4B), it was observed that: 28% of adducts 
didn’t have any MS/MS, 33% of adducts had only MS/MS triggered 
by singly charged, 29% of adducts had MS/MS triggered by doubly 
charged precursor ions, and 10% of adducts had MS/MS and were 
present from both their doubly and singly charged forms. In total, 
39% of adducts had MS/MS spectra with doubly charged ions. It is 
worth noticing that if the parent and /or the GSH adduct has no MS/
MS spectra the automatic structural elucidation and therefore the 
confidence in the peak finding will not be optimal. Therefore, the lack 
of MS/MS spectra is one limitation on the data acquisition side to 
obtain a high confident GSH adduct.

Clozapine was chosen as a model compound to present the use 
of the doubly and singly charged fragmentation in the structure 
elucidation. In Figure 5, a list of Clozapine’s all GSH labeled 
doubly charged adducts is provided together with the Extracted Ion 
Chromatogram (XIC), is presented. The information of the name of 
the adducts displaying characteristic constant NL and FI (respectively 
asterisks and exclamation marks), Retention Time (RT), mass (m/z), 
the charge of the GSH conjugations (all doubly charged), the mass 
accuracy (less than 5 ppm), MS Area (higher than 1.00E+03), ion 
formula, maximal score and the name of the labeled group of GSH 
adducts per compound were gathered and presented. In this example, 
MS/MS spectra of the each GSH adduct were detected as doubly 
charged.  

Figure 6A shows the MS spectra of Clozapine substrate and its 
GSH adduct (+GSH-2H) as shown in a Markus representation. It was 
detected with a mass of 327.1384 m/z in the MS substrate spectrum. 
The doubly charged GSH adduct of Clozapine was detected at m/z 
316.6074 and the singly charged adduct at m/z 632.2060 in the MS 

metabolite spectrum. Figure 6B shows MS/MS spectra of Clozapine 
substrate and its GSH adduct (+GSH-2H) in detail. Figure 6C shows 
Clozapine parent molecule (both singly and doubly charged) and the 
resulting singly charged fragments of the GSH adduct. A proposed site 
of attachment of GSH with the parent molecule is presented to explain 
how the GSH conjugation was formed. Here, the diagnostic fragments 
and the specific NL of the GSH molecule are given. The fragment 
at m/z 503.1673 is due to the loss of pyroglutamic acid (129.0426 
Da) from the whole singly charged GSH adduct. The fragment at 
m/z 279.0903 is the residual part of the characteristic NL of glycine 
(75.0320 Da) from the doubly charged GSH adduct. In Figure 6D, the 
fragments of Clozapine substrate, 4-chloroaniline at m/z 123.9946 and 
dibenzodiazepine at m/z 192.069 are shown. These fragments were 
shifted compared to the ions with m/z 429.0630 and m/z 224.0403, 
respectively. The fragment m/z 429.0630 is the combination of GSH 
molecule with the substrate fragment 4-chloroaniline. The fragment 
m/z 224.0403 is the remaining sulfhydryl (-SH) group of GSH on 
the substrate fragment dibenzodiazepine. The structural assignment 
of these fragments supports the biotransformation proposed in the 
Markus representation.

In order to evaluate the quality of each peak (assignment of 
the GSH conjugate), a confidence criteria in the peak detection 
was developed. The analysis was performed for each adduct in the 
whole set of compounds by taking care of the different GSH peak 
criteria (Table 3). A comparison between HRMS and the literature 
for the study compounds is shown in Tables 5A and 5B. Out of a 
set of 95 compounds, 43 compounds (52%) were detected to have 
GSH adduct in high confidence by HRMS in Table 5A. In addition, 
eleven compounds (13%) in medium and 28 compounds (34%) in 
low confidence were detected. In Table 5B, out of 95 compounds, 41 
of them were reported in the literature as forming GSH adducts in 
biological incubation systems. From this 41 reported compounds, 
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Figure 6: A) MS and B) MSMS spectra comparison between Clozapine and the structure of the GSH adduct in Markush structure assigned. C) Clozapine substrate 
and GSH adduct fragments in both singly and doubly charged ions to display the drug-GSH conjugation formation. D) Clozapine substrate and its fragments are 
compared in order to propose the site of attachment in Markush structure system for structural elucidation of drug-GSH conjugation. The experimental analysis 
was based on the accurate masses of HRMS data.

28 of them were identified to have at least one GSH adduct in the 
high confidence group by HRMS and the remaining 12 compounds 
were detected in medium or low confidence groups. Out of the 41 
compounds, one compound (Furosemide) was detected without 
a substrate peak. Additionally, 15 of the compounds were found to 
have at least one GSH adduct in high confidence group but they were 
not reported previously in the literature.    

Discussion
Recently, a workflow for GSH-trapping studies including the 

automatic detection of GSH-related constant Neutral Losses (NL) 
and Fragment Ions (FI) with singly charged was published [8]. In this 
presented study, we developed an automatic workflow for detection 
of GSH adducts by scanning related constant NL and FI resulting 
from both singly and doubly charged GSH adducts by using Mass-
MetaSite peak finding algorithms.

In this article, Precursor Ion Scanning (PreIS) method (Q-trap) 
was used to have a standard method used for many years in 

Drug Discovery to support our results in GSH adduct detection 
within HRMS data. This method provides reliable results on 
sensitivity and selectivity point of view [1]. In recent years, HRMS 
acquisition methods have been advanced in terms of mass accuracy, 
fragmentation and structural elucidation. Both instruments are able 
to provide qualitative information, but PreIS approach does not 
provide structural information with accurate mass for metabolite 
prediction. Therefore, the structural analysis of the some metabolites 
might be missed. Also, PreIS approach only provides the results 
when targeted data acquisition method is used, and thus, non-
expected metabolites cannot be detected. In our case, the data out 
of PreIS approach was not used in our automated workflow. In this 
respect, HRMS systems not only allow structural elucidation of the 
drug compounds but also use accurate mass. This is one of the major 
advantages of the HRMS data [6]. The structural information is based 
on detailed fragmentation patterns [38] and these specific features of 
HRMS data were used in our workflow.

The interpretations of the singly and doubly charged ions were 
used for peak identification and triggering MS/MS spectra acquisition. 
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Due to a large number of GSH adducts that form a doubly charged 
species upon electrospray ionization, their inclusion in the structure 
elucidation process was necessary. In Figure 4A and 4B, 29 % of GSH 
adducts and 17 % of substrates were identified from only doubly 
charged ions. Furthermore, in Figure 5, the data interpretation was 
relying on doubly charged adducts. MS/MS spectra of the GSH 
adducts were detected in doubly charged (z=2) and in both singly and 
doubly charged (z=1, 2). Therefore, the doubly charged forms should 
not be overlooked.  

For structural elucidation of the GSH adduct, the diagnostic 
fragments were interpreted in Figures 6 A, B, C and D to propose the 
possible site of the GSH conjugation in Markus structure. As well, 
the specific NL of 129 and 75 were shown for both singly and doubly 
charged adducts, respectively. By this way, the usefulness and benefits 
of the new workflow for the automated doubly charged GSH adduct 
detection and structural elucidation was demonstrated. 

In order to analyze the quality of the peaks for each structural 
assignment and to avoid false positive conjugations, a quality scale 
system was implemented. Each detected GSH adduct was assigned 
to a confidence group, classified in high, medium or low confidence 
sub-groups by considering the GSH peak criteria (Table 3). This 
contribution increased the evaluation speed of the detection of drug 
metabolites and this quality check reduced the time for getting the 
final analysis approximately %32. According to the results, more 
than half of the analyzed compounds were observed to produce 
GSH adducts in the high confidence group (Table 5A). However, 15 
compounds were determined to have at least one GSH adduct in high 
confidence, yet we could not find any publishable support for these 
findings (Table 5B). There could be many reasons for a compound 
detected in this study to produce a high confident GSH adducts it was 
not reported before, including that these compounds were not tested 
in literature and therefore they were not reported.

In addition, in Table 5B, considering that the objective of the 
study was to improve the GSH-adducts identification, we compared 
the total number of compounds (particularly the ones that are known 
to form GSH-adducts in literature) with detected GSH adducts in 
cases where only singly charged ions or where the doubly-charged 
ions were included. According to our results, out of 28 compounds 
(the total number of high confidence compounds that are known to 
form GSH-adducts in literature), 22 compounds (79 %) were detected 
to form GSH adducts, where the doubly-charged ions were included. 
This is an important result to highlight that the inclusion of doubly 
charged ions significantly increases the number of detected GSH 
adducts.

The comparison between HRMS and literature is presented 
for the study compounds (in Table 5B). Out of the 12 compounds 
in the medium or low-quality category, one of them did not show 
diagnostic fragments to support the structure elucidation and one 
compound did not present the expected isotopic pattern in the 
peak. Therefore, these two compounds’ adducts were grouped in the 
medium confidence group. The remaining 10 compounds adducts 
did not show MS/MS spectra and didn’t have a structural assignment 
or diagnostic fragmentation to confirm the detected GSH adducts, 
and therefore they were counted in low confidence group. In this 
low confidence GSH adduct, one can find the well-known maker 
compound for GSH adduct formation Diclofenac. Diclofenac has 

a GSH adduct as detected in MS, but not any MS/MS spectra were 
triggered. Even though the fragmentation was available in MS spectra, 
in which the NL of pyroglutamate (129 Da) on the GSH adduct could 
be seen, due to the missing MS/MS spectra Diclofenac was classified 
in low confidence group. This is one disadvantage of targeted data-
depended MS/MS acquisition triggered by ion intensity because 
lower intensity ions have a lower probability of triggering the MS/MS 
spectra acquisition. 

A statistical analysis of the peak MS area of GSH adducts for each 
confidence group showed that the median of the total MS area for the 
compounds in high confidence group was around ten times higher 
than the MS area for the medium and low confidence ones. This effect 
was observed in these 10 low confidence compounds. One suggestion 
to use Data Dependent methods is to perform a pre-acquisition 
analysis in Mass-MetaSite that generates a preferred list of ions (m/z 
that comes from the application of metabolite mechanisms on the 
parent compound to obtain expected metabolite structures) that 
may trigger the MSMS even if they are low in intensity or use a non-
targeted approach where all ions are available for the interpretation.

The current analytical methodologies using automated software 
and manual strategies employed by biotransformation scientists to 
identify metabolites of small molecule compounds were discussed 
recently by Kind, Prakash, Zhu and Kirchmair [39-42]. The 
metabolite identification method used in this workflow has been 
successful in metabolite identification processes using MassMetaSite 
[43]. This new workflow allows successful identification of GSH 
conjugates with big data sets in a short time period. A huge amount 
of HRMS experimental data (around > 5 GB) is analyzed in an 
automated, effective way. After acquiring the data from HRMS, initial 
data calculation by the Mass-MetaSite took around 8 hours for all 96 
compounds analyzed. Then, uploading the all experimental results to 
WebMetabase took an overnight. Data analysis per compound was 
around 10 minutes with the aid of macro function (metabolite groups 
and filtering options). At the end of the process, data reporting 
took around 5 minutes. Manually processing the GSH trapping 
experimental data would have taken much longer, completing all the 
analyzing process in a few days was also an improvement.

Conclusions
This new approach based on automated processing of HRMS data 

systems (taking advantage of scanning characteristic GSH-derived NL 
and FI formed from both singly and doubly charged GSH adducts) 
improves the detection of drug-glutathione (GSH) conjugates. A 
conventional workflow based on the detection of singly charged 
peaks alone would have missed 29% of GSH adducts and 17 % of 
substrates that underwent bioactivation to RM but were only detected 
as GSH adduct by the inclusion of doubly charged ions. It is also a 
powerful tool to process large datasets of analytical data to identify 
drug-related GSH adducts. It may serve as a valuable tool in terms of 
laboratory automation to accelerate the detection of RM in early drug 
discovery and development phases. In order to detect GSH adducts 
with a low area with a data dependent approach, it is recommended to 
have a pre-defined list of ions obtained from a virtual synthesis of all 
potential metabolite structures that may trigger the MSMS acquisition. 
Pre-defined list of all potential metabolite structures to detect GSH 
adducts within low MS area strategy has been proven to be successful 
in detecting metabolites from in vivo analysis using MassMetaSite 
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[43]. The acquired structural information and biotransformation data 
enables the Drug Metabolism and Pharmacokinetics (DMPK) expert 
to translate the HRMS data from information into usable knowledge 
for the GSH conjugates in a highly automated and quick way.    
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