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RÉSUMÉ 

 Les métabolites chimiquement réactifs peuvent provenir du stress oxydatif ou 
de l'administration des médicaments. Ces électrophiles peuvent réagir avec des 
protéines et d'autres macromolécules, affectant leurs fonctions biologiques et pouvant 
entraîner des effets toxiques. L'identification de ces biomolécules cibles modifiées est 
une étape cruciale dans la compréhension complète des leurs effets néfastes et leur 
toxicité. 

 Ces types d'analyses présentent souvent des défis en raison des faibles quantités 
de cibles modifiées, de la grande variété de leurs propriétés physicochimiques dans des 
échantillons complexes ainsi que des obstacles technologiques. Une technique efficace 
pour l'analyse des métabolites réactifs des protéines modifiées est la chromatographie 
liquide couplée à la spectrométrie de masse en tandem (LC-MS/MS), qui combine la 
séparation d'échantillons complexes par LC, une analyse de masse spectrale et une 
élucidation structurale par MS/MS. 

 L’objectif de cette thèse était de développer et d'utiliser différentes stratégies 
LC-MS/MS pour étudier la formation de métabolites réactifs, leur réactivité et leurs 
liaisons covalentes aux protéines dans différents tissus, présumé jouer un rôle 
important dans les effets indésirables et la toxicité. Afin d’obtenir de meilleurs résultats, 
la préparation des échantillons, l'acquisition et l'analyse des données ont été optimisées. 
D’abord, la formation de métabolites réactifs des médicaments tels que 
l’acétaminophène, la clozapine et l’olanzapine a été étudiée dans des microsomes 
hépatiques. Ensuite, les liaisons covalentes à d’importantes enzymes telles que les 
glutathion S-transférases, ont été étudiées in vitro. De plus, la toxicité hépatique liée à 
l'acétaminophène a été suivie chez les patients atteints d'insuffisance hépatique aiguë 
en quantifiant la quantité d'albumine sérique humaine modifiée. Enfin, la liaison de 4-
hydroxynonénal aux histones et à d'autres protéines dans le cartilage des patients 
souffrant d'arthrose a également été étudiée. 

 

Mots-clés : métabolites réactifs, LC-MS/MS, insuffisance hépatique aiguë, arthrose, 
acétaminophène, clozapine, olanzapine, 4-hydroxynonénal, histone, albumine sérique 
humaine, glutathion S-transférase



ABSTRACT 

 Chemically reactive metabolites can be derived from oxidative stress or from 
drug administration. These electrophilic species can react with proteins and other 
macromolecules, affecting their biological function, and potentially resulting in toxic 
effects or tissue injury. Identifying these modified biomolecule targets is one important 
step in the complete understanding of related adverse effects and toxicity. 

 These types of analyses are often challenging due to low quantities of modified 
targets, a large variety of targets with different physicochemical properties in complex 
biological samples and technological hurdles. One effective technique for the analysis 
of reactive metabolite-modified proteins is liquid chromatography-tandem mass 
spectrometry (LC-MS/MS), which combines the separation of complex samples by LC, 
and comprehensive mass spectral analysis and structural elucidation by MS/MS. 

 The goal of this thesis was to develop and utilize different LC-MS/MS 
strategies to study the formation of reactive metabolites, their reactivity and the 
resulting covalent binding to proteins in different tissues, presumed to play an 
important role in adverse effects and toxicity. In order to yield the best results, sample 
preparation, data acquisition and data analysis were carefully optimized. The reactive 
metabolite formation of the drugs acetaminophen, clozapine and olanzapine was 
studied in liver microsomes. Then, covalent protein binding of their reactive 
metabolites to important glutathione S-transferase enzymes was investigated in vitro. 
In addition, acetaminophen-related liver toxicity was monitored in acute liver failure 
patients by quantifying the amount of circulating, modified human serum albumin. 
Furthermore, the endogenous reactive metabolite, 4-hydroxynonenal, was studied with 
regards to binding to histones and other proteins in cartilage of osteoarthritis patients. 

 

Keywords: reactive metabolites, LC-MS/MS, acute liver failure, osteoarthritis, 
acetaminophen, clozapine, olanzapine, 4-hydroxynonenal, histone, human serum 
albumin, glutathione S-transferase 



 CHAPTER I 

 

 

INTRODUCTION 

 Throughout all living organisms, nutrients, drugs, toxins and other chemical 

compounds undergo chemical alterations known as the process of biotransformation. 

Even though these biotransformations are vital for normal cellular functions, certain 

unwanted species may be formed, leading to toxicity and oxidative burden. This can 

have an important effect on cellular survival and can lead to pathogenesis or life-

threatening adverse effects. 

 In order to study complex biotransformation reactions, such as xenobiotic 

metabolism and oxidative processes, several very important technical developments 

and achievements have been made. Especially in analytical chemistry and biochemistry, 

instrumental development and advancements in sample treatment have led to an 

increasing body of in-depth, high-quality research to better understand diverse cellular 

processes. In the context of proteomics, these techniques include recombinant protein 

expression, selective protein extraction, affinity binding assays, protein digestion, 

peptide extraction, (multidimensional) liquid chromatography (LC) and hybrid mass 

spectrometry (MS) platforms. All these methodologies have contributed to a vast 

amount of data leading to constant development of novel bioinformatics tools to 

increase data mining efficiency. 

 This introductory chapter will cover a brief overview of the concept of reactive 

metabolites formed through xenobiotic metabolism or oxidative stress. Furthermore, 
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analytical tools, integral for this research, are also presented. Finally, research design 

and inherent challenges are discussed to conclude this chapter. 

 

1.1 Biotransformation and toxicity 

 Biotransformation in the form of metabolism is an essential function in living 

organisms, altering lipophilic compounds to water-soluble clearance products. In 

general, these reactions can be grouped into phase I and phase II reactions. Phase I 

metabolism combines (non-synthetic) oxidative, reductive or hydrolytic reactions, 

which introduce or reveal a polar functional group. Conjugation reactions are grouped 

into phase II metabolism, adding a mostly polar endogenous molecule to the 

compound, such as a glucuronic acid or sulfate group. Finally, phase I and II 

metabolites are excreted via passive or active transport, facilitated by specific drug 

transporter enzymes. The process of biotransformation, although essential for clearance 

of xenobiotics, is also highly connected to the toxicity associated with many chemicals, 

forming toxic intermediates. These products, from phase I and II metabolism, may be 

stable toxic products, unstable reactive electrophiles, radicals or reactive oxygen 

species (ROS). The detailed study of these complex biotransformation reactions and 

the resulting products is crucial to many fields of research and drug safety assessments. 

 

1.1.1 Xenobiotic metabolism 

 The underlying purpose of xenobiotic metabolism is to allow for the clearance 

of endogenous or exogenous molecules from the body, which cannot be processed as 

foods or energy sources or would ultimately be harmful if they are not removed from 

the body in a timely manner (Benedetti et al., 2009). In general, lipophilic chemicals, 
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such as drugs, which need to permeate the cell’s lipid-bilayer, are converted to 

hydrophilic metabolites to facilitate excretion into bile or urine (see Figure 1.1). Most 

metabolism occurs in the liver; however metabolic activities are well distributed 

throughout the whole body. Drug metabolism (including in the liver) following 

administration can limit bioavailability and lead to clearance before reaching the 

bloodstream. This circumstance is specifically referred to as first-pass metabolism 

(Pond and Tozer, 1984). In general, drug metabolites can be either pharmacologically 

active or inactive (Mittal et al., 2015), regardless of the activity of the parent compound. 

The concept of an inactive parent compound (prodrug), with the formation of an active 

metabolite, is increasingly used in modern medicines (Rautio et al., 2018). 

 

Figure 1.1 General metabolism pathway of xenobiotics, such as drugs or environmental 

compounds. Phase I and phase II metabolism introduces polar functional groups and 

conjugations to the parent compound, respectively, to increase hydrophilicity and to 

facilitate clearance into bile or urine. Besides stable metabolites, some intermediates 

can be unstable and reactive, and subsequently bind to glutathione for excretion, or to 

biomolecules. These pathways can equally apply to endogenously formed compounds. 

 

 Abundantly expressed in hepatocytes as major phase I enzymes, the 

cytochromes P450 (CYPs), are mainly found in the smooth endoplasmic reticulum and 
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mitochondria of the cell (Mittal et al., 2015). They are heme-thiolate proteins, named 

after their wavelength absorption maximum at 450 nm, resulting from reduced heme 

bound to carbon monoxide (Guengerich, 2008). Human CYP genes comprise of more 

than 115 genes and pseudogenes, starting from CYP1A1 as far as CYP51P3 (Almazroo 

et al., 2017). CYP3A4 is the most abundant among total hepatic CYP in human (22.1% 

of 3A4 in total CYP protein), followed by CYP2E1 (15.3%) and CYP2C9 (14.6%) 

(Achour et al., 2014). An overview of important human CYP enzymes and their 

substrates, inducers and inhibitors can be found in Table 1.1; information was taken 

from databases (Stelzer et al., 2016; Wishart et al., 2006). Even though the amino acid 

sequence homology can range greatly between different isoforms, all CYPs follow the 

same oxidation mechanism of a one-electron radical abstraction/recombination 

(Guengerich, 2008; Wen and Nelson, 2011) (see Figure 1.2). Among CYP-mediated 

transformations, such as epoxidation, (N,O,S)-dealkylation, S-oxidation, 

dehalogenation, heteroatom oxidation and oxidative desulfuration (Croom, 2012), 

hydroxylation is the primary CYP-catalyzed reaction (Zanger and Schwab, 2013). With 

nicotinamide adenine dinucleotide phosphate (NADPH, Figure 1.3)-cytochrome P450 

oxidoreductase (POR) and/or cytochrome b5-mediated electron transfer, this leads to 

the incorporation of hydroxyl groups into the parent compound (see Equation 1.1; with 

RH as the parent compound and ROH as the oxidized metabolite): 

 +  +  +  →  +   +    (1.1) 
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Table 1.1 Selection of common human CYPs, selected substrates, inhibitors, inducers 

and expression sites (APAP, acetaminophen; CLZ, clozapine; OLZ, olanzapine) 

CYP Substrate Inhibitor Inducer Expression 

1A2 APAP, CLZ, diclofenac, 

dihydralazine, 

ethinylestradiol, 

paroxetine, tamoxifen, 

OLZ and zolpidem 

Amiodarone, CLZ, 

dihydralazine and 

isoniazid 

Insulin and 

nicotine 

Liver and 

kidney 

2B6 Diclofenac, halothane and 

tamoxifen 

Raloxifene and 

tamoxifen 

Dexamethasone Liver 

2C9 CLZ, diclofenac, 

ethinylestradiol, halothane 

and tamoxifen 

Amiodarone, 

amodiaquine, 

isoniazid, OLZ, 

sulfamethoxazole, 

tamoxifen and 

tienilic acid 

Rifampicin and 

secobarbital 

Liver, liver 

secretome 

and lung 

2C19 Amiodarone, CLZ, 

diclofenac and tamoxifen 

Amiodarone, CLZ, 

ethinylestradiol, 

isoniazid and OLZ 

Dexamethasone Liver 

2D6 APAP, amiodarone, CLZ, 

OLZ and tamoxifen 

Amiodarone, 

amodiaquine, CLZ, 

isoniazid, OLZ and 

tamoxifen 

Dexamethasone Liver 

2E1 APAP, halothane, 

isoniazid and tamoxifen 

Diclofenac and 

isoniazid 

Dexamethasone 

and isoniazid 

Liver and 

lung 

3A4 APAP, amiodarone, CLZ, 

dexamethasone, 

diclofenac, 

ethinylestradiol, halothane 

and tamoxifen 

APAP, 

amiodarone, CLZ, 

dexamethasone, 

diclofenac, 

isoniazid and OLZ 

APAP, CLZ, 

dexamethasone 

and tamoxifen 

Liver 
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Figure 1.2 Catalytic reaction cycle of CYP enzymes. The cycle starts with heme iron 

in low-spin state and displacement of weakly bound water by the substrate (RH), which 

results in a high-spin state iron. Further reduction and incorporation of O2 leads to a 

ferric-peroxo intermediate and subsequent protonation leads to a hydroperoxo 

compound (also known as compound 0). Upon further protonation and dehydration an 

oxoferryl porphyrin radical cation (compound I) is formed. Compound I then abstracts 

a hydrogen from the substrate, forming a substrate radical (R•). Subsequently, hydroxyl 

“rebounds” to the substrate radical and forms the hydroxylated substrate product 

(ROH). The resting state is achieved by water returning to the distal coordination 

position of the iron. 
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Figure 1.3 Structure of the cofactor NADPH. 

 

 Other important phase I enzymes are flavin-containing monooxygenase 

(FMOs), monoamine oxidase, (carboxyl-) esterases (CESs), peroxidases, epoxide 

hydrolases (EPHXs), (alcohol/aldehyde) dehydrogenases (ADHs/ALDHs) and 

amidases (Croom, 2012). Unlike CYPs, FMOs catalyze solely oxygenation reactions 

of soft nucleophilic groups (nitrogen, sulfur, phosphorus or selenium) requiring an 

oxygen, NADPH as a cofactor and a flavin adenine dinucleotide prosthetic group 

(Kulkarni, 1984). FMOs are more substrate-specific and are less susceptible to 

induction or inhibition effects (Kulkarni, 1984). In addition, electron transfer of FMO-

catalyzed reactions happens directly from NADPH and does not require NADPH 

reductases (Croom, 2012). Aside from increasing research interest as phase I enzymes, 

FMOs have gained recent attention as potent biocatalysts in chemical industries 

(Huijbers et al., 2014). 

 Aside from non-synthetic metabolism, the contribution and importance of 

conjugating enzymes are increasingly becoming research focus (Terada and Hira, 

2015). During phase II clearance, xenobiotics or their phase I metabolites are 

conjugated to a mostly hydrophilic, endogenous compound via several different 

transferase enzymes. Most common phase II transferases are UDP-

glucuronosyltransferases (UGTs), sulfotransferases (SULTs), N-acetyltransferases 

(NATs) and methyltransferases (MTs) (Jancova et al., 2010). Most phase II enzymes 
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are mainly located in the cytosol, with the exception of UGTs, which are mainly found 

as membrane-associated proteins in microsomal compartments (fragments of 

endoplasmic reticulum and ribosomes). One specific set of transferases, namely 

glutathione S-transferases (GSTs) (Sheehan et al., 2001), are important catalysts for 

glutathione (GSH, see Figure 1.4) conjugation1 to highly electrophilic substrates (see 

Equation 1.2; where RX represents an electrophilic compound, X− an anion and R-SG 

the conjugate): 

 +  →  +   + -   (1.2) 

 

Figure 1.4 Structure of the antioxidant tripeptide GSH, consisting of a glutamate 

residue γ-linked to cysteine followed by a regular peptide bond between cysteine and 

glycine. 

 

 GSTs are ubiquitously present in almost all species. They are highly distributed 

throughout the human body, and are mostly expressed in liver, kidney, brain, heart, 

lung and gut. They are crucial for electrophilic substrate detoxification, and protection 

from endogenously produced free radicals and from oxidative stress. They consist of 

two superfamilies, one being soluble GSTs, distributed widely in the cytosol, as well 

as in the mitochondria. In some cases, soluble GSTs are also considered as two separate 

 

1 It should be noted that GSH conjugations can also be non-enzymatic. However, GST catalysis increases 
the reactivity of GSH significantly for electrophilic substrates. 
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superfamilies, namely cytosolic and mitochondrial proteins. These soluble GSTs are 

further separated into eight classes: alpha, delta, kappa, mu, omega, pi, theta and zeta 

(A, D, K, M, O, P, T and Z, respectively). Located in the endoplasmic reticulum and 

outer mitochondrial membrane, the second GST superfamily is referred to as 

microsomal transferases or membrane-associated proteins in eicosanoid and GSH 

metabolism (MAPEG) (Jakobsson et al., 2008). There are six members in the MAPEG 

superfamily, including microsomal GST (MGST) 1, 2 and 3. Cytosolic GSTs are 

known to dimerize (Sheehan et al., 2001), whereas MAPEG proteins have shown to 

form dimers (Lam et al., 1997; Nicholson et al., 1993) and trimers (Hebert et al., 1997). 

MGST1 is an example of one that is known to trimerize (Hebert et al., 1995). A brief 

overview of GSTs can be found Table 1.2; information was taken from (Arakawa et 

al., 2012; Bag et al., 2013; Balogh and Atkins, 2011; Barańczyk-Kuźma et al., 2004; 

Boerma et al., 2011; Buchard et al., 2012; Committee on Herbal Medicinal Products, 

2013; Czerwinski et al., 1996; Kap et al., 2014; Kusama et al., 2006; Kweekel et al., 

2009; Mans et al., 1992; Mukanganyama et al., 1997; Münzel et al., 2014; Nobuoka et 

al., 2004; Parker et al., 2008; Peters et al., 2000; Ralat and Colman, 2006; Sawers et 

al., 2014; Stelzer et al., 2016; Stocco et al., 2014; Stoehlmacher et al., 2002; van Iersel 

et al., 1997; Zhai et al., 2016). 
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Table 1.2 Selection of common human GSTs and their known substrates, inhibitors, 

inducers and top expression sites (APAP, acetaminophen; CLZ, clozapine; HNE, 4-

hydroxynonenal) 

GST Substrate Inhibitor Inducer Expression 

GSTA1 Azathioprine and 

busulfan 

Curcumin N/A Liver secretome, 

liver and nasal 

epithelium 

GSTA4 HNE N/A N/A Esophagus, 

spleen and liver 

GSTM1 APAP, azathioprine, 

busulfan, carboplatin, 

cisplatin, isosorbide 

mononitrate and 

oxaliplatin 

Curcumin and 

chloroquine 

N/A Liver secretome, 

liver and 

adipocyte 

GSTM2 N/A N/A N/A Cardia, oral 

epithelium and 

rectum (and 

liver) 

GSTP1 APAP, busulfan, 

carboplatin, 

chlorambucil, 

cisplatin, etoposide 

and oxaliplatin 

α-tocopherol 

acetate / succinate, 

clomipramine, 

CLZ, curcumin, 

etacrynic acid and 

vitamin E 

N/A Amniocyte, oral 

epithelium and 

spleen (and liver) 

GSTT1 APAP N/A N/A Cardia, liver 

secretome and 

stomach 

MGST1 N/A N/A N/A Nasal epithelium, 

liver and 

nasopharynx 
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 Besides important biological functions as phase II enzymes, GSTs are also very 

commonly used in protein pull-down assays. For this purpose, the coding sequence of 

a GSTM 26 kDa isozyme (UniProt: P08515) from Schistosoma japonicum (Smith and 

Johnson, 1988) is cloned into the expression vector of the protein of interest yielding a 

fusion protein after expression in bacteria, yeast or cell lines. Subsequently, the fusion 

protein can be selectively purified through the high binding affinity to GSH. This can 

be used to facilitate purification using GSH-agarose (Datta et al., 2015). This represents 

a viable alternative to polyhistidine-tag (His-tag) purification using nickel-

nitrilotriacetic acid resin or biotin using streptavidin affinity ligands but can also be 

easily applied to targeted expression and subsequent purification of any other GST. 

 GSH conjugation, through GSTs, is one of the first steps leading to mercapturic 

acid (N-acetylcysteine S-conjugate) formation. The hepatic GSH conjugates are 

transported out of the cell (phase III) for further metabolism by γ-glutamyl transferase 

and dipeptidases, which catalyze the successive removal of glutamate and glycine, 

respectively. These enzymes are predominantly found at the surface of epithelial 

tissues (outer surfaces of organs and blood vessels). The resulting cysteine conjugates 

are reabsorbed, then acetylated by intracellular NATs forming mercapturic acids (see 

Figure 1.5). These metabolites are then released into the circulation and delivered to 

the kidneys for final elimination. Involving the liver as major site of GSH conjugation 

and the kidneys as primary sites for GSH to cysteine conjugate conversion, the 

mercapturic acid pathway is generally considered to be an inter-organ process 

(Hinchman and Ballatori, 1994). 
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Figure 1.5 Exemplary mercapturic acid pathway starting with a R-SG conjugate and 

resulting in the mercapturic acid conjugate. 

 

1.1.2 Oxidative stress 

 Besides phase I and phase II metabolism, another important factor in (aerobic) 

cellular life is the dependence on molecular oxygen. Oxidation-reduction (redox) 

homeostasis, like pH control, is essential and related processes are involved in many 

fundamental functions (Sies et al., 2017). However, imbalances between pro-oxidants 

and antioxidants cause disturbances in redox state and related toxic effects, known as 

oxidative stress. As by-products derived from oxidative stress, ROS present reactive 

molecules and free radicals, able to react with many compounds. They are 

predominantly formed during mitochondrial electron transport and are associated to 

destructive processes, but also to important cell signaling cascades (Hancock et al., 

2001). Common ROS are superoxide, hydrogen peroxide, hydroxyl radical, peroxyl 

radical, alkoxyl radical and singlet oxygen. Endogenous ROS production is located in 

the mitochondria, plasma membrane, endoplasmic reticulum and peroxisomes 

(Moldovan and Moldovan, 2004), and are either enzymatically controlled or formed 
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via autooxidation of several precursors, including catecholamines and hydroquinone 

(Ayala et al., 2014). Cells have evolved a complex system of response mechanism to 

ROS. However, cases of increased levels of ROS can lead to toxic effects (Betteridge, 

2000). 

 High amounts of ROS are considered to be mostly detrimental for health and 

are involved in extensive tissue damage. This damage includes the degradation of lipids, 

in the form of lipid peroxidation (LPO) (Ayala et al., 2014) (see Figure 1.6). 

Polyunsaturated fatty acids (PUFAs) are the preferential targets of LPO. Commonly in 

cells, LPO is initiated by iron and to some extent copper. Cellular iron is mostly ligated 

by heme, bound in iron–sulfur clusters or stored in the protein ferritin. However, a 

small amount of iron is loosely ligated and thus able to participate in redox reactions 

(Breuer et al., 2008), including Fenton/Haber–Weiss chemistry which can yield 

hydroxyl radicals. This step initiates subsequent steps of LPO propagation and 

termination, ultimately leading to the formation of multiple degradation products (see 

Figure 1.6). Malondialdehyde and 4-hydroxynonenal (HNE) are very common LPO 

by-products. The latter is especially linked to peroxidation of ω-3 and ω-6 PUFAs in 

the biomembrane (Riahi et al., 2010). 
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Figure 1.6 A brief overview of the LPO process of a PUFA, starting with the attack 

from a pro-oxidant resulting in the formation of a lipid radical. Subsequently, the lipid 

radical reacts with molecular oxygen forming a lipid peroxyl radical which either 

propagates or terminates the reaction. Propagation by-products can be 

malondialdehyde or HNE. 

 

 The LPO product HNE is perceived to be one of the most toxic α,β-unsaturated 

aldehydes due to its highly reactive nature (Guillén and Goicoechea, 2008). It has been 

reported that HNE is able to covalently bind to a variety of biomolecules, such as 

proteins, lipids and nucleic acids (Poli et al., 2008; Schaur, 2003). Being putatively 

involved in many signaling pathways (Lee et al., 2008a), HNE is also believed to be 

highly cytotoxic. Studies have shown toxicity in the low micromolar range (Benedetti 

et al., 1984). Thus, detoxification through phase I and phase II metabolism generally 
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occurs to protect cell functions from high amounts of HNE. An important 

detoxification pathway is the GSH conjugation through the GSTA4 dimer (GSTA4-4) 

(Balogh and Atkins, 2011), which results in removal of the α,β-unsaturation and 

formation of the HNE-GSH adduct or its lactone form. Furthermore, ALDH2 was 

found to play a protective role against HNE toxicity as well (Chen et al., 2008). The 

formation of HNE-GSH conjugates, for instance, can be used to monitor HNE 

formation and LPO effects in different disease states by quantifying HNE-mercapturic 

acid conjugates in urine (Kuiper et al., 2010). 

 

1.1.3 Reactive metabolite binding to macromolecules 

 Unstable or reactive metabolites, such as HNE as well as many xenobiotic 

metabolites, play a pivotal role in the pathogenesis of idiosyncratic adverse drug 

reactions (IADRs) and tissue degenerative processes. Initially reported by the Millers 

in the late 1940s, the concept of reactive metabolite formation was first linked to 

biomolecule binding and chemical carcinogenicity (Miller and Miller, 1947, 1952). 

They stated that N,N-dimethyl-4-aminoazobenzene was found to be a carcinogen in rat 

livers through metabolic activation to a reactive intermediate. After an increasing body 

of research, these electrophilic intermediates are known to react with nucleophilic 

groups in biological macromolecules, including proteins (Kevin Park et al., 1987). A 

brief overview of common substructures of reactive metabolites can be found in Figure 

1.7. Reactions often occur as Michael-type additions between the nucleophilic center 

in the biomolecule and the reactive metabolite, the Michael acceptor (see Figure 1.8) 

(Schwöbel et al., 2010). Reversible Schiff base reactions are observed as well, but are 

less prevalent and, based on their reversibility, difficult to detect (Doorn and Petersen, 

2002). Information of each reactive metabolite structure, as seen in Figure 1.7, was 

taken from (Bolton, 2014; Jaladanki et al., 2017; Klopčič and Dolenc, 2019; Murata 

and Kawanishi, 2011; Mutlib et al., 2002; Peterson, 2013; Rademacher et al., 2012; 
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Scott Obach and Kalgutkar, 2010; Walton et al., 1997; Wei and Yin, 2015; Wiciński 

and Wȩclewicz, 2018). 

 

Figure 1.7 A brief overview of common reactive metabolite/intermediate substructures 

formed through transformation of exemplary parent drugs/compounds. Irreversible 

binding sites (e.g., from Michael addition) of nucleophiles are marked with a red 

asterisk (*) (APAP, acetaminophen; CLZ, clozapine; HNE, 4-hydroxynonenal; OLZ, 

olanzapine; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine). 



 
17

 

Figure 1.8 Michael addition of a thiol to an unsaturated aldehyde forming a carbanionic 

transition state and, subsequently after protonation, the enolic product (keto–enol 

tautomerization is possible, depending on structure). 

 

 In current theories, reactive metabolite-macromolecule adducts are directly or 

indirectly linked to the onset of toxicity (Park et al., 2005; Uetrecht and Naisbitt, 2013). 

High reactivity combined with low circulation makes the identification and 

quantitation of these adducts in vivo complicated, up to impossible (Guengerich, 2005). 

The bioactivation to reactive metabolites that can interfere with cellular functions, 

specifically in liver, offers many challenges. Moreover, there is evidence for drug 

metabolism by keratinocytes or immune cells, leading to organ-specific reactions, such 

as in skin cells (Baron et al., 2001; Oesch et al., 2007; Saeki et al., 2002) or in 

neutrophils (Uetrecht, 1992). For instance, covalent protein adducts were found in 

normal human epidermal keratinocytes treated with sulfamethoxazole, proving 

metabolic activity of skins cells and possible bioactivation of topical medications 

(Reilly et al., 2000). Reactive metabolites can lead to the irreversible loss of function 

or activity (Attia, 2010), through their intrinsic reactivity towards GSH and protein 

thiols, resulting in irreversible adduct formation, and potential protein inhibition and 

immunological reactions. Several drugs are known to form reactive (and toxic) 

intermediates, including acetaminophen (APAP), halothane, hydralazine and tienilic 

acid (Kalgutkar et al., 2012). Furthermore, there are many compounds generally toxic 

across species (e.g., APAP, isoniazid, tetracycline and cyclosporine A) (Pan et al., 

2019). In order to design sufficient in vitro metabolite risk assessments, especially in 
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liver tissue, liver microsomal or S9 fractions are often used as model metabolism 

systems (Ames et al., 1973; Levin et al., 1984). Metabolites generated from human 

liver fractions have been found to be mostly identical to metabolites in Aroclor 1254 

(polychlorinated biphenyl mixture)-induced rat liver systems (Obach and Dobo, 2008). 

Thus, induced rat liver fractions are currently a common tool for in vitro studies, since 

it enables the formation of increased amounts of metabolites of interest (Obach and 

Dobo, 2008). There are several enzyme-inducing reagents available with different 

effects on protein induction (Borlak and Thum, 2001; Ejiri et al., 2005; Martignoni et 

al., 2004; Poloyac et al., 2004; Silkworth et al., 2005). A brief overview of these 

inducers and induced enzymes can be found in Table 1.3, and a comparison of relative 

amounts of phase I and II enzymes in Aroclor 1254-induced rat liver microsomes 

(RLM) can be found in Figure 1.9. However, constant development and improvement 

of reliable analytical methods is in high demand, since IADRs are representing a large 

challenge in the health care sector and drug development industries. Even though being 

dose-dependent in susceptible individuals and more frequent in the context of 

overdoses, IADRs can also occur at doses within the usual therapeutic range (Cameron 

and Ramsay, 1984), which presents many challenges even after drug approval. In 

addition, patients which are rechallenged with the same drug after experiencing IADRs 

are likely to encounter the same IADRs in a shorter period of time (Uetrecht, 2007). 

Thus, correct prediction of IADRs remains highly complicated. Even parent 

compounds with very similar structure and ability to from reactive intermediates can 

be very differently cytotoxic. For instance, the antipsychotics clozapine (CLZ) and 

olanzapine (OLZ) are structurally similar and both are able form a reactive nitrenium 

ion. However, CLZ demonstrates high levels of cytotoxicity and is known to form 

IADRs in about 1% of patients (Pirmohamed and Park, 1997), whereas OLZ is 

considerably safer (Gardner et al., 1998b). 
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Table 1.3 Brief overview of liver fraction inducers and known induced rat enzymes 

Inducer Induced rat enzymes 

Aroclor 1254 CYP1A1, 1A2, 2B1, 2B2, 3A1 and 4A1; and GSTA2 

Dexamethasone CYP1A2, 2B1 and 3A1 

Isoniazid CYP2E1 

Phenobarbital CYP2B1 and 3A1 

β-naphthoflavone CYP1A1, 1A2 and 2B1 

 

 Besides idiosyncratic drug-induced liver injury and acute liver failure (e.g., 

from APAP), other forms of IADRs have been observed as well. For instance, IADR 

in the form of agranulocytosis has been reported with a number of drugs. 

Agranulocytosis is believed to be caused by the oxidation/activation of drugs through 

myeloperoxidase-derived hypochlorous acid in neutrophils (white blood cells) 

(Hampton et al., 1998; Uetrecht, 1992). The condition can lead to mature neutrophil 

destruction and to severe leukopenia and increased susceptibility to infections. As with 

drug-induced hepatotoxicity, proposed mechanisms of drug-related agranulocytosis 

include direct toxicity and immunological reactions (Claas, 1989; Tesfa et al., 2009). 

Neutropenia, the severe outcome of agranulocytosis, is defined as an absolute 

neutrophil count <1,500 cells/μL. Drugs like CLZ, amodiaquine, carbamazepine, 

diclofenac, dipyrone, levamisole, prophylthiouracil, spironolactone, sulfamethoxazole-

trimethoprim, ticlopidine and vancomycin have been associated with neutropenia 

(Andersohn et al., 2007). 
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Figure 1.9 Relative amounts of Aroclor 1254-induced RLM phase I and II enzymes. 

Data was based on unpublished label-free quantitation of microsomal peptic and tryptic 

digests (n = 6; error bars representing standard deviation, SD). 
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 While the precise mechanism of reactive metabolite toxicity remains unknown, 

some studies have linked damaging effects to conformational changes of modified 

biomolecules (Nerland et al., 2001; Oakley et al., 1997a). Other findings suggest that 

some IADRs are potentially immune-related (Uetrecht and Naisbitt, 2013). A possible 

mechanism is the hapten hypothesis (Landsteiner and Jacobs, 1935; Langman and 

Cohn, 2000). The mechanism describes that upon modification of a native protein with 

the hapten, here the reactive metabolite, antibody production is induced. These 

antibodies then bind to the reactive metabolite-protein complex and might initiate a 

severe immune response against the modified protein. Utrecht and co-workers have 

introduced other hypotheses as well (Uetrecht, 2007), including the danger hypothesis 

(Matzinger, 1994; Pirmohamed et al., 2002; Séguin and Uetrecht, 2003), in which 

reactive metabolites cause cell damage and the subsequent release of danger signals 

and the upregulation of costimulatory factors. This might initiate an immune response. 

Nevertheless, mechanism remain mostly hypothetical and highly complex, while 

research progress has been slow (Uetrecht, 2008). Furthermore, the exact subcellular 

location of reactive metabolite formation and covalent protein binding has been shown 

to be important as well. Comparing the covalent binding of APAP to its less or non-

toxic2 regioisomer, 3-acetamidophenol (AMAP) (Kenna, 2013) (Figure 1.10), equal 

levels of protein binding was observed for both compounds at equimolar drug 

concentrations. However, subcellular fractionation pinpointed at increased levels of 

covalent binding to mitochondrial proteins for APAP and not AMAP (Tirmenstein and 

Nelson, 1989). This highlighted the importance of quantitative assessments of reactive 

metabolite binding in order to interpret underlying toxicity correctly. This makes 

detailed evaluation of metabolite-protein binding very important, especially careful 

 

2 To date, the exact toxicity of AMAP is not fully elucidated (Hadi et al., 2013a; Kenna, 2013). 
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identification and quantitation of low abundant adducts, demanding sensitive and 

accurate analytical tools. 

 

Figure 1.10 Comparison of reactive metabolite formation of APAP and its regioisomer 

AMAP (based on (Kenna, 2013)). 

 

1.2 Liquid chromatography-mass spectrometry–based technologies 

 Following the commercialization of gas chromatography-mass spectrometry 

(GC-MS) systems in the 1970s, hyphenation of LC and MS was considered the next 

logical step. With the introduction of atmospheric pressure ionization techniques in the 

1980s, it was finally possible to robustly hyphenate LC systems to MS platforms, 

allowing for separation of soluble, nonvolatile compounds in solution with subsequent 

detection and analysis of their ions in the gas phase. This allowed for reliable analysis 

of complex sample mixtures, including isomeric species with identical masses, which 

would pose an important challenge in MS alone. Since then, LC-MS has been applied 

to many fields of research and routine analysis (see Figure 1.11), including clinical 

biochemistry, quality control in food processing, environmental analysis and many 

industrial sectors, especially the pharmaceutical industry. 
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Figure 1.11 Number of LC-MS–related publications over the course of time. Bar graph 

based on a simple PubMed search of the acronym LC-MS (taken from (National Center 

for Biotechnology Information, 2020)). 

 

1.2.1  (Two-dimensional)-liquid chromatography 

 Generally in LC applications, three main aspects play significant roles in 

achieving adequate separation of a mixture of analytes/compounds: 1) the 

physicochemical properties of the analyte, 2) the stationary phase chemistry and 3) the 

mobile phase composition. In reversed-phase (RP) LC, a nonpolar stationary phase 

(e.g., 18-carbon-long hydrocarbon attached to the surface of silica, C18) is used in 

combination with a polar solvent as mobile phase. These solvents are often a 

combination of water and water-miscible organic solvents (e.g., acetonitrile or 

methanol). Briefly, separation of a mixture of compounds is achieved as they interact 

differently with the stationary phase (immobilized onto particles in a column) and the 

mobile phase, while a constant or gradual flow of mobile phase is applied. This flow 
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can either be isocratic, with constant mobile phase composition, or gradually changing 

in composition (in gradient mode). Hydrophobic molecules tend to adsorb to the 

hydrophobic stationary phase, whereas hydrophilic molecules will pass through (elute 

off) the column earlier. Chemical alterations of the stationary phase, mobile phase 

composition and additives, as well as changes in gradients can have an influence on 

selectivity, retention and peak resolution (Poole and Lenca, 2017). However, a 

relatively trivial technique to improve separation of highly complex samples is 

multidimensional LC, especially two-dimensional (2D)-LC. This application combines 

two independent, orthogonal separation techniques in series. Consecutive 

chromatography can be achieved in an online or offline setup, in which, respectively, 

either both LC systems are directly coupled or a second dimension of LC is applied to 

pre-fractionated samples (Wu et al., 2012). 2D-LC is most effective if two orthogonal 

separation techniques are employed using different stationary phases, such as RPLC 

combined with strong cation exchange (SCX) chromatography, which separates ions 

and polar molecules on the basis of their affinity to an ion-exchange resin (Nägele et 

al., 2004). However, orthogonality can also be achieved by altering the properties of 

the mobile phase or its additives, while the stationary phase remains the same. 

Especially, changes in pH alter the charge state of solubilized ions (e.g., peptides). As 

a result, orthogonal RPLC separation using high-pH (pH ~9 to 10) mobile phases in 

the first dimension combined with low-pH (pH ~2 to 3) elution in the second dimension 

(online to MS) is possible, and has become more popular recently (Batth et al., 2014; 

Yang et al., 2012). This allows for orthogonal LC using identical stationary phase and 

mobile phases (except additives) (Yang et al., 2012). This is especially interesting in 

the hyphenation of LC and (electrospray) MS, where only a limited selection of volatile 

additives and solvents are suitable (see Table 1.4). This can have a positive effect on 

sample throughput, recovery and reproducibility, due to less sample preparative steps 

needed, such as multiple solid-phase extractions (SPEs) to remove incompatible 

additives prior to MS. 
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Table 1.4 Overview of (electrospray) MS-compatible solvents and additives 

Solvent or additive Use General guidelines 

Water Solvent None 

Acetonitrile (ACN) Solvent None 

Methanol (MeOH) Solvent None 

Ethanol Solvent None 

(Iso)propanol Solvent None 

Ammonium hydroxide Additive None 

Formic acid Additive None 

Acetic acid Additive None 

Ammonium formate Additive ≤10 mM 

Ammonium acetate Additive ≤10 mM 

Dichloromethane Solvent ≤5% 

Dimethylformamide Solvent ≤5% 

Dimethyl sulfoxide Solvent ≤5% 

Trifluoroacetic acid Additive ≤0.5% 

Sulfolane Additive ≤1% 

 

1.2.2 Tandem mass spectrometry 

 In general, MS allows for the mass-to-charge (m/z) analysis of gaseous ions. 

Since its first practical implementation in 1912 by J. J. Thomson (Thomson, 1913), 

many mass analyzers, for the separation of these gaseous ions, have been established, 

including magnetic sectors, ion traps, Fourier-transform ion cyclotron resonance 

(FTICR) MS, quadrupoles and time-of-flight (TOF) platforms (see overview in Table 

1.5). 
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Table 1.5 Overview of commercially available MS platforms 

MS platform m/z limits Mass 

resolution 

Mass accuracy 

(ppm) 

Ion 

transmission 

Quadrupole 10–4,000 Unit 100 Continuous 

Sector <20,000 5,000 <10 Continuous 

Ion trap     

Linear ion trap 50–4,000 2,000 100 Pulsed 

Quadrupole ion trap <3,000 1,000 100 Pulsed 

Orbitrap <50,000 <500,000 <5 Pulsed 

FTICR <30,000 1,000,000 <1 Pulsed 

TOF     

Linear TOF Unlimited 10,000 <10 Pulsed 

Reflectron TOF <10,000 >50,000 <10 Pulsed 

 

 MS is highly dependent on ionization effects. This includes the ability to form 

molecular ions (M+•) through high-energetic ionization techniques or protonated 

molecules or salt (e.g., sodium or potassium) adducts ([M+nH]n+, [M+nNa]n+ and 

[M+nK]n+) via soft ionization techniques. Ion suppression, specifically in electrospray 

ionization (ESI)-based MS, can be caused by changes in the spray droplet properties 

via the presence of non-volatile or less volatile chemicals (King et al., 2000) including 

salts, ion-pairing agents, or detergents and surfactants. These compounds change 

effects in droplet formation, droplet evaporation or hinder ion evaporation out of the 

droplet (see Figure 1.12). In addition, ion evaporation was observed to be competitive 

between different ions in the same droplet, leading to potential signal depletion for 

specific analytes co-eluting with interfering compounds (Annesley, 2003; Furey et al., 

2013). Ion suppression continues to be a noticeable challenge in ESI-MS assays and 

needs to be constantly addressed in method development and optimization. 
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Figure 1.12 Schematic of possible ESI models. A high voltage (several kV) is applied 

between the ESI emitter and the MS orifice to create an aerosol of multiply charged 

droplets. These droplets shrink through solvent evaporation (through heat) and 

Coulombic explosion. Possible ion formation models are 1) ion evaporation of a small 

ion or an unfolded protein from the droplet, or 2) formation of a residual ion after the 

droplet charge exceeds the Rayleigh limit and the droplet explosively dissociates. 

 

 As stand-alone MS systems, quadrupole (often abbreviated as Q) and TOF are 

highly available in many different commercial systems. With high ion transmission and 

ion scan capabilities, low-cost production and robust setup, quadrupoles are a versatile 

tool in MS laboratories. In general, a quadrupole analyzer consists of four parallel metal 

rods, fixed in a square configuration (see Figure 1.13). Gaseous ions enter the 

quadrupole with a trajectory parallel to the rods (z-axis in Figure 1.13) and are attracted 

by an opposite charge on the rods. This charge is possible by applying a direct current 

(DC) and an alternating current (AC) to pairs of opposite rods. With inhomogeneous 

periodic changes in the potential Φ0 (consisting of a DC voltage U and a radio 

frequency (RF) voltage V, see Equation 1.3), attractive forces are interchanging with 

repulsive forces, leading to a displacement of ions from their trajectory on the z-axis, 

following the rules of the Mathieu equation (see Equation 1.4) (Gross, 2004). 
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 =  + ()    (1.3) 




  +  + 2cos() = 0   (1.4) 




  +  + 2cos()  = 0  

 Parameters a and q are dependent on a specific range of m/z values (see 

Equation 1.5) (Gross, 2004): 

 = − = 
  and  = − = 

  (1.5) 

 Thus, ions oscillating within a 2r0 distance between electrode rods traverse the 

quadrupole without hitting the rods. This can be implemented in filtering out these 

specific ions using specific magnitude of RF voltage V and ratio of U/V. The final mass 

resolution of linear quadrupoles is limited by the U/V ratio and mechanical accuracy of 

the rods (±10 μm). Higher resolution can only be achieved by reducing ion 

transmission. As a result, linear quadrupoles operate most often at unit resolution 

(resolution of integer masses only) and often fail to resolve ions with similar integer 

masses (also referred to as isobaric ions) (Gross, 2004). 
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Figure 1.13 Schematic of a linear quadrupole mass analyzer (adapted from (March and 

Todd, 2015)). 

 

 In TOF-based MS, a very simple principle is applied. Ions are accelerated into 

a field-free drift tube of a pre-defined length (l). If a mixture of ions is accelerated 

simultaneously, larger and less charged ions (larger m/z values) travel through the drift 

tube for a longer amount of time (t) than smaller and more highly charged ions (smaller 

m/z values). The energy (Eel) from accelerating the ions through applying a voltage U, 

is equal to the product of the charge of the ion (z), the electron charge e and U. Since 

ions are accelerated in high vacuum, the potential energy, Eel, is completely converted 

into kinetic energy (Ekin) of an ion with the mass mi (see Equation 1.6) (Gross, 2004): 

 =  = 
 =     (1.6) 

 The velocity of the ion in Equation 1.6 is v and is proportional to the square root 

of the charge-to-mass ratio (z/m) of the ion (see Equation 1.7) (Gross, 2004). 

 = / = 


     (1.7) 
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 This allows for very accurate determination of m/z values based on simple travel 

time measurements (in field-free vacuum). Theoretically, TOF combines high 

resolving power with an unlimited ion transmission capability. However, accurate 

measurements are only possible if ion acceleration is simultaneous for all ions and if 

all ions are in the same location. Effects of time, spatial and kinetic energy dispersion 

reduce the mass resolution of linear TOF analyzers drastically. Developed by B. A. 

Mamyrin (Mamyrin, 2001), the reflectron (or reflector) TOF analyzer was introduced 

to correct inaccuracies from different kinetic energy dispersion effects. This technique 

employs an ion mirror (reflectron) that applies a retarding electric field to ions passing 

through it (see Figure 1.14). When ions penetrate that electric field, they travel until 

they lose their kinetic energies and are repelled. Ions with higher kinetic energies enter 

the reflectron deeper, whereas lower energetic ions are repelled faster. This corrects 

kinetic energy dispersions of ions with identical m/z values and therefore increases the 

TOF mass resolving power (Gross, 2004). 

 

Figure 1.14 Reflectron TOF schematic using a laser ionization technique, subsequent 

ion acceleration and a reflectron at the opposite side of the drift path. A second detector 

to allow linear TOF acquisition is possible as well (adapted from (Gross, 2004)). 
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 Although most MS techniques are being continuously developed and improved, 

individual advantages and disadvantages have consequently led to the hyphenation of 

two or more MS techniques to increase performance. This concept is generally referred 

to as tandem MS (MS/MS) and has become reasonably standard on commercial 

systems. Using multiple MS filters in tandem makes it possible to include diverse 

fragmentation techniques, allowing for more structural information to be obtained. A 

general scheme of MS/MS systems with a fragmentation cell can be found in Figure 

1.15. Overall, this made MS/MS a powerful technique for analysis of unknown 

compounds, especially combined with LC, which provides separation of complex 

samples and additional information through retention time. However, applicable 

hyphenation of LC-MS/MS requires sufficient mass acquisition speed, to allow mass 

and fragmentation analysis on the separation time scale. In addition to analytical speed, 

m/z acquisition range, mass resolution and mass accuracy are important key elements 

in choosing a MS platform for a given experiment. The instrument’s mass resolution 

(R, see Equation 1.8) is determined by the peak width (Δm) at half maximum (FWHM) 

of a mas signal (m), whereas the difference of the measured (accurate) mass (mi) to the 

theoretical (exact) mass (ma) is defined as the mass accuracy (Gross, 2004). The 

relative mass accuracy, the difference between the measured and exact m/z divided by 

the exact m/z, is usually reported in parts per million (ppm, see Equation 1.9). 

 = 
     (1.8) 

()   = 
 × 10   (1.9) 
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Figure 1.15 General scheme of hyphenated MS/MS platforms. LC-MS/MS systems 

usually operate under atmospheric pressure at the sample inlet. Fragmentation can 

occur at different positions of the MS/MS system, depending on the utilized technique. 

In this example, a discrete fragmentation cell is separated between two mass analyzers, 

as in the case of the very popular triple quadrupole platform. 

 

 Two common MS/MS setups are triple quadrupoles (QqQ) and quadrupole–

time-of-flight systems (QqTOF). Both instruments use a low-resolution quadrupole 

mass analyzer at the first stage, which can function as a continuous or static mass filter 

(Q1), followed by an RF-only quadrupole serving as the fragmentation (collision) cell, 

and either a second quadrupole mass analyzer or a higher resolution TOF analyzer. For 

QqQ platforms, the most common acquisition mode is multiple reaction monitoring 

(MRM, also known as selected reaction monitoring) (Lange et al., 2008; Picotti and 

Aebersold, 2012), whereas QqTOF systems are mostly used for discovery workflows 

in data-dependent acquisition (DDA) mode (Mann et al., 2001). Both these platforms 

use collision-induced dissociation (CID) for precursor ion fragmentation in most cases 

(see Figure 1.16). Typically, CID is possible by accelerating ions through a collision 

cell filled with an inert gas (nitrogen or argon) at a pressure of 0.1–0.3 Pa (Gross, 2004). 

This enables selective fragmentation in low-resolution MRM, or structural elucidation 

or confirmation in high-resolution MS/MS product ion scans. Acquisition using DDA 

mode rely mostly on a survey scan (no fragmentation, MS1) in which the acquisition 

software selects, in an automated fashion (based on pre-defined settings and m/z 

inclusion/exclusion lists), ions for subsequent fragmentation analysis (MS2). This 
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automated selection can be list-, isotope pattern-, mass defect- or intensity-dependent. 

It is often restricted to the most abundant precursor ions, often referred to as DDA with 

top N ion selection (N being the maximum number of ions selected in each acquisition 

cycle). Many other MS/MS or analysis modes are possible on commercially available 

platforms. Other common modes include, selected ion, precursor ion and neutral loss 

scans (on QqQ) (Hopfgartner et al., 2004), data-independent acquisition (DIA) on 

QqTOF or hybrid Orbitrap platforms (Ludwig et al., 2018), or multiple steps of 

fragmentation in ion traps (tandem-in-time or MSn) (Cody et al., 1982). Additional ion 

fragmentation techniques include electron capture or transfer dissociation (ECD/ETD) 

of multiply charged ions (Riley and Coon, 2018; Zubarev, 2004), surface-induced 

dissociation (Wysocki et al., 2008), infrared multiphoton dissociation (Brodbelt and 

Wilson, 2009), or ultraviolet photodissociation (Ly and Julian, 2009), among others. 
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Figure 1.16 Representative MS analysis scheme of (A) two MRM experiments 

(transitions) and (B) a DDA survey scan with subsequent ion selection, based on ion 

intensity, and fragmentation analysis of selected ion. In MRM acquisitions, pre-

selected precursor and product ion pairs are monitored through fixed ion isolation in 

Q1 and Q3, respectively. DDA is presented here in a QqTOF setup using a reflectron 

TOF as second mass analyzer. During the DDA survey scan, Q1 and q2 are set to be 

both non-mass filtering (RF-only mode). Mass analysis occurs only through reflectron 

TOF measurement. 
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 In order to analyze highly complex samples with appropriate sensitivity, mass 

accuracy and under reproducible conditions, several analytical standards have been 

established. To facilitate the hyphenation of LC and MS, scanning cycles and 

acquisition modes were especially optimized. Thus, to allow for accurate determination 

of the area under chromatographic peaks, approximately 10–20 data points are needed 

for each LC peak (see Figure 1.17A). Accurate peak area measurements are especially 

important in quantitative studies, where peak intensities are less reliable. This limits 

the number of MS experiments possible during an acquisition cycle, which is referred 

to as the cycle time (see Figure 1.17B). As an effect, the maximum number of MS 

experiments depends on the sensitivity of the detector and analytical speed of the mass 

analyzer. The actual time each individual MS experiment collects data and accumulates 

detector signal is known as the dwell or accumulation time. A representative 

experimental setup can be found in Figure 1.17C, where an MRM experiment with 

eight individual transitions is equally distributed within 1 s of total cycle time. In 

addition, a top 15 ions DDA method is represented with a MS1 precursor scan of 

250 ms, to ensure high sensitivity for precursor ion selection, and 15 individual MS/MS 

experiments of each 50 ms accumulation time. These 15 fragmentation experiments in 

general require less accumulation time, due to the reduced spectral complexity and 

increased selectivity of a Q1 pre-filtered MS2 acquisition (see Figure 1.16B). However, 

Q1 selectivity is limited by its unit resolution (Jemal and Ouyang, 2000). This can lead 

to co-selection (co-isolation) of multiple precursors, and cause interferences in MRM 

transitions (Qi et al., 2015a) or overlapping (composite) MS/MS spectra in HRMS 

fragmentation spectra (Chalkley et al., 2014). As an effect, quantitative MRM or DDA 

studies could be negatively impacted by co-isolated precursors. This makes a well 

optimized LC separation indispensable. 
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Figure 1.17 (A) Representation of a chromatographic peak (<10 s total peak width) 

acquired using four different cycle times. (B) Visualization of a cycle time of 1 s (C) 

with representative MRM analysis using eight transitions or DDA with top 15 ions. 
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1.2.3 Drug metabolite analysis 

 Drug metabolism studies are crucial for determining drug efficacy and toxicity 

within the pharmaceutical industry. The industrial discipline of DMPK (drug 

metabolism and pharmacokinetics), correct understanding of ADME (absorption, 

distribution, metabolism, and excretion), and identification of toxic and reactive 

metabolites are critical aspects during drug development and beyond. These studies 

profit from constant improvements in analytical technologies, which facilitate drug 

metabolite identification in various biological matrices. Reactive metabolite screening 

and biotransformation studies were established as an integral part in drug candidate 

selection with increased success rates (Caldwell et al., 2009). 

 In earlier times of drug metabolite analyses, QqQ (and later quadrupole-linear 

ion trap, QqLIT) platforms were the preferred tool in MS-based studies. Precursor ion 

and neutral loss scans (see Figure 1.18) allowed the pharmaceutical scientist to screen 

for metabolites, without knowing their exact structures or chemical formula. These 

scanning techniques employ pre-existing knowledge of specific, anticipated 

fragmentation of metabolites and conjugate classes (Clarke et al., 2001). Combining 

the high sensitivity of QqQ systems with the great versatility of precursor ion scans, 

neutral loss scans or MRM acquisitions, these techniques are widely accepted as 

standards in profiling of stable metabolites and conjugation products. Adding to the 

overall performance of quadrupole-based technologies, QqLIT platforms offer 

additional experiments (such as enhanced product ion scans, enhanced resolution scans, 

enhanced multiply charged scan and MS3). These systems are built on a QqQ 

framework, where Q3 can be either used as a regular quadrupole or as a LIT with 

increased sensitivity, varying resolution and the potential to accumulate ions over time. 

Thus, researchers were able to combine higher resolution fragmentation analysis with 

the high sensitivity of regular QqQ (Hopfgartner et al., 2003; Mauriala et al., 2005; Xia 

et al., 2003; Yao et al., 2008). 
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Figure 1.18 Simplified QqQ analysis schematic representation of (A) product ion scan, 

(B) precursor ion scan and (C) neutral loss scan experiments. In a product ion scan, Q1 

is set at a fixed m/z of a pre-selected precursor with subsequent acquisition (scanning) 

of its product ions. The precursor ion scan utilizes a similar concept where the product 

ion m/z is fixed in Q3 and possible precursors are scanned in Q1. The resulting mass 

spectrum consist of all precursor m/z values yielding the pre-defined product ion. 

Neutral loss scanning methods utilize Q1 and Q3 in synchronous scanning mode with a 

pre-defined mass difference (Q1−Q3), corresponding the mass of the pre-selected 

neutral loss (e.g., water loss of 18 u or ammonia loss of 17 u). 

 

 HRMS instruments, including QqTOF, Orbitrap and FTICR MS, were rarely 

used in earlier developments of drug metabolite identification studies. High instrument 

and maintenance costs, compared to QqQ and QqLIT systems, and missing true 

precursor ion and neutral loss scans slowed down the implementation of HRMS 

techniques. However, with the increasing performance and analytical speed of HRMS 

and ion traps (Peterman et al., 2006), theses platforms became increasingly attractive. 

For instance, novel isotope pattern-dependent MS/MS acquisition modes introduced 

another useful tool to detect metabolites of drug precursors with distinct isotope pattern 
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(e.g., the 35Cl-to-37Cl ratio of ~3:1, see example in Figure 1.19) (Du et al., 2013; Ruan 

and Zhu, 2010). This allows for HRMS/MS of potentially unknown or unpredicted 

metabolites, and opening up the possibility for structural interpretation. Consequently, 

other DDA acquisitions, such as intensity based DDA, have been increasingly and 

effectively used for metabolite screening, especially GSH trapped reactive metabolites 

(Ma et al., 2008a, 2008b). With the detailed study of GSH adducts and specific 

characterization of their fragmentation behavior (Baillie and Davis, 1993; Haroldsen et 

al., 1988; Pearson et al., 1990), useful GSH-dependent characteristics have been 

identified. Fragmentation of GSH occurs preferentially at the peptide backbone of GSH. 

For instance, the neutral loss of pyroglutamate (C5H7NO3) is very common in CID-

based fragmentation of GSH adducts (Baillie and Davis, 1993). This neutral loss of 

129.0426 u is thus commonly used in QqQ neutral loss scans or post-acquisition 

filtering of HRMS/MS data. Other GSH-related fragment ions or neutral losses (see 

complete overview in Table 1.6) include the neutral loss of 307.0838 u (loss of 

C10H17N3O6S) in positive ion mode (Levsen et al., 2005; Yan and Caldwell, 2004) and 

the product ion at m/z 272.0888 (C10H14N3O6) in negative mode (Dieckhaus et al., 

2005). However, some GSH adducts have higher signals as multiply charged ions in 

positive ion electrospray MS, thus altering the fragmentation behavior of the GSH 

adduct and potentially interfering with precursor ion or neutral loss acquisition, or post-

analysis data filtering (Dieckhaus et al., 2005). Another noteworthy acquisition 

strategy, the mass defect-based DDA, was specifically developed for HRMS 

instruments to yield MS/MS acquisition of drug metabolites in complex biological 

matrices (Liu et al., 2011). Mass defects (non-integral portion of m/z values) of 

metabolites normally range (mass defect change) within 70 mu of the mass defect of 

the parent drug (Zhang et al., 2003). This allows for pre-defined m/z limits for a more 

targeted DDA approach, avoiding fragmentation analysis of unnecessary or unrelated 

features. 
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Figure 1.19 Isotope pattern of [M+H]+ adducts of (A) clozapine (C18H19ClN4) and (B) 

its GSH adduct (CLZ−2H+GSH, C28H34ClN7O6S). 
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Table 1.6 Selection of common phase II conjugate-related characteristic product ions 

and neutral losses 

Conjugate Neutral loss (u) Neutral chemical formula Product ion (m/z) 

[M+H]+ [M−H]− 

GSH 307.0838 C10H17N3O6S 308.0910 306.0765 

 305.0681 C10H15N3O6S   

 275.1122 C10H17N3O6   

 273.0961 C10H15N3O6 274.1033 272.0888 

  C10H13N3O5  254.0782 

 146.0691 C5H10N2O3   

  C5H8N2O3 145.0608  

 129.0426 C5H7NO3 130.0499  

 75.0320 C2H5NO2 76.0393  

Mercapturic 

acid 

163.0303 C5H9NO3S   

 129.0426 C5H7NO3 130.0499  

Glucuronide  C6H8O7  191.0197 

 176.0321 C6H8O6  175.0248 

  C5H6O3  113.0244 

  C4H6O2  85.0295 

Sulfate 79.9568 SO3   

 63.9619 SO2   

 

 HRMS-based DDA techniques normally collect a large amount of data, making 

efficient data mining technologies necessary to extract metabolism-related information. 

These strategies include isotope-pattern-dependent data mining (Zhu et al., 2009a), 

neutral loss and product ion filtering (Ruan et al., 2008). Another targeted data-mining 

technique is relying on extracted ion chromatograms, where structurally anticipated 

metabolites and conjugates are directly searched based on their corresponding shift in 
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(MS1) mass (see Table 1.7 for common metabolite mass shifts) and retention time. In 

addition, untargeted data-mining technologies involve several background subtraction 

algorithms (Zhang et al., 2008; Zhang and Yang, 2008; Zhu et al., 2009b), control 

sample comparisons and approaches derived from metabolomics studies. A great 

advantage of untargeted strategies is that unbiased detection of metabolites and 

conjugates is possible, without pre-existing knowledge of potential metabolism or well 

understood behavior during metabolism itself or sample treatment/analysis. 

 

Table 1.7 Common phase I and phase II transformations and corresponding exact mass 

shifta 

Phase Metabolism Neutral mass 

shift (u) 

Description Mass defect 

change (mu) 

I Deacetylation −42.0106 −C2H2O −10.6 

I Dehydration −18.0106 −H2O −10.6 

I Demethylation −14.0157 −CH2 −15.7 

I Dehydrogenation −2.0157 −2H −15.7 

I Hydrogenation +2.0157 +2H +15.7 

I Oxidation +15.9949 +O −5.1 

I Internal hydrolysis +18.0106 +H2O +10.6 

II Methylation +14.0157 +CH2 +15.7 

II Acetylation +42.0106 +C2H2O +10.6 

II Glycine conjugation +57.0215 +C2H3NO +21.5 

II Sulfation +79.9568 +SO3 −43.2 

II Mercapturic acid +161.0147 +C5H7NO3S +14.7 

II Glucuronidation +176.0321 +C6H8O6 +32.1 

II GSH conjugation +305.0682 +C10H15N3O6S +68.2 
aMass shifts of conjugations are based on hydrogen substitution. Halide substitution is also 

possible and mass shifts change accordingly. 



 
43

1.2.4 Proteomics techniques 

 Proteins are essential cellular building blocks and represent the functional 

information of genes in the form of enzymatic catalysis, signaling and molecular 

interactions. The study of proteins, often referred to as proteomics, is essential as a 

third “omics”-discipline of biochemical sciences (Yarmush and Jayaraman, 2002). 

Proteomics encompasses the identification, modification, quantitation and localization 

of proteins in different cell types and matrices. One widely established technique to 

study proteins is known as the western blot. This technique was initially described by 

H. Towbin and co-workers in the 1970s (Towbin et al., 1979) and named3 by W. N. 

Burnette (Burnette, 1981). In brief, denaturated proteins are separated by gel 

electrophoresis and then transferred (blotted) onto nitrocellulose or polyvinylidene 

difluoride membrane. Using a (primary) target protein-specific antibody and 

subsequently a (secondary) antibody, the proteins of interest are visualized and 

detected. Usually, the secondary antibody is complexed with an enzyme that produces 

a detectable signal after addition of a specific substrate. Through separate marker 

solutions, western blot enables size estimation of proteins (Mahmood and Yang, 2012). 

Several factors play a pivotal role in western blot analyses: 1) the primary antibody 

specificity and affinity, and 2) the target protein concentration in the desired sample. 

Low analyte amounts or low specificity/affinity can have detrimental effects on 

detection. In addition, post-translational modifications (PTMs) and protein–protein 

interactions can alter the size of a given target protein. In addition, western blot results 

are mostly of qualitative nature. Quantitative western blot analysis is often only 

 

3 Western blot, like the RNA northern blot, is not capitalized and is a play on the DNA Southern blot 
technique, named after E. Southern. 
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available as relative (or semi) quantitation, comparing equally treated and analyzed 

samples against a control set. 

 Another protein immunoassay is known as enzyme-linked immunosorbent 

assay (ELISA). E. Engvall and P. Perlmann, and B. K. Van Weemen and A. H. W. M. 

Schuurs developed the diagnostic assay in the 1970s (Engvall and Perlmann, 1972; Van 

Weemen and Schuurs, 1971). The antigen, here the target protein, is immobilized in a 

direct or indirect matter, the latter using a specific capture antibody. Then, a primary 

antibody is added which binds to the antigen protein. This primary antibody can be 

labeled with an enzyme that, similar to western blotting, creates a detectable signal 

after a substrate is added. This procedure is known as direct ELISA, whereas indirect 

ELISA utilizes a secondary (detection) antibody which is complexed with the enzyme. 

Detectable signals are directly linked to the antigen concentration, enabling 

quantitation of target proteins/antigens in a cost-effective manner (Shah and 

Maghsoudlou, 2016). For instance, ELISA is commercially used in at-home and point-

of-care testing, including modern pregnancy tests in which the hormone human 

chorionic gonadotropin is detected via a sandwich ELISA technique (Vaitukaitis, 2004). 

However, ELISA shares the same advantages and disadvantage with western blot 

techniques and immunoassays in general. All immunoassay techniques are dependent 

on specific and effective antibodies against the proteins of interest. 

 High-throughput and advanced proteomics techniques, in which the proteins 

are analyzed without the necessity for antibodies, are either MS-based or are relying 

on nuclear magnetic resonance spectroscopy. MS-based techniques combine high 

sensitivity with selectivity (Dunn et al., 2011; Emwas, 2015). Nevertheless, MS 

analysis of proteins and peptides remained challenging until relatively recently, based 

on their polar, non-volatile and thermally unstable nature. Requiring soft ionization 

techniques that transfer proteins and peptides into the gas phase without degradation, 

two important developments paved the way for MS-based proteomics. These 
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techniques are known as matrix-assisted laser desorption ionization (MALDI) (Karas 

and Hillenkamp, 1988; Tanaka et al., 1988) and ESI (Fenn et al., 1989). With MS being 

capable of proteomics analyses, three specific applications were established: 1) 

analysis of protein expression, 2) analysis of protein–protein interactions and 3) 

identification of modification sites. In general, MS-based techniques are considered 

highly exhaustive and versatile tools to answer questions in the multidisciplinary 

research field of proteomics (Yates et al., 2009). 

 MS strategies in proteomics encompass the analysis of enzymatically/ 

chemically digested proteins up to intact protein–protein interaction complex analyses. 

The analysis of proteolytically digested proteins is known as bottom-up or shotgun 

proteomics, whereas intact protein MS is referred to as top-down or native proteomics. 

Complex peptide or protein samples are effectively separated by different types of 

(multidimensional) LC strategies prior to MS analysis, each with advantages for 

specific study needs. These can be based on RP, ion exchange (e.g., SCX) or isoelectric 

point separations. Especially in bottom-up proteomics the “break-then-sort” idea has 

been broadly distributed. The “break-then-sort” approach is referring to initial protein 

digestion with one or multiple proteases (see overview of common proteases in Table 

1.8) (Giansanti et al., 2016) and subsequent peptide fractionation prior to LC-MS/MS 

analysis (Michalski et al., 2011). In contrast, the “sort-then-break” approach is known 

in bottom-up proteomics, where proteins are separated and fractionated by LC (e.g., 

size-exclusion chromatography) first, then digested, and peptides finally analyzed by 

LC-MS/MS (Han et al., 2008). MS/MS analysis of bottom-up proteomics samples is 

commonly used in DDA mode to cover a large range of peptides with a vast 

concentration rage and different physicochemical properties and m/z values. In order 

to achieve reproducible analyses of proteins, robust and optimized digestion protocols 

are highly important. Independent of the used protease, two steps are important to 

facilitate accurate peptide identification. The first step requires thiol reducing agents, 

such as dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine, which reversibly reduce 
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intrachain disulfide bonds between cysteine residues. To prevent reformation of these 

bonds, reagents are added to irreversibly alkylate free cysteines. This process prohibits 

intrachain bonds and reduces protein stability and folding. Common alkylating agents 

are iodoacetamide (IAM), iodoacetic acid and N-ethylmaleimide. Ultimately, this 

preparation step aids in the reproducible proteolysis of protein sequences to facilitate 

high throughput sequencing (Jiang et al., 2013; Rebecchi et al., 2011). 

 Efficient peptide identification (sequencing), and ultimately protein 

identification, requires sufficient collection of MS/MS spectra of each individual 

peptide feature. Peptide fragmentation follows very reproducible fragmentation rules 

which depend on the dissociation technique. Backbone bond cleavage during 

fragmentation (see Figure 1.20) yields the most abundant product ions in peptide 

MS/MS. Especially in CID-based QqTOF and Orbitrap MS/MS, a, b and y-ions are 

commonly observed and used to effectively identify predicted or unpredicted peptide 

sequences (the latter known as de novo sequencing) (Ahmadi and Winter, 2019; Griss, 

2016). Depending on precursor charge state, fragments are often singly charged, less 

often doubly or triply charged. In addition to CID-derived a, b and y-ions, neutral water 

loss is common with ions containing serine, threonine, aspartic acid and glutamic acid. 

Peptide ions consisting of asparagine, glutamine, lysine and arginine can undergo 

neutral ammonia loss. Internal fragments are also possible, which include a double 

backbone bond cleavage. 
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Table 1.8 Common proteases in MS-based bottom-up proteomics 

Protease family Protease Cleavage Note 

Aspartic protease Pepsin Proximity of F, L, W and Y Specificity is pH 

dependent (optimal 

pH: 1.5–2.5) 

Cysteine protease ArgC C-terminal of R Cleavage at K also 

possible 

Serine protease Chymotrypsin C-terminal of F, L, M, W 

and Y 

 

 GluC C-terminal of E Cleavage at D also 

possible 

 LysC C-terminal of K  

 Trypsin C-terminal of K and R No cleavage if P on 

C-terminal side 

Metalloproteinase AspN N-terminal of D Cleavage at E also 

possible 
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Figure 1.20 Peptide fragmentation scheme showing peptide bond cleavage leading to 

different product ions. Either the peptide amide bond (a and x-ions), the amino alkyl 

bond (b and y-ions) or the alkyl carbonyl bond (c and z-ions) are cleaved during 

dissociation. Fragmentation products with the charge remaining on the N-terminal side 

are termed a, b or c-ions, and x, y or z-ions with the charge on the C-terminal side 

(Biemann, 1990). The subscript number besides the letter refers to the number of amino 

acid residues within the peptide fragment ion. 

 

 The above fragmentation rules are commonly used in modern sequencing 

algorithms. In order to correctly assign peptide sequences and protein identities, 

peptide MS/MS spectra are matched to a database of previously identified protein 

sequences or sequences derived from genomic sequencing. Peptide-spectrum matching 

(PSM) is a well-established computational tool to identify most peptide MS/MS spectra 

in a proteomics experiment. In PSM analyses, protein sequences from various 

databases (e.g., UniProtKB/Swiss-Prot) are theoretically digested (based on protease 

cleavage specificity, see Table 1.8) and peptide MS/MS spectra are predicted. These 

predicted spectra are compared to acquired MS/MS spectra and matches are sorted 

based on matching confidence. De novo sequencing approaches rely on correct 

identification of the peptide sequence through its acquired MS/MS spectra. Sequences 

are then compared to protein sequences in a database (Griss, 2016). For confident 

identification, both approaches equally require MS/MS spectra with sufficient spectral 
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quality and low complexity (ideally no composite MS/MS), and peptide fragmentation 

yield. In addition, PSM and de novo sequencing can be used to identify PTMs on 

protein sequences (Heazlewood, 2011). In general, PTMs of a specific residue increase 

the exact mass of the modified amino acid. This can be often implemented in 

sequencing algorithms and, combined with empirical values of modification 

probability, this can be used to efficiently detect protein modifications which are 

normally only a fraction of the unmodified protein. However, ion dissociation and 

fragmentation techniques can have a direct effect on the stability of the PTM itself, thus 

the ability to detect these PTMs. For instance, analysis of ubiquitination is believed to 

be difficult using CID-based methods, including higher-energy collisional dissociation 

(HCD) in Orbitrap MS systems. HCD fragmentation is equivalent to CID-type 

dissociation in QqQ and QqTOF systems (Olsen et al., 2007). CID in Orbitrap MS 

systems is referred to the ion trap (low-energy) resonant-excitation CID. HCD is not 

equivalent to “high-energy” CID in tandem magnetic sector mass spectrometers and in 

tandem TOF-MS (TOF/TOF) (Pittenauer and Allmaier, 2009), but instead allows for 

multiple collision events of the precursor as in a traditional quadrupole-type collision 

cell (de Graaf et al., 2011). However, strategies using ECD/ETD have proven to be 

complementary to CID, allowing for identification of, for instance, novel ubiquitination 

sites through analyzing c and z+1-ions 4  (Sobott et al., 2009). Other less stable 

modifications include non-covalent binding. For instance, cyclodextrin inclusion 

complexes, which can be analyzed via ECD (Qi et al., 2015b). Nonetheless, many 

protein modifications remain stable in MS and MS/MS acquisitions, such as acetylation 

 

4 It should be noted that electron-based peptide fragmentation methods generally yield c and z•-ions (z-
ion radicals). In Biemann nomenclature, these radicals are named z+1-ions. If the z•-ion abstracts an 
additional hydrogen it is named z+2. In some literature z•-ions are confusedly termed z-ions; z•-ions with 
abstracted hydrogen z+1-ions. 
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(Larsen et al., 2006) or other irreversible covalent modifications (e.g., from reactive 

metabolite binding reactions). 

 

1.3 Experimental design and research challenges 

 Regarding reactive metabolite formation and related biomolecule binding, there 

are still important scientific questions to be answered and improvements needed, to 

increase compound risk assessments (Thompson et al., 2016). Protein binding presents 

a major challenge in drug research and development. Covalent protein adducts, from 

endogenous and exogenous sources, play a key role in the onset of multiple health 

issues, cancers and immune responses (Baillie, 2009; Barrera et al., 2015; Loeb and 

Harris, 2008; Sharma et al., 2013). The detection of these protein adducts, and their 

modification sites is often not straightforward, even with modern methodologies. 

Challenges can be the low abundance of protein modifications, namely the site 

occupancy of the occupied amino acid, the instability of the reactive metabolite-amino 

acid adduct, and the low target protein quantities in the analyzed sample. A common 

approach in most types of investigations is to perform shotgun proteomics using DDA 

on a QqTOF or Orbitrap MS platform (Gan et al., 2016; Sabbioni and Turesky, 2017; 

Tailor et al., 2016). Even though successful applications have shown the analytical 

potential of these types of studies, challenges remain even with constant improvements 

in mass spectrometer and search algorithms. In DDA-based methods, using intensity 

selection, roughly 16% of actually detectable peptides are identified and with very low 

level reproducibility (Michalski et al., 2011). Thus, improvements in sample 

preparation and MS-based strategies are needed to lower the limit of detection for very 

low abundant modified peptide features, but also to increase the sampling capabilities 

of highly complex samples. 



 
51

 In this research thesis, the in vitro metabolism of the antipyretic and analgesic 

APAP and two antipsychotics, CLZ and OLZ, were studied in detail. These three drugs 

have been well studied in previous research (see Figure 1.21 for a brief overview of 

known metabolism), however, many questions regarding reactive metabolism, and the 

exact outcome and effects of related protein binding still need to be assessed. In 

addition, these three compounds are highly different in their adverse effects and 

toxicity. APAP is the most commonly used painkiller in Western societies, but also one 

of the major cause of acute liver failure (ALF) (Fagan and Wannan, 1996; James et al., 

2013; Lee, 2004; Sivilotti et al., 2005). Its hepatotoxicity is linked to the formation of 

a reactive metabolite, N-acetyl p-benzoquinone imine (NAPQI), which is known to 

form covalent adducts with cysteine residues in GSH and proteins (Dahlin et al., 1984; 

Gibson et al., 1996; Jollow et al., 1973). The antipsychotics CLZ and OLZ are used in 

the treatment of schizophrenia and psychosis. Based on its increased likeliness to 

induce agranulocytosis and neutropenia, CLZ is used as a third-line medication in 

treatment-resistant cases (Baldessarini and Frankenburg, 1991; Curto et al., 2015; Kane 

et al., 1988). In direct comparison, OLZ is considered less dangerous, not leading to 

reported white blood cell depletion or other adverse effects (Fulton and Goa, 1997). 

Thus, it is used as a first-line medication for schizophrenia (Murray, 2006; Schwenger 

et al., 2011), even being less effective than CLZ (Fulton and Goa, 1997). In addition, 

OLZ is also used in the treatment of mood disorders (Luan et al., 2017; Samara et al., 

2017), anorexia nervosa (Attia et al., 2019) and chemotherapy-induced nausea (Navari 

et al., 2016; Sutherland et al., 2018). With apparent differences in efficacy and 

likelihood of IADRs, CLZ and OLZ remain interesting targets for reactive metabolite 

studies, since both are structurally similar, forming a similar nitrenium ion metabolite 

(CLZox and OLZox, respectively; see Figure 1.21) with different toxicity-related 

outcomes. 
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Figure 1.21 Overview of common stable and reactive metabolites of (A) APAP, (B) 

CLZ and (C) OLZ. The majority of APAP metabolism consist of direct glucuronidation 

(Gluc) and sulfation, aside from bioactivation to NAPQI, to a lesser extent (5–15%). 

Main stable metabolites of CLZ are a result of demethylation (desmethylclozapine, 

DCLZ) and N-oxidation (clozapine N-oxide, CLZ-NO). The well-known reactive 

metabolite of CLZ corresponds to CLZox. OLZ undergoes similar phase I metabolism 

(forming desmethylolanzapine, DOLZ; olanzapine N-oxide, OLZ-NO; and 2-

hydroxymethyl-olanzapine, 2-OH-OLZ) as well as bioactivation to OLZox. Reactive 

metabolites NAPQI, CLZox and OLZox are normally conjugated to GSH for 

detoxification and excretion from the body, a reaction mostly mediated by GSTs during 

phase II metabolism. GSH can also directly conjugate to reactive metabolites without 

the need for enzymatic catalysis via GSTs (Li, 2009). 
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 Two approaches regarding the formation of reactive metabolites and their 

subsequent binding reactions are discussed: 1) a small molecule analysis approach to 

investigate the (reactive) metabolism of the compound or drug of interest in vitro, and 

2) several bottom-up proteomics strategies to allow for detection of low abundant 

covalent modifications on specific protein targets or proteins from the incubation 

system itself (e.g., microsomal proteins) (see Figure 1.22). 

 

Figure 1.22 General workflow scheme to study in vitro reactive metabolite formation 

and binding of xenobiotics using LC-MS/MS. 

 

1.3.1 Sample preparation 

 In this research, in vitro incubations incorporated the following: 1) the 

compound of interest, 2) a CYP protein source (always including oxidoreductase 

and/or cytochrome b5), 3) the cofactor NADPH, and 4) the addition of a reactive 

metabolite trapping reagent (e.g., small molecules or proteins). NADPH can be used 

directly or can be supplied by using a NADPH regenerating system (using NADP+ as 

a substrate). This system consists of magnesium chloride, glucose 6-phosphate and 

glucose-6-phosphate dehydrogenase (G6PDH) (see Figure 1.23). In order to focus on 
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reactive metabolite binding to either small molecule trapping agents, like GSH or N-

acetylcysteine, or to large molecules such as proteins, subsequent sample preparation 

steps need to be selected accordingly (see Figure 1.22). Since the formation of the 

reactive metabolites requires the use of several proteins to catalyze oxidative 

metabolism, a protein precipitation (or protein crash) is needed to enable the correct 

downstream study of small metabolites. A common technique is the addition of water-

miscible solvents, such as ACN, MeOH or acetone at a 1:1 or 1:3 water-to-organic 

solvent ratio. Proteins start to aggregate and precipitate, as their hydration layer is 

reduced and then collected using centrifugation. Soluble stable metabolites and adducts 

can then be removed from the supernatant and further processed. If need be, the protein 

pellet can be resuspended using detergents, allowing for proteomics analysis using 

proteases, subsequent SPE and (2D-)LC-MS/MS. If small molecule analysis is not 

necessary, protein analysis can be done directly without protein precipitation through 

in-solution digestion. This helps to avoid the usage of detergents, which are mostly 

detrimental for LC and ESI-MS peptide analysis through ion suppression effects 

(Ogorzaiek Loo et al., 1996). 

 

Figure 1.23 NADPH regenerating cycle using glucose 6-phophate and NADP+ in the 

CYP-mediated oxidation. 
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1.3.2 Data processing and treatment 

 In order to successfully study small molecule adducts and complex modified 

peptide mixtures, several software packages were used. Most of these software suites 

included software from Sciex, the manufacturer of the MS systems used in this work. 

For metabolite identification, MetabolitePilot™ (Sciex) was used. This tool allows to 

search complex metabolism samples in a targeted but also untargeted fashion. Using 

control samples for comparison, targeted workflows search for metabolite features (m/z 

and retention time) based on predicted metabolism in phase I and/or phase II (see Table 

1.7) and structural characteristics (e.g., loss of piperazine in CLZ or OLZ). Untargeted 

workflows can use mass defect, product ion or neutral loss filtering. These can be 

specifically useful to detect unpredicted GSH adducts. Peptide-based analyses were 

conducted with ProteinPilot™ (Sciex). This software uses the Paragon™ Algorithm 

(Shilov et al., 2007) to apply database searching to MS/MS spectra of peptides. In order 

to detect unknown/uncommon PTMs or artificial modifications on the sequence, such 

as NAPQI, HNE, CLZox or OLZox adducts, the pre-determined probability of the 

specific modification was altered in the software-linked files (see overview of searched 

modification in Table 1.9). This enabled the database search of MS/MS spectra with 

an artificially increased modification probability of 50–80%. Naturally, this led to 

many false positives. However, knowledge from preceding GSH and small molecule 

trapping studies was used to identify amino acid-reactive metabolite specific fragment 

ions in complex peptide MS/MS. These product ions are generally referred to as 

diagnostic (fragment) ions, and have proven to be highly useful in reactive metabolite 

binding studies (Carlsson and Törnqvist, 2017; Takeshita and Kanaly, 2019). Finally, 

quantitation of modified peptide features was done using MultiQuant™ software 

(Sciex). Visualization of data was possible using PeakView® and MasterView® (Sciex). 
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Table 1.9 Brief overview of reactive metabolite-derived modifications of amino acids 

in protein described in the literature 

Source Reactive 

metabolite 

Modification 

site 

Addition (with 

replacement of H) 

Mass 

difference (u) 

LPO HNE Cys, His, Lys C9H17O2 +156.1150 

APAP NAPQI Cys C8H8NO2 +149.0477 

CLZ CLZox Cys C18H18ClN4 +324.1142 

 

1.3.3 Research outline 

 The main focus of this research was the detailed understanding of the source of 

several reactive metabolites and their direct effects in disease and adverse effects. This 

research was conducted via two avenues: 1) reactive metabolism on the small molecule 

level and 2) related effects on the protein-level. Using liver microsomal incubations or 

oxidations with a specific CYP, the oxidative metabolism of drugs was first elucidated 

and structural characterized. This was necessary, since reactive metabolite adducts can 

be derived from multiple steps of metabolism leading to structurally different adducts 

(e.g., bioactivation of stable DCLZ or CLZ-NO to nitrenium ions). In addition, adducts 

being structural isomers could also have a direct influence on detection, due to the 

possibility of chromatographic separation. With this knowledge, it was possible to 

correctly identify and assign reactive metabolite protein adducts in highly complex 

samples, even with the potential for many false positives. Using optimized sample 

preparation strategies combined with state-of-the art LC-MS/MS platforms was 

another study focus to ensure sensitive assay development. Two MS platforms were 

used to maximize identification and quantitation yield: 1) a high-resolution QqTOF 

(TripleTOF® 5600+, Sciex) for accurate DDA-based identifications, and 2) a high-

sensitive QqLIT (also with QqQ function; QTRAP® 5500, Sciex) to screen for low 

abundant features and to precisely quantify modified peptides in MRM mode. 
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 Microsomal samples contain many proteins and other impurities that can be 

detrimental to instrument sensitivity and feature detection. In proteomics analyses, 

proper sample purification is one technique to improve reproducibility and lower the 

limit of detection. However, the more selective a sample preparation protocol is, the 

higher the risk for important losses of unanticipated yet interesting features. SPE and 

pre-fractionation of peptides by chromatography (in 2D-LC workflows, for instance) 

are commonly used to remove impurities, and to lower the complexity in peptide 

chromatograms and to avoid column overloading effects (Wang and Marcus, 2018). 

However, the complexity of in vitro incubations can be also reduced by using less 

complex CYP systems, such as recombinant CYPs or Supersomes™ (Corning®). These 

proteins are available with high purities and low amount of background proteins, thus 

allowing for an optimized oxidation environment and absence of unnecessary proteins. 

Incubations using these CYPs might require less purification and thus be more efficient. 

A combination of these techniques, in vitro CYP-specific incubation followed by SPE 

and multidimensional LC, can be used to determine reactive metabolite binding to 

specific protein targets of interest, which are added to the incubation systems as 

purified proteins with increased quantities. This workflow was used in Chapter 3 and 

5 to investigate binding to human GSTs of reactive metabolites, respectively, from 

APAP, and CLZ and OLZ. As an effect of using a very targeted assay with only a 

couple of potential protein targets, the use of suitable proteases could also be applied 

to increase the sequence coverage needed to detect all or most of the possible cysteine 

sites in these GSTs. Hence, cleavage-specific trypsin digestion was paired in parallel 

with the less specific pepsin digestion yielding variable peptide sequences with 

different properties. This dual-enzyme approach has the potential for increasing the 

detection of multiple protein sites hardly accessible by only one protease alone. 

 Knowledge gained from these types of in vitro investigations can then be 

applied to in vivo samples to answer specific questions in disease and adverse effects. 

For instance, known protein targets of the APAP reactive metabolite NAPQI can be 
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utilized to monitor the extend of protein binding in liver of patients suffering from 

APAP intoxication. Especially human serum albumin (hSA or HSA) is known to be a 

target of hepatic NAPQI binding, which is subsequently released into the circulation 

(Peters Jr., 1985). Thus, it is possible to apply targeted sample preparation techniques 

to patient serum samples, to specifically detect and quantify NAPQI-serum albumin 

adducts, as it was proven in a rodent model (LeBlanc et al., 2014). Therefore, as part 

of this dissertation (Chapter 2), the previously introduced rodent model was carefully 

translated to human and successfully applied to serum samples from acute liver failure 

patients. To enable absolute quantitation capabilities of circulating NAPQI-hSA, a 

custom-made alkylation agent, based on an iodoacetamide derivative, was used to 

generate surrogate modified protein standards (see Figure 1.24). An isotope-labeled (d4) 

version of that alkylation agent was used to prepare an internal standard for accurate 

and precise absolute quantitation by LC-MS/MS. 

 

Figure 1.24 Comparison of cysteine binding through (A) the bioactivation of APAP to 

NAPQI, and the chemically labeling using the custom-made alkylating agents (B) iodo-

APAP (N-(4-hydroxyphenyl)-2-iodoacetamide) and (C) d4-iodo-APAP (N-(4-

hydroxy[2,3,5,6-d4]phenyl)-2-iodoacetamide). 

 

 In addition, sample preparation and treatment optimization of in vitro samples 

could be used to maximize the detection of low abundant modified peptide species. In 
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the case of the endogenous reactive metabolite HNE, sample preparation protocols 

from in vitro microsomal binding studies (i.e., tryptic digestion, SPE, SCX and LC-

MS/MS) (Golizeh et al., 2016) have been applicable to treatment of post-surgery 

(discarded) human articular cartilage-derived chondrocytes (Golizeh et al., 2014). In 

both studies, careful sample preparation has been pivotal to detect HNE-modified 

proteins with low quantities in either microsomal incubations or in osteoarthritic (OA) 

chondrocyte extracts. To further investigate the role of HNE in human cartilage 

degradation, OA chondrocytes were specifically analyzed to pinpoint (nuclear) protein 

targets of HNE-related binding. Especially nuclear histone proteins, which are crucial 

for chromatin formation and thus gene regulation, were studied in detail in Chapter 4. 

 Finally, combining different avenues of in vitro metabolism introduced a 

comprehensive view on APAP, CLZ and OLZ reactive metabolite formation. In 

addition, differences of reactivities and affinities towards cysteine residues in different 

protein environments, either in GSH or hepatic proteins, could be helpful information 

for future studies. Furthermore, the application of these strategies to patient samples 

could prove important to accurately assess the in vivo relevance of binding and answer 

crucial disease-related questions, such as severity of APAP-induced toxicity and 

potential outcome, or the involvement of HNE in OA disease. These aspects are 

discussed in the following Chapter 2, 3, 4 and 5. 

 



 CHAPTER II 

 

 

ABSOLUTE QUANTITATION OF ACETAMINOPHEN-MODIFIED HUMAN 

SERUM ALBUMIN IN ACUTE LIVER FAILURE PATIENTS BY LIQUID 

CHROMATOGRAPHY-TANDEM MASS SPECTROMETRY 

Timon Geib, André LeBlanc, Tze Chieh Shiao, René Roy, Elaine M. Leslie, 

Constantine J. Karvellas and Lekha Sleno 

Published in Rapid Communications in Mass Spectrometry 2018, 32, 1573–1582. Available online 

at https://doi.org/10.1002/rcm.8206. 

 

 In this chapter, research was aimed to improve the accuracy of liver failure 

monitoring related to acetaminophen overdose. A liquid chromatography-tandem mass 

spectrometry method was developed and validated which allowed for the measurement 

of acetaminophen-modified human serum albumin in blood, a biomarker for liver 

protein binding. Goal was to design an approach that is both straightforward and fast 

to use, without compromising the efficacy. Using previously designed custom 

standards, a very short sample analysis was achieved which allowed for accurate and 

precise quantitation of acetaminophen-modified human serum albumin in a clinically 

relevant time span. This technique was successfully applied to serum samples of a 

group of acetaminophen-related liver damage patients (treated at the University of 

Alberta). Ultimately, quantifying modified human serum albumin was able to 
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distinguish between moderate and severe acute liver failure. The method can help direct 

clinical care more efficiently and help prevent wrong or ineffective treatment. 

 Timon Geib, André LeBlanc, Tze Chieh Shiao, René Roy, Elaine M. Leslie, 

Constantine J. Karvellas and Lekha Sleno are co-authors of this article. Timon Geib 

conducted the literature survey, prepared experimental protocols, conducted the 

experiments, processed the data and prepared the original manuscript. André LeBlanc 

participated in the analytical method development. Tze Chieh Shiao and René Roy 

synthesized and purified in-house standards iodo-acetaminophen and d4-iodo-

acetaminophen. Elaine M. Leslie and Constantine J. Karvellas supervised the human 

acute liver failure study (University of Alberta), sampling process and statistical 

analysis. Lekha Sleno supported and supervised the project, verified data analysis and 

interpretation of the results, revised and finalized the manuscript. 

 

2.1 Abstract 

 Rationale: Acetaminophen (APAP) is a well-known analgesic, deemed a very 

safe over-the-counter medication. However, it is also the main cause of acute liver 

failure (ALF) in the Western world, via the formation of its reactive metabolite, N-

acetyl p-benzoquinone imine (NAPQI), and its covalent attachment to liver proteins. 

The aim of this study was to develop a sensitive and robust quantitative assay to 

monitor APAP-protein binding to human serum albumin (HSA) in patient samples. 

 Methods: A combination of isotope dilution, peptic digestion and solid-phase 

extraction coupled to liquid chromatography/multiple reaction monitoring (LC-MRM) 

was employed. An external calibration curve with surrogate modified protein spiked 

into blank serum was used for absolute quantitation. Samples were analyzed by LC-
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MRM to measure the modified active site peptide of HSA. The LC-MRM assay was 

validated and successfully applied to serum samples from patients suffering from 

APAP-induced ALF. 

 Results: Accuracy ranged from 83.8–113.3%, within-run coefficient of 

variation (CV) ranged from 0.3–6.9%, and total CVs from 1.6–10.6%. Patient samples 

ranged from 0.12–3.91 nmol/mL NAPQI-HSA; in-between the assay dynamic range 

of 0.11–50.13 nmol/mL serum. In vivo median concentrations were found to be 

0.62 nmol/mL and 0.91 nmol/mL for non-spontaneous survivors (n = 25) and 

individuals with irreversible liver damage (n = 10), respectively (p-value = 0.028), 

demonstrating significant potential as a biomarker for ALF outcome. 

 Conclusions: A fast and sensitive assay was developed to accurately quantify 

NAPQI-HSA as a biomarker for APAP-related covalent binding in human serum. 

 

2.2 Introduction 

 Acetaminophen (APAP, or paracetamol), one of the most commonly used 

analgesic and antipyretic drugs, is linked to acute liver failure (ALF); in which in 

extreme cases can lead to death (Hodgman and Garrard, 2012; Larson et al., 2005; Lee, 

2004; Ryder and Beckingham, 2001; Sivilotti et al., 2005). Although it is known to be 

hepatotoxic, APAP is available in many over-the-counter formulations. Though most 

of its metabolism is via phase II conjugation reactions (sulfation and glucuronidation, 

see Figure 2.1A), a fraction of APAP transforms into the reactive metabolite N-acetyl 

p-benzoquinone imine (NAPQI, Figure 2.1A), via cytochrome P450 (CYP) enzymes 

(Dahlin et al., 1984; Mitchell et al., 1973a). NAPQI can be conjugated to the tripeptide 

glutathione (GSH) as a detoxification mechanism (Gibson et al., 1996; Mitchell et al., 
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1973b). However, upon overdose (>4 g/day) (Mazaleuskaya et al., 2015), GSH 

depletion (>70%) (Davis et al., 1974; Kalsi et al., 2011; Mitchell et al., 1973b) or 

induction of CYP enzymes (Prescott, 2000), accumulation of NAPQI may occur. The 

metabolite is directly linked to APAP-related toxicity, by covalently binding to 

nucleophilic thiol groups of liver proteins, thus leading to liver failure (Jollow et al., 

1973; Pumford et al., 1989). 

 APAP-induced hepatotoxicity is considered especially problematic as patients 

often do not seek medical care fast enough. In addition, APAP is known to be the most 

common cause of ALF in the Western world (Fagan and Wannan, 1996; James et al., 

2013; Larson et al., 2005), and clinical care should occur within the first 24–48 h to 

circumvent possible liver necrosis (Schiødt et al., 1997) and within less than 8 h to 

avoid any hepatic damage (Beckett et al., 1985). This is challenging, since clinical 

assays are lacking (particularly in the setting of staggered/inadvertent chronic overuse), 

and physicians must often wait for symptoms to manifest prior to treatment (Darweesh 

et al., 2017; Sivilotti et al., 2005). Therefore, with the risk of ALF and the need for fast 

treatment, accurately monitoring NAPQI-protein binding is of great interest. 

 The current clinical standard in determining APAP-related hepatotoxicity is the 

Rumack-Matthew nomogram, which projects APAP concentration in serum against 

time after ingestion (Rumack et al., 1981). This allows monitoring the half-life of 

APAP in patients' blood, but is not necessarily reflective of its total protein binding in 

liver tissue (James et al., 2002). Due to lack in assay specificity, clinicians are not able 

to circumvent unnecessary or inadequate N-acetylcysteine treatment of low-risk or 

high-risk patients, respectively (Cairney et al., 2016). 
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Figure 2.1 (A) Metabolism pathway of APAP, showing sulfation and glucuronidation 

as the main metabolic pathways and oxidation by CYPs to form NAPQI with 

subsequent conjugation to GSH. Conjugation of cysteine-containing proteins is also 

shown as an alternative pathway. (B) Representative alkylation reaction of serum 

albumin with custom-designed iodo-APAP and d4-iodo-APAP to yield surrogate 

calibration standard and IS, respectively. 
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 Other methods have been developed to monitor NAPQI-protein binding. Liquid 

chromatography coupled to electrochemical detection of APAP-Cys adducts in human 

serum following the complete digestion of plasma proteins into free amino acids was 

reported, by Muldrew et al. (Muldrew et al., 2002) or Roberts et al. (Roberts et al., 

2017). Liquid chromatography/tandem mass spectrometry (LC-MS/MS) determination 

of APAP-Cys in human serum was reported by Cook et al (Cook et al., 2015), whereas 

Damsten et al. focused on the assessment of NAPQI-adducts of serum albumin 

(Damsten et al., 2007). Serum albumin is especially suitable as a biomarker for 

NAPQI-protein binding. It is the most abundant serum protein, and the active-site 

Cys34 has been reported as a target of NAPQI. These adducts are formed in 

hepatocytes, the major cell-type where serum albumin is synthesized (Peters Jr., 1985). 

Consequently, NAPQI-serum albumin formation does not require NAPQI to be 

transported across the cell membrane or to be secreted into the blood circulation 

(Sabbioni and Turesky, 2017). Therefore, modified serum albumin levels are believed 

to be a practical marker for APAP-related protein binding occurring in liver. Recent 

developments in serum albumin biomarker studies have shown great potential in 

biomarker research (Sabbioni and Turesky, 2017). 

 Our group has previously introduced a liquid chromatography/multiple reaction 

monitoring (LC-MRM) assay using a rat model of acetaminophen covalent binding in 

vivo (LeBlanc et al., 2014). The rat assay was used as a starting point for the human 

model, using the same principle of protein-level standard and isotope dilution. 

However, based on differences in protein sequence between rat and human albumins, 

the peptide formed following digestion yields a different target analyte to monitor for 

the human assay. Also, the needs of a clinically relevant assay are different, since speed 

of analysis and dynamic range are of utmost importance. For faster analysis, changes 

in sample preparation workflow and analysis were made, while still maintaining 

excellent accuracy and precision at relevant concentration levels (Heard et al., 2017). 

Performance of the assay was evaluated via assessment of calibration curves and 
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quality controls (QCs). Additionally, a cross-platform validation was realized using 

high-resolution mass spectrometry (HRMS) on a hybrid quadrupole–time-of-flight 

platform. Finally, the method was applied to measure NAPQI-HSA levels from a 

cohort of patients exhibiting ALF. 

 

2.3 Experimental 

2.3.1 Chemicals 

 The standard peptide, LQQCPFEDHVKL, was purchased from Biomatik 

(Cambridge, ON, Canada). HSA, acetonitrile (ACN), ammonium bicarbonate, 

ammonium hydroxide, blank serum (from human male AB plasma), dithiothreitol 

(DTT), formic acid, iodoacetamide (IAM), methanol, and pepsin (from porcine gastric 

mucosa) were obtained from Sigma-Aldrich (Oakville, ON, Canada). Additional blank 

male human serum was purchased from BioreclamationIVT (Baltimore,MD,USA). 

Ultra-pure water was prepared from a Millipore Synergy UV system (Billerica, MA, 

USA). Iodo-APAP (N-(4-hydroxyphenyl)-2-iodoacetamide) and d4-iodo-APAP (N-(4-

hydroxy[2,3,5,6-d4]phenyl)-2-iodoacetamide) were synthesized in-house (LeBlanc et 

al., 2014) for chemical labeling of HSA and standard peptide to produce surrogate 

standard and internal standard (IS, see Figure 2.1B). 

 

2.3.2 Patient samples 

 Serum samples were obtained from patients taking part in an existing ALF 

study at the University of Alberta (Edmonton, Canada). The cohort comprised 34 

patients suffering from ALF and one suffering from acute liver injury (ALI) due to 
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APAP. All patients had their blood sampled serially between 1 and 9 days after APAP 

ingestion and admission to the Intensive Care Unit. Each center implemented 

monitoring and therapeutic interventions according to institutional standards of care. 

The study was approved by the University of Alberta Health Research Ethics Board 

and was conducted in accordance with good clinical practice guidelines as defined in 

the Declaration of Helsinki. 

 

2.3.3 Participants 

 For the purposes of this study, ALF was defined as an international normalized 

ratio ≥1.5 and hepatic encephalopathy within the first 26 weeks of liver disease in a 

patient with an acute hepatic insult (O’Grady et al., 1993). Hepatic encephalopathy 

grade was defined by the West Haven Criteria (simplified) (Atterbury et al., 1978; 

Conn and Lieberthal, 1979). Inclusion criteria were: (1) evidence of ALF according to 

the enrollment criteria for the Acute Liver Failure Study Group (see operational 

definitions) and (2) age ≥18 years; and (3) hepatic encephalopathy, (4) patients with a 

primary diagnosis of APAP determined by the site investigator. Exclusion criteria were: 

(1) cirrhosis/acute or chronic liver failure, (2) patients without a primary diagnosis of 

APAP. 

 

2.3.4 Modified HSA (surrogate standard and IS) preparation 

 HSA solution (200 μL, 20 mg/mL) in ammonium bicarbonate buffer pH 8.5 

(ABC, 100 mM) was combined with DTT (25 μL, 200 mM) and incubated at 37°C 

(20 min) in a thermomixer (Eppendorf, Mississauga, ON, Canada). ABC (230 μL, 

100 mM) and either iodo-APAP or d4-iodo-APAP (25 μL, 500 mM in ACN) were then 

added, and the mixture was incubated (37°C, 45 min) in the dark. The resulting 
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solutions consisted of 125 nmol/mL HSA, modified with either iodo-APAP (for 

standard solutions) or d4-iodo-APAP (for IS solution). Standard spiking solutions were 

diluted with water to appropriate concentrations for each standard and QC prior 

experiments. Standard and QC stocks were prepared separately. The IS working 

solution was diluted to 50 nmol/mL. 

 

2.3.5 Modified peptide stock solutions 

 LQQCPFEDHVKL peptide was prepared as a 1 mg/mL stock solution in 50% 

methanol. This stock (100 μL) was then diluted with 190 μL ABC buffer, and treated 

with 10 μL of DTT (50 mM) for 20 min at 37°C. Then, 250 μL of ABC (100 mM) and 

25 μL of either iodo-APAP or d4-iodo-APAP (50 mM in ACN) were added and 

incubated at 37°C for 45 min in the dark. The mixture was diluted with 425 μL water, 

and underwent solid-phase extraction (SPE) on OASIS HLB cartridges (1 cc, 30 mg; 

Waters, Milford, MA, USA), with a water wash step followed by methanol elution 

(1 mL). The eluate was then dried and reconstituted with 550 μL of 10% ACN, yielding 

125 nmol/mL stock solutions. 

 

2.3.6 Serum sample preparation 

 Serum samples (100 μL) were prepared by the addition of 30 μL ABC buffer 

and 25 μL DTT (400 mM) at 37°C for 20 min. Then, 40 μL of IAM (750 mM in ABC) 

was added (30 min at 37°C in the dark). After cysteine reduction and alkylation, 40 μL 

of water and 20 μL of IS working solution were added. To adjust the pH, 400 μL of 1% 

formic acid in 10% methanol was added and samples were digested for 1 h (at 50°C) 

by adding 25 μL of 4 mg/mL pepsin in water. Digestion was quenched with 320 μL 

ABC. SPE (as above) was then performed with 10% ACN wash and methanol elution 
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(1 mL). Extracts were evaporated under vacuum and reconstituted with 100 μL of 10% 

ACN. 

 

2.3.7 Calibration standards and QCs 

 For calibration standards (nine concentrations) and QCs (four concentrations), 

100 μL human blank serum was treated with DTT and IAM as above, followed by the 

addition of 40 μL of standard spiking solution and 20 μL IS working solution. 

Subsequent steps of digestion and SPE were identical. Calibration standards were 

prepared and extracted in duplicate, while QCs were in triplicate. 

 

2.3.8 Peptide-level calibration standards 

 For peptide-level standards, 100 μL human blank serum was treated the same 

as explained above. Then 40 μL of iodo-APAP-LQQCPFEDHVKL stock solution and 

20 μL of d4-iodo-APAP-LQQCPFEDHVKL IS solution were added. Digestion and 

SPE were performed as for protein-level standards. Additional samples were prepared 

by spiking 40 μL of iodo-APAP-LQQCPFEDHVKL and 20 μL of d4-iodo-APAP-

LQQCPFEDHVKL stock solution after digestion, prior to SPE. 

 

2.3.9 LC-MS/MS analysis 

 Samples (10 μL) were injected in triplicate onto an Aeris PEPTIDE XB-C18 

100 × 2.1 mm column with solid core 1.7 μm particles (100 Å) fitted with a 

SecurityGuard ULTRA C18-peptide guard column (Phenomenex, Torrance, CA, USA) 

using a Nexera UHPLC system (Shimadzu, Columbia, MD, USA) at 40°C with 
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gradient elution. Mobile phases were water (A) and ACN (B), both containing 0.1% 

formic acid. The gradient was linearly increased from 5% B to 18% B within 2 min, 

then to 20% B within 3 min, further increased to 95% B within 1 min, held there for 

1.5 min. The flow rate was held at 0.3 mL/min for 6.5 min, then increased to 

0.4 mL/min at 7 min, held there for 3 min (for faster re-equilibration), and further 

decreased to initial conditions. The LC flow to the mass spectrometer was introduced 

via a diverter valve from 3 to 6 min; the rest was diverted to waste. 

 A modified gradient (60 min) was employed for MS/MS characterization of 

modified peptide isomers in samples. The gradient included the same mobile phases. 

Initial conditions of 5% B were held for 2.5 min and linearly increased to 30% in 

37.5 min, then to 50% B in 10 min, further increased to 85% B in 5 min, and held there 

for 3 min. The gradient was returned to initial conditions for re-equilibration. The flow 

rate was set at 0.4 mL/min. 

 MRM experiments were performed on a QTRAP 5500 (Sciex, Concord, ON, 

Canada) hybrid quadrupole-linear ion trap system with a TurboIonSpray ion source in 

positive electrospray mode. Source parameters were as follows: ion spray voltage, 

5000 V; temperature, 550°C; nebulizer and drying gases (GS1 and GS2), 50 psi; and 

curtain gas, 35 psi. Declustering, entrance, and collision cell exit potentials were set at 

60, 10, and 13 V, respectively. Ion activation via collision-induced dissociation was 

performed at a collision gas pressure of 5 (arbitrary units). Quantitation was performed 

using the MRM transitions m/z 535.9 → 984.4 (analyte) and m/z 537.2 → 984.4 (IS) 

with collision energy (CE) of 16 V. For qualitative purposes, four additional transitions 

were monitored (m/z 535.9 → 673.9 and 537.2 → 675.8, CE = 22 V; and m/z 535.9 → 

626.1 and 537.2 → 626.1, CE = 35 V). The dwell time for each transition was 150 ms, 

for a total cycle time of 0.9 s. An additional method was tested for higher sensitivity 

quantitation of 25 μL sample injections with a dwell time of 500 ms for m/z 535.9 → 
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984.4 and 150 ms for m/z 537.2 → 984.4; qualitative transitions were operated with a 

dwell time of 100 ms. 

 A Sciex TripleTOF 5600 (quadrupole–time-of-flight) instrument was also used 

with a DuoSpray ion source in positive mode for additional quantitative data (cross-

platform validation) and to conduct HRMS/MS experiments of iodo-APAP-modified 

LQQCPFEDHVKL and initial testing of human serum digests when optimizing sample 

preparation conditions, including peptic digestions. HRMS calibration in MS and 

MS/MS modes was performed after every four injections with an in-house mix of 

standards. Ion source and transport parameters were as follows: ions pray voltage, 

5000 V; temperature, 500°C; curtain gas, 30 psi; GS1 and GS2, 50 psi; declustering 

potential, 80 V. MS data were obtained from m/z 80–1500 with 250 ms accumulation 

time and 1.1 s total cycle time, including MS/MS experiments. HRMS/MS was 

performed for precursor ions m/z 535.9 and 537.3 (CE = 28 V), for iodo-APAP and d4-

iodo-APAP-modified LQQCPFEDHVKL, respectively, over the range m/z 170–1000 

using 400 ms accumulation and 1.1 s period cycle time. The high sensitivity MS/MS 

mode of the instrument was used throughout all experiments. Quantitation was 

achieved by integrating peak areas from combined extracted ion chromatograms at 

m/z 626.2569, 673.8135 and 984.5149 (±0.01 u) for iodo-APAP-modified 

LQQCPFEDHVKL, and at m/z 626.2569, 675.8261 and 984.5149 (±0.01 u) for d4-

iodo-APAP-modified LQQCPFEDHVKL. Additionally, qualitative HRMS/MS data 

over the range m/z 80–1500 with a CE of 30 ±10 V were collected on the 15 most 

intense ions from a survey MS experiment (m/z 80–1500). Accumulation times were 

250 and 50 ms for MS and HRMS/MS, respectively, with a total cycle time of 1.05 s. 

 Samples, standards and QCs were analyzed in randomized order. Analyst 1.6 

(QTRAP) and 1.7.1 (TripleTOF) was used for data acquisition, and raw data were 

processed using MultiQuant 3.0.2 (QTRAP) and 2.1 (TripleTOF), and visualized using 

PeakView 2.2 (Sciex). 
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2.4 Results 

2.4.1 Method development 

 Reduction, alkylation and digestion of serum samples were optimized using 

blank serum. Optimal digestion temperature and time were assessed using different 

proteases (including trypsin, chymotrypsin, GluC and pepsin), to yield an appropriate 

active-site peptide (data not shown). The aspartic protease pepsin was found to be the 

most suitable to yield the active-site peptides LQQCPF, LQQCPFEDHVK and 

LQQCPFEDHVKL, with the latter as its most sensitive peptide signal incorporating 

Cys34 at the reported conditions. Chromatographic separation was carefully developed 

to provide good resolution between the chosen analyte peptide and surrounding 

interferences to yield sufficient signal-to-noise ratio (S/N), while also having fast 

sample analysis. The optimized gradient yielded sufficient analyte separation in a short 

cycle time (10.5 min, between injections). 

 MRM transitions were selected using the [M+3H]3+ as a precursor ion, at 

m/z 535.9 for the analyte. Several product ions were observed in the HRMS/MS 

spectrum (Figure 2.2), and three product ions were subsequently optimized to find the 

best CEs for each. The fragment ion at m/z 984.4, the y8 ion, was chosen as the 

quantitative transition, due to its higher selectivity and lower surrounding background 

signals. Two additional transitions were monitored as qualifiers; fragment ions 

PFEDH+ and (y10−H2O)2+ at m/z 626.1 and 673.9, respectively. Similarly, the IS was 

monitored at m/z 537.2 with fragments at m/z 984.4, 626.1 and 675.8. For HRMS/MS 

quantitation, product ions of analyte m/z 626.2569, 673.8135 and 984.5149 (±0.01 u) 

were summed to yield comparable sensitivity to MRM experiments, as was done for 

the IS as well (using the combined area of product ions m/z 626.2569, 675.8261 and 

984.5149 (±0.01 u)). Additional HRMS quantitation results were based on the 

precursor ion signals at m/z 535.9292 and 537.2709 (±0.01 u) for iodo-APAP-
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LQQCPFEDHVKL (analyte) and d4-iodo-APAP-LQQCPFEDHVKL (IS), 

respectively. Monitoring the [M+3H]3+ ion without subsequent ion activation did not 

yield sufficient selectivity and therefore was not considered for quantitation (see Table 

2.1 for comparison of LC-HRMS with LC-MRM and LC-HRMS/MS). 

 

Figure 2.2 High-resolution MS/MS spectrum of iodo-APAP-LQQCPFEDHVKL 

(theoretical [M+3H]3+ precursor at m/z 535.9292) showing three chosen product ions 

(bold) y8, PFEDH and (y10−H2O)2+ at m/z 984.4, 626.1 and 673.9 at CE = 30 V (±10 V), 

respectively, and NAPQI-Cys related diagnostic ions (underlined). 

 

2.4.2 LC-MRM method validation 

 A nine-point calibration (1/x weighting) yielded a linear calibration curve (y = 

0.9013x + 0.0042) with R2 of 0.9993. The LC/HRMS/MS assay provided similar 

linearity as well (y = 0.7879x + 0.0026, R2 = 0.9989). The limit of detection, in the 

MRM assay, was found to be 0.04 nmol/mL (>39, S/N). The lowest calibration sample 

(0.11 nmol/mL) was set as the lower limit of quantitation (LLOQ, see Figure 2.3B) for 

both methods, and yielded the following S/N: LC-MRM, >99; LC-HRMS/MS, >30. 
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The highest calibration sample (50.13 nmol/mL) was set as the upper limit of 

quantitation. Detailed method validation results, including accuracies and coefficient 

of variation (CV) values, can be found in Table 2.2; accuracies were in the range of 

83.8–113.3% for LC-MRM, and 91.8–121.3% (LC-HRMS/MS, with two QC 

injections at LLOQ exceeding 120% accuracy). Values for %CV (n = 12 for standards, 

n = 18 for QCs) ranged from 1.6 to 10.6% and 3.5 to 14.4% for LC-MRM and LC-

HRMS/MS analyses, respectively. Within-run imprecision was found to be between 

0.3% and 6.9% for LC-MRM and 0.5% and 9.6% for LC-HRMS/MS. For cross-

validation, linear regression between LC-MRM and LC-HRMS/MS was assessed by 

comparing calculated concentrations of standards, QCs and patient samples, and a 

linear agreement (Figure 2.4) between both assays was observed (y = 1.0003x + 0.0615; 

R2 = 0.9983, n = 91). LC-MRM selectivity was confirmed by observing co-eluting 

interferences with low intensity in double blank samples (Figure 2.3A). Additionally, 

peak purity was confirmed by observing the MRM ion ratio (qualifier-to-quantifier 

ratio) for standard (n = 108) and QC (n = 72) samples. The product ion ratio 

(y10−H2O)2+/y8 was assessed to be 2.42 (±0.44; standard deviation, SD) and 2.49 (±0.46) 

for standards and QCs, respectively. The PFEDH/y8 MRM transition ratio was found 

to be 0.92 (±0.19) for standards and 1.02 (±0.67) for QCs. 

  



 
75

Table 2.1 Comparison of results from LC-MRM, LC-HRMS/MS, LC-HRMS (using 

MS1 for quantitation) 

 LC-MRM LC-HRMS/MS LC-HRMS LC-MRM 

(lower 

concentrations) 

Linear range 

(nmol/mL) 

0.11–50.13 0.11–50.13 5.41–50.13a 0.02–1.35b 

Linear calibration 

curve (1/x) 

y = 0.9013x + 

0.0042 

y = 0.7879x + 

0.0026 

y = 0.6343x 

+ 0.1067 

y = 0.7242x + 

0.0329 

R2 0.9993 0.9989 0.9951 0.9983 

Accuracy (%) 83.8–113.3 91.8–121.3 92.1–106.1 92.7–112.9 

Within-run CV (%) 0.3–6.9 0.5–9.6 3.8–8.6 0.8–6.9 

aLLOQ for the LC-HRMS method was set at 5.41 nmol/mL. 

bLower LLOQ achieved by increasing injection volume and dwell time. 

 

2.4.3 Recovery, matrix effects and comparison of peptide-level to protein-level 
standards 

 Comparison of MRM peak areas of iodo-APAP-labeled LQQCPFEDHVKL 

spiked into matrix before or after peptic digestion of serum matrix exhibited a 

concentration-dependent peptide signal area decrease between 4.5% and 26.1% (at 0.11, 

0.23, 5.38 and 29.96 nmol/mL). This underlined the inherent lack of reproducibility of 

proteolytic sample preparation techniques, especially the digestion step. Furthermore, 

we wanted to compare quantitative results for a peptide-level calibration curve (with 

background digested-serum matrix) to the protein-level quantitation presented in this 

method. Linear agreement analysis of peptide-level standards against protein-level 

standards was found to be y = 1.0261x − 0.3401 (R2 = 0.9992, n = 9), which indicated 

an underestimation of low-range samples and overestimation of higher concentrations 

using peptide-level standards for calibration. Extraction recovery (without considering 

matrix effects) was determined by comparing areas of extracted standard iodo-APAP-
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LQQCPFEDHVKL with standard iodo-APAP-LQQCPFEDHVKL. Extraction 

efficiency was found to be 89.7 ±16.9% (SD, n = 4). Comparison of peak areas of four 

peptide-level standards (see above concentrations) with and without blank serum 

matrix showed a signal decrease due to matrix effects (signal with matrix/signal 

without matrix) of 67.0 ±6.4% and a retention time shift of 0.33 ±0.06 min to earlier 

retention. Based on these results, it is clear that protein-level are needed to provide 

absolute quantitation of our modified protein target. 

 

Figure 2.3 MRM chromatograms of double blank sample (A), lowest standard 

(0.11 nmol/mL, B), mid-range standard (5.41 nmol/mL, C), and a representative 

patient sample (3.91 nmol/mL, D). MRM transitions were m/z 535.9 → 984.4 (dark) 

for analyte and surrogate standard, and m/z 537.2 → 984.4 (light) for IS. 
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Table 2.2 Accuracy, within-run %CV (n = 6 for standards, n = 9 for QCs) and 

total %CV (n = 12 for standards, n = 18 for QCs) data, obtained from LC-MRM and 

LC-HRMS/MS evaluation runs 

(nmol/mL) 

LC-MRM LC-HRMS/MS 

Run 1 – 

 %accuracy 

(%CV) 

Run 2 – 

 %accuracy 

(%CV) 

Total 

%CV 

Run 1 – 

 %accuracy 

(%CV) 

Run 2 – 

 %accuracy 

(%CV) 

Total 

%CV 

Std A 0.11 83.8 (3.5) 85.6 (6.9) 4.9 91.8 (3.9) 92.4 (9.6) 7.5 

Std B 0.23 94.4 (6.6) 92.8 (3.8) 5.1 97.2 (3.1) 93.5 (6.4) 4.9 

Std C 0.68 107.6 (5.2) 100.9 (3.3) 5.5 104.9 (4.4) 96.4 (4.8) 6.2 

Std D 1.35 106.1 (2.1) 105.5 (0.8) 1.6 103.6 (2.2) 103.3 (1.6) 4.8 

Std E 5.41 109.9 (1.7) 106.7 (1.3) 2.1 109.8 (2.3) 102.7 (4.3) 4.8 

Std F 10.83 104.1 (2.2) 104.2 (1.4) 1.8 104.4 (3.3) 101.9 (3.7) 3.5 

Std G 18.05 99.4 (1.6) 103.0 (3.3) 3.1 101.0 (2.2) 99.6 (6.1) 4.4 

Std H 30.08 102.2 (1.1) 99.4 (1.0) 1.7 104.6 (1.1) 96.9 (4.3) 5.0 

Std I 50.13 97.9 (1.2) 96.3 (1.7) 1.6 101.0 (0.7) 95.1 (3.5) 3.9 

QC 1 0.16 113.3 (3.6) 93.2 (4.1) 10.6 121.3 (9.6) 97.5 (8.8) 14.4 

QC 2 0.80 112.5 (1.3) 104.1 (1.8) 4.1 110.8 (2.2) 100.4 (4.1) 6.0 

QC 3 8.02 113.1 (0.6) 104.8 (1.5) 4.1 113.3 (1.2) 101.3 (3.6) 6.3 

QC 4 25.06 106.3 (0.3) 107.8 (2.4) 1.8 108.1 (0.5) 105.0 (4.4) 3.4 

 

2.4.4 APAP hepatotoxicity patient study 

 The developed assay was applied to a study of 35 patients exhibiting either ALF 

or ALI (see Table 2.3). In all analyzed samples, two signals for isomeric NAPQI-

LQQCPFEDHVKL species were found (see Figure 2.3D), resulting from Michael 

addition to NAPQI (see Figure 2.1A) in either the ortho or meta position (Damsten et 

al., 2007). The presence of two NAPQI-LQQCPFEDHVKL isomers in a representative 

patient sample was analyzed by LC-HRMS/MS using 60 min gradient elution to ensure 

spectral purity. To verify that signals did not derive from serum-based interferences, 
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an extracted ion chromatogram and HRMS/MS spectra of both isomers can be found 

in Figure 2.5. All patient samples showed serum NAPQI-HSA. The (y10−H2O)2+/y8 ion 

ratios were 1.42 ±0.46 (SD, n = 105) and 2.27 ±0.34 for isomer 1 and isomer 2, 

respectively. The PFEDH/y8 MRM transition ratios were found to be 0.65 ±0.17 for 

isomer 1 and 0.99 ±0.10 for isomer 2. Reproducible ion ratios ensured the absence of 

isobaric interferences. Sample concentrations ranged between 0.12 and 3.91 nmol/mL 

(isomer 1 and 2 combined), with a maximal SD of repeated injections of 0.10 nmol/mL 

(n =3). Furthermore, the isomer ratio (isomer 1/isomer 2) was calculated by using the 

integrated peak areas (A) and the following equation: 

  = (   )( )
( )   (2.1) 

The isomer ratio was found to be consistently 0.3 (±0.1, SD) for all patient samples 

with isomer 2 peak areas above LLOQ (n = 32). Median serum concentrations (see 

Table 2.3) of isomer 2 and combined isomers of non-spontaneous survivors (n = 25) 

were 0.40 nmol/mL and 0.52 nmol/mL, respectively. For patients exhibiting 

irreversible liver damage, followed by liver transplantation or fatality, a median serum 

level of 0.75 nmol/mL was observed by assessing isomer 2; 0.91 nmol/mL by assessing 

the combined isomers. Null hypothesis analysis (Mann–Whitney U) resulted in a p-

value of 0.028 in both cases (isomer 2 only, or combined isomers). 
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Figure 2.4 Linear agreement (dashed line) between LC-MRM and LC-HRMS/MS 

results of standards, QCs and patient samples. 

 

Table 2.3 Calculated range, mean, median and SD of NAPQI-HSA concentrations of 

two patient cohorts 

 Non-spontaneous survivors 

(n = 25)  

Patients with irreversible  

liver damage  

(n = 10) 

Main isomer Two isomers Main isomer Two isomers 

Range (nmol/mL) <0.11–2.13a 0.12–2.61 0.25–3.32 0.35–3.91 
Mean (nmol/mL) 0.51 0.66 0.95 1.17 
Median (nmol/mL) 0.40 0.52 0.75 0.91 
SD (nmol/mL) 0.44 0.53 0.87 1.01 

Results are based on either NAPQI-HSA main isomer, or isomers 1 and 2 combined 
aTwo patients showed NAPQI-HSA levels below LLOQ. Levels were 0.07 and 0.10 nmol/mL 
(measured by LC-MRM for lower concentrations). 
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Figure 2.5 (A) Extracted MS/MS chromatogram of a patient sample (3.91 nmol/mL, 

60 min gradient), for product ion at m/z 984.5149 (±0.01 u, CE = 28 V). High-

resolution MS/MS spectra of NAPQI-LQQCPFEDHVKL (theoretical [M+3H]3+ 

precursor at m/z 535.9292) showing product ions (in bold) and NAPQI-Cys related 

diagnostic ions (underlined) of isomer 1 (B) and isomer 2 (C). 
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2.4.5 LC-MRM quantitation of low level samples 

 The eight lowest patient samples were also analyzed with 2.5x higher injection 

volume and increased dwell time for the quantitative MRM transition (500 ms for 

m/z 535.9 → 984.4). The lower linear range (0.02–1.35 nmol/mL, six-point calibration) 

was set, and additional QCs (at 0.03, 0.11 and 0.23 nmol/mL) were analyzed to validate 

the obtained results. QCs and all standard samples were in a range of 98.6–112.9% 

accuracy and 0.8–6.9% within-run CV (see Table 2.1). 

 

2.5 Discussion 

 This newly developed quantitative assay was successfully used to probe human 

acetaminophen covalent binding in vivo. Validation was achieved by multiple 

assessments of custom-designed standards and QCs, in combination with linear 

agreement analysis by HRMS/MS, to investigate the presence of isobaric, serum-

derived interferences (Geib et al., 2016; Qi et al., 2015a). The method yielded 

accuracies and %CVs well within the acceptable limits with fast sample analysis and 

clinical applicability. We focused on a simple protocol to follow, without the need for 

extensive fractionation. Digestion, sample preparation and MRM conditions were 

carefully optimized to probe the modified active-site Cys34 of HSA. The target peptide 

(NAPQI-LQQCPFEDHVKL) was found to be less acidic than in the rat-based assay 

(NAPQI-LQKCPYEE) (LeBlanc et al., 2014) and showed different MS properties as 

well. We also noted chromatographic separation of two isomeric NAPQI-peptides from 

human samples. 

 Our new assay focused on modified HSA in blood for more accurate 

quantitation of direct NAPQI-protein binding than previous assays. HSA is the major 

protein in blood and is a known target of NAPQI. Total protein adduct quantitation 
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depends highly on reproducible sample preparation which is limited in the context of 

complete hydrolysis (to APAP-Cys) without any sample loss or degradation. 

Furthermore, total NAPQI adduct formation also can include adducts from GSH. The 

modified HSA strategy presented here incorporates a simple proteolysis step under 

much less extreme conditions than complete hydrolysis of proteins for quantitative 

robustness. We were able to combine accurate analysis with a short 1 h digestion and 

simple SPE protocol. The method yielded comparable results to >18 h digestion of 

related biomarker assays, as well as other lengthy sample preparation steps, including 

sample dialysis (Cook et al., 2015; Muldrew et al., 2002) or post-digestion affinity 

chromatography (Damsten et al., 2007). Furthermore, accuracy and imprecision were 

comparable to quantitative APAP-Cys analyses (Cook et al., 2015; James et al., 2009; 

Muldrew et al., 2002). However, we were able to combine these features with high 

robustness and reliability using a closely co-eluting IS, based on an isotope (d4) 

derivative of our surrogate standard, allowing absolute protein-level quantitation. 

 Protein-level standards allowed for correction of losses during digestion 

(missed or additional cleavages) and SPE, as well as for ion suppression/enhancement 

effects during ionization. However, using an isomeric surrogate standard to quantify 

NAPQI-protein levels necessitated careful evaluation. HRMS/MS analysis of iodo-

APAP-LQQCPFEDHVKL (Figure 2.2) confirmed identical fragmentation properties 

to both NAPQI-LQQCPFEDHVKL species (Figure 2.5B and C), with no differences 

in relative amounts of fragment ions being due to the slight change in structure. 

NAPQI-Cys-related fragment ions (Sleno et al., 2007) were observed in both isomer 

signals as it has been previously reported to confirm NAPQI-protein binding in vitro 

(Golizeh et al., 2015). In addition, NAPQI-peptides yielded similar MRM ion ratios, 

compared with iodo-APAP-peptides. Mean ion ratios for NAPQI-peptide (isomer 2) 

deviated by <9% from mean ion ratios of iodo-APAP-peptide, complying with ion ratio 

thresholds for protein quantitation (Loziuk et al., 2014). Due to the high reactivity and 

instability of NAPQI, the synthesis of a custom-designed labeled/ unlabeled NAPQI-
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HSA standard is not possible. Reproducible synthesis of authentic NAPQI-modified 

standard, as shown by Damsten et al. (Damsten et al., 2007) has been achieved on the 

peptide-level; however, it is still very challenging. Moreover, the comparison of 

peptide-level and protein-level standards showed quantitative differences, especially at 

lower levels. Thus, the use of iodo-APAP-HSA as a more accurate surrogate protein-

level standard was considered necessary for absolute quantitation. 

 Our assay was successfully applied to assess a patient sample cohort of 35 

patients to prove sufficient assay applicability especially in terms of dynamic range 

that would be clinically-relevant. Low limits of quantitation were important, as 

NAPQI-protein levels in human serum have been found to peak later after ingestion 

than in rodent models (Xie et al., 2015). A combined assessment of APAP and NAPQI-

HSA levels in serum could be a viable clinical approach to monitor early presenting 

overdose patients. In addition, using our method to analyze the levels of NAPQI-

protein adducts over time by serial sampling could provide further insights. 

 In developing this method, we paid attention to the feasibility and applicability 

of the assay by reducing digestion time, and having a rapid and simple SPE clean-up 

for fast sample treatment. A simpler sample clean-up protocol has the potential for 

important matrix effects and therefore necessitated very careful optimization of 

chromatographic separation, with a reasonable analysis time (10 min per sample). 

Blank (IS in analyte-free matrix) and double blank (analyte and IS-free matrix) samples 

in every batch confirmed the absence of interfering MRM transitions at the analyte's 

retention time. In addition, we demonstrated assay linearity in lower NAPQI-HSA 

concentrations (0.02–1.35 nmol/mL) by altering the final LC-MRM method with the 

exact same sample preparation. The calibration range is therefore very flexible, and 

customizable for future applications. 
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 Finally, we successfully developed a LC-MRM-based assay to accurately 

quantify NAPQI-modified HSA in ALF patients, as a potent method to monitor APAP-

related hepatotoxicity. The strength of our novel design is that a good balance of 

accuracy and applicability was found. The given dynamic range enabled adequate 

quantitation of NAPQI-HSA with a low SD, thus allowing accurate monitoring of 

APAP-protein binding. In addition, two isomeric species of NAPQI-HSA were found 

to be separated, with a consistent isomer ratio in all patient samples. 

 This assay is applicable to many investigations into APAP-related human 

hepatotoxicity from a simple blood test, including those at sub-toxic doses and those 

investigating potential drug-drug (or drug-diet) interactions, as well as disease states 

with potential effects on drug metabolism and increased susceptibility for APAP-

related toxicity. Subsequently, investigation of the kinetics and stability of protein-

bound NAPQI in hepatocytes and the systemic circulation can also be further 

investigated using this assay. 
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 In this chapter, covalent adducts formed between the reactive metabolite of 

acetaminophen and key cellular defense enzymes against toxicity, the glutathione S-

transferases, were characterized in vitro. Bottom-up proteomics combined with liquid 

chromatography-tandem mass spectrometry analyses revealed four different cytosolic 

glutathione S-transferases as targets. Modifications were identified at the exact cysteine 

site. Furthermore, two different mass spectrometry systems, targeted multiple reaction 

monitoring on a quadrupole linear ion trap and untargeted data-dependent acquisition 

on a quadrupole–time-of-flight platform, were compared for general performance and 

sensitivity. Comparing the detection of low abundant drug-protein adducts allowed for 

a detailed demonstration of limitations and strengths of both untargeted and targeted 

approaches. 
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3.1 Abstract 

 Acetaminophen (APAP)-induced hepatotoxicity is the most common cause of 

acute liver failure in the Western world. APAP is bioactivated to N-acetyl p-

benzoquinone imine (NAPQI), a reactive metabolite, which can subsequently 

covalently bind to glutathione and protein thiols. In this study, we have used liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) to characterize NAPQI 

binding to human glutathione S-transferases (GSTs) in vitro. GSTs play a crucial role 

in the detoxification of reactive metabolites and therefore are interesting target proteins 

to study in the context of APAP covalent binding. Recombinantly-expressed and 

purified GSTs were used to assess NAPQI binding in vitro. APAP biotransformation 

to NAPQI was achieved using rat liver microsomes or human cytochrome P450 

Supersomes in the presence of GSTA1, M1, M2, or P1. Resulting adducts were 

analyzed using bottom-up proteomics, with or without LC fractionation prior to LC-

MS/MS analysis on a quadrupole–time-of-flight instrument with data-dependent 

acquisition (DDA). Targeted methods using multiple reaction monitoring (MRM) on a 

triple quadrupole platform were also developed by quantitatively labeling all available 

cysteine residues with a labeling reagent yielding isomerically-modified peptides 

following enzymatic digestion. Seven modified cysteine sites were confirmed, 
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including Cys112 in GSTA1, Cys78 in GSTM1, Cys115 and 174 in GSTM2, as well 

as Cys15, 48, and 170 in GSTP1. Most modified peptides could be detected using both 

untargeted (DDA) and targeted (MRM) approaches, however the latter yielded better 

detection sensitivity with higher signal-to-noise and two sites were uniquely found by 

MRM. 

 

3.2 Introduction 

 Hepatotoxicity induced by acetaminophen (APAP), a widely used analgesic and 

antipyretic, presents major health care challenges in Western societies (Fagan and 

Wannan, 1996; James et al., 2013; Larson et al., 2005; Lee, 2004; Sivilotti et al., 2005). 

At therapeutic doses, APAP is considered harmless (Mazaleuskaya et al., 2015). 

However, at higher doses, it can act as a potent hepatotoxin, and cause cell necrosis 

(McGill et al., 2013) and acute liver failure (Lee, 2004). Liver failure induced by APAP 

correlates often with overdose or misusage, including chronic overuse (Lee et al., 

2008b). This often results in difficulties in diagnosis and treatment (Cairney et al., 

2016). 

 APAP is mostly detoxified via phase II metabolism; with direct glucuronidation 

(∼55%) and sulfation (∼40%) (Mazaleuskaya et al., 2015; Mitchell et al., 1973a). 

However, up to 10% undergoes bioactivation to N-acetyl p-benzoquinone imine 

(NAPQI), a highly reactive electrophile, which is known to covalently bind to 

nucleophilic centers, including cysteine thiols in liver proteins (see Figure 3.1) (Dahlin 

et al., 1984; Gibson et al., 1996; Jollow et al., 1973). At higher doses, the fraction of 

oxidized APAP can increase up to 15%, due to saturation of the sulfation pathway 

(Mazaleuskaya et al., 2015). The formation of NAPQI is mediated by the cytochrome 

P450 (CYP) superfamily (Potter et al., 1973), with CYP1A2, 2D6, 2E1, and 3A4 



 
88

isoforms as the major APAP oxidizing enzymes (Dong et al., 2000; Laine et al., 2009; 

Manyike et al., 2000; Mazaleuskaya et al., 2015; Patten et al., 1993; Preissner et al., 

2010; Raucy et al., 1989). NAPQI can be detoxified by subsequent phase II metabolism 

via conjugation with glutathione (GSH), partly mediated by different glutathione S-

transferase (GST) isozymes (Figure 3.1) (Mitchell et al., 1973b). 

 

Figure 3.1 Simplified scheme of APAP metabolism, leading to the formation of NAPQI 

with subsequent GSH conjugation. Hepatotoxicity of NAPQI is linked to protein 

binding to cysteine sites. 

 

 GSTs represent major detoxification enzymes with a protein size of ∼25 kDa 

(Eaton and Bammler, 1999) and multifunctional purposes, including induction of 

microsomal peroxidation (Strange et al., 2000) and heavy metal resistance (Cao et al., 

2017; Zhang et al., 2013), as well as possible roles in diseases, such as pulmonary 

fibrosis (He et al., 2019). Members of cytosolic GSTs tend to dimerize with subunits 

of the same class, which results in a larger number of enzyme possibilities than genes 

(Sheehan et al., 2001). Different genetic variants of GST have shown varying 

effectiveness in the detoxification of NAPQI. The isozymes GST mu 1, pi 1, and theta 

1 (GSTM1, P1, and T1) have been found to be most effective (Coles et al., 1988). 
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However, due to staggered or inadvertent APAP overuse, cellular GSH can be depleted 

and the GSH conjugation pathway can be saturated, resulting in NAPQI accumulation, 

leading to increased protein binding (Mitchell et al., 1973b). NAPQI modifications of 

certain proteins can alter critical cellular functions (Liebler, 2008) and NAPQI-protein 

adducts have been found to accumulate in hepatocytes (Jollow et al., 1973). Thus, 

functional and conformational protein changes may ultimately lead to subsequent cell 

death in liver (Kon et al., 2004). In a previous study, we demonstrated a dose response 

to protein binding, using absolute quantitation of NAPQI-adducts to Cys34 in rat serum 

albumin in vivo (LeBlanc et al., 2014). A subsequent related study quantifying 

modified human albumin in patient plasma samples was able to distinguish between 

moderate and severe APAP-induced acute liver failure (Geib et al., 2018). 

 Several NAPQI-protein adducts have been identified previously in mouse, rat, 

and human (Cohen et al., 1997; Copple et al., 2008; Damsten et al., 2007; James et al., 

2003; Jan et al., 2014; Qiu et al., 1998; Wendel and Cikryt, 1981). These protein targets 

consist mostly of cytoplasmic liver proteins, most likely due to the increased solubility 

and detectability of these proteins. Included in these identified targets is mouse GSTP1 

(Qiu et al., 1998). In vitro binding studies have also shown NAPQI-GST adducts, using 
14C-APAP metabolism in mouse liver homogenates (Wendel and Cikryt, 1981). In a 

previous study in rat liver microsomes (RLM), we reported that rat microsomal GST 1 

(MGST1) was a target of NAPQI (Golizeh et al., 2015). A subsequent paper confirmed 

rat MGST1 as well as GSTM1 as targets (Leeming et al., 2017). Binding to human 

MGST1 was observed by Shin et al. (Shin et al., 2007) studying human liver 

microsomes incubations of APAP. Boerma et al. (Boerma et al., 2011) found 

recombinant human GSTP1 modified after NAPQI formation by a CYPBM3 mutant 

in vitro. Certain of these previous reports were able to pinpoint the specific cysteine 

residues which were modified in the GSTs, namely Cys50 in rat and human MGST1 

(Golizeh et al., 2015; Shin et al., 2007), and Cys48 in human GSTP1 (Boerma et al., 

2011). All of these cysteines are significant for enzyme function and alkylation would 
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therefore result in inhibition (Jenkins et al., 2008; Lemercier et al., 2004; Shin et al., 

2007). Since GSTs play a significant role in detoxification, further research into the 

susceptibility of different GST isozymes to being modified by NAPQI remains of high 

interest. 

 The analysis of proteins and their modifications benefits from continual 

advancements in liquid chromatography-tandem mass spectrometry (LC-MS/MS), a 

broadly used tool for proteomic investigations (Aebersold and Mann, 2003). Constant 

improvements in sensitivity and selectivity have made LC-MS/MS an invaluable 

method to characterize proteins and study their post-translational modifications 

(Aebersold and Mann, 2016). The development of high-resolution mass spectrometry 

(HRMS) (Mehmood et al., 2015), data-dependent acquisition (DDA) (Mann et al., 

2001), targeted multiple reaction monitoring (MRM) (Gillette and Carr, 2013; Picotti 

and Aebersold, 2012), and multidimensional LC (Di Palma et al., 2012) have all 

contributed significantly to MS-based proteomics for highly sensitive detection of 

proteins and their modifications. As a result of its unique ability to distinguish changes 

in exact sites in the protein sequence (Larsen et al., 2006), MS/MS has become 

especially vital in post-translational modification studies. 

 In this work, several analytical approaches (Figure 3.2) were investigated 

combining different techniques for sample preparation and LC-MS/MS analysis to 

identify APAP-related covalent binding to purified human GSTs (overview in Table 

3.1, note: Met1 is considered here as the first amino acid in protein sequences 

throughout the whole manuscript). Strength of our study was not needing to use 

radioactivity or a fluorescence tag to selectively detect modified proteins or peptides (a 

brief overview of protein detection methods can be found in Table S1). In vitro NAPQI-

protein binding to four GSTs was investigated (GST alpha 1 (A1), M1, M2, and P1). 

APAP oxidation was performed in vitro using RLM or CYP3A4 Supersomes. Then, 

NAPQI-modified proteins were digested via two proteases (trypsin and pepsin) in 
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parallel and analyzed by two-dimensional LC-MS/MS, using high-pH reversed-phase 

(RP) offline fractionation. Results of fractionated and non-fractionated samples were 

compared. MS/MS was employed with DDA on a high-resolution quadrupole-time-of-

flight platform. High-sensitivity MRM measurements were then used for targeted 

analysis of modified peptides, using reference standards of all possible cysteine 

modified peptides. 
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Figure 3.2 Representative workflow of in vitro NAPQI binding to recombinant GSTs followed by reductive alkylation and 

digestion (trypsin or pepsin), SPE with optional LC fractionation, and LC-MS/MS analysis (A). NAPQI generation was 

achieved by activation of APAP with either RLM or CYP3A4 Supersomes. MRM methods were based on isomeric iodo-

APAP-GST standard, digested and first analyzed by DDA to investigate ionization and fragmentation properties of iodo-

APAP-peptides (B). Then, MRM transitions were built and optimized for each peptide individually. Cysteine alkylation 

reagent iodo-APAP yields positional isomer label to NAPQI-modified cysteine (C). 
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Table 3.1 Overview of studied human GST enzymesa 

GST Accession 

number 

Molecular 

weight [Da] 

pI Active site (function) Cysteine site References 

A1 P08263 25,631 8.22 Tyr9 and Arg45 (GSH binding) Cys112 (Balogh et al., 2009) 

M1 P09488 25,712 5.99 Lys50 (GSH binding) and Tyr116 

(substrate binding) 

Cys78, 87, 115 

and 174 

(Johnson et al., 1993; Patskovsky 

et al., 2006) 

M2 P28161 25,745 5.79 Lys50 (GSH binding), Tyr116 

(substrate binding) and Thr210 

(substrate specificity) 

Cys87, 115 

and 174 

(Johnson et al., 1993) 

P1 P09211 23,356 5.29 Tyr8, Arg14, Trp39 and Lys45 

(GSH binding) 

Cys15, 48, 102 

and 170 

(Ang et al., 2009; Federici et al., 

2009; Ji et al., 1994; Oakley et 

al., 1997b, 1997a; Prade et al., 

1997) 

aMet1 is considered here as first entry in the amino acid sequence. 
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3.3 Materials and methods 

3.3.1 Chemicals and materials 

 Aroclor 1254-induced male Sprague-Dawley rat liver microsomes (RLM) (part 

no.: M10001, lot no.: QEB and OTS) were purchased from BioreclamationIVT 

(Baltimore, MD). Human CYP3A4 Supersomes (also containing oxidoreductase and 

cytochrome b5, part no.: 456202, lot no.: 7304001) were from Corning (Corning, NY). 

Cysteine alkylating agent iodo-APAP (N-(4-hydroxyphenyl)-2-iodoacetamide) was 

synthesized in- house as previously described (LeBlanc et al., 2014). Escherichia coli 

cells were from laboratory stocks. Magnesium chloride and potassium phosphate 

(dibasic) were from Anachemia (Montréal, QC). Trypsin (TPCK-treated, from bovine 

pancreas), pepsin (from porcine gastric mucosa), dithiothreitol (DTT), acetaminophen 

(APAP), HPLC-grade acetonitrile (ACN) and methanol (MeOH), iodoacetamide 

(IAM), glucose-6-phosphate dehydrogenase (type XV, from baker’s yeast), and other 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure water was 

from a Millipore Synergy UV system (Billerica, MA). 

 

3.3.2 GST expression and purification protocols 

 Recombinant human GSTA1, M1, M2, and P1 proteins were expressed in E. 

coli and purified using a modification of published protocols (Groom et al., 2014; 

Mukanganyama et al., 2002). Overnight induction was proceeded when the culture 

reached OD600 = 0.6. Cells were lysed as previously described (Mukanganyama et al., 

2002). Protein concentration was determined with the Bradford assay, using bovine 

serum albumin as reference standard (Habig et al., 1974). GST affinity purification was 

performed on a GSH-agarose column (Groom et al., 2014). Purified GSTs were 
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dialyzed to remove GSH by 3 L changes against 500 µL into ammonium acetate for 

48 h. Proteins were stored at −80°C. 

 

3.3.3 Preparation of alkylated GSTs using iodo-APAP or IAM 

 Reductive alkylation of human GSTA1, M1, M2, or P1 (1.8–3.6 nmol) was 

performed in 100 mM ammonium bicarbonate (ABC, pH 8.5) using DTT (250 nmol; 

20 min, 37°C), and either iodo- APAP (750 nmol in ACN; 45 min,) or IAM (750 nmol; 

30 min) at 37°C (in dark). Alkylated proteins were incubated with either 10 µg trypsin 

(4 h at 37°C) in ABC buffer, or 10 µg pepsin (1 h at 37°C) with added 1% formic acid 

in 10% MeOH to obtain pH 2 during digestion. Trypsin digests were diluted with water; 

pepsin digests with ABC (100 mM), prior to solid-phase extraction (SPE) on 1 cc 

(30 mg) OASIS HLB cartridges (Waters, Milford, MA) eluted with 100% MeOH 

(1 mL). Eluates were dried and then resolubilized in 100 µL of10%ACN prior to LC-

MS/MS analysis. 

 

3.3.4 NAPQI-GST formation by RLM incubation  

 RLM (1 mg/mL protein) and APAP (100 µM) were incubated (37°C and 

500 rpm) in the presence of NADP+ (500 µM), and a NADPH-regenerating system: 

glucose 6-phosphate (10 mM), glucose-6-phosphate dehydrogenase (2 U/mL) and 

magnesium chloride (5 mM). Human GST (A1, M1, M2, or P1) in 100 mM phosphate 

buffer (pH 7.4, 1.8–3.6 nmol protein amount) was added to react with produced NAPQI 

for 3 h. The final incubation volume was 200 µL. Then, proteins were diluted in ABC 

(100 mM); 200 and 150 µL for tryptic and peptic digestion, respectively. 
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3.3.5 NAPQI-GST formation by CYP3A4 

 CYP3A4 Supersomes (1 mg/mL protein, 125 pmol/mL CYP3A4 final 

concentration) and APAP (100 µM) were incubated (37°C and 500 rpm) in the 

presence of NADPH (1 mM in phosphate buffer). Then, GST (same as above) was 

added to react with produced NAPQI and diluted after 3 h (as above). 

 

3.3.6 Digestion of NAPQI-GST 

 Reductive alkylation was performed using 10 µL DTT (25 mM; 20 min, 37°C) 

and 10 µL IAM (63 mM, 30 min, 37°C, in dark). All samples were then digested with 

either 10 µg trypsin (4 h at 37°C), or with 400 µL solution of 1% formic acid in 10% 

MeOH with 10 µg pepsin (1 h at 37°C). Trypsin digestion was diluted with 500 µL 

water, pepsin digestion with 200 µL ABC (100 mM). Digests were then cleaned-up by 

SPE and reconstituted as above. 

 

3.3.7 High-pH RP peptide fractionation 

 Dried extracts were reconstituted in 10% ACN (120 µL) for injection (100 µL) 

onto a ZORBAX Extend-C18 column (250 × 4.6 mm; Agilent Technologies, Palo Alto, 

CA) with 5 µm (100 Å) particles on an Agilent 1200 series HPLC equipped with a 

temperature-controlled autosampler (at 8°C), binary pump, degasser, diode array 

detector, and cooled fraction collector (at 8°C). High-pH RP fractionation was 

performed at a flow rate of 0.6 mL/min with a gradient starting at 5% B for 2 min, 

increased to 50% B in 12 min, to 70%B within 0.5 min, and held for 6.5 min. Mobile 

phase A was 10 mM ammonium acetate (pH 10, adjusted with ammonium hydroxide) 

in water and mobile phase B was prepared with 10% A / 90% ACN. UV absorbance 
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was monitored at 220 and 280 nm. Then, 16 (1 min) fractions were collected from 3 to 

19min. Fractions were concatenated (fraction 1+9, 2+10, ...) into eight final fractions, 

dried and reconstituted in 100 µL 10% ACN. 

 

3.3.8 LC-MS/MS analysis with DDA 

 Samples were injected (30 µL) onto an Aeris PEPTIDE XB- C18 100 × 2.1 mm 

column, with solid core 1.7 µm particles (100 Å) fitted with a SecurityGuard ULTRA 

C18-peptide guard column (Phenomenex, Torrance, CA) using a Nexera UHPLC 

system (Shimadzu, Columbia, MD) with water (A) and ACN (B), both containing 0.1% 

formic acid, at a flow rate of 0.3 mL/min (40°C). The gradient started at 5% B (held 

for 2.5 min) and was linearly increased to 30% B within 37.5 min, to 50% B within 

10 min, then to 85% B within 5 min (held for 3 min). MS and MS/MS spectra were 

collected on a high-resolution TripleTOF 5600 system (quadrupole–time-of-flight; 

Sciex, Concord, ON) equipped with a DuoSpray ion source in positive mode set at 

5 kV source voltage, 500°C source temperature, and 50 psi GS1/GS2 gas flows, with a 

declustering potential of 80 V. The instrument performed a survey MS acquisition 

(TOFMS) from m/z 120–1,250 (250 ms accumulation time), followed by MS/MS (high 

sensitivity mode) from m/z 80–1,500 on the 15 most intense precursor ions (excluded 

for 20 s after two occurrences) using information dependent acquisition with dynamic 

background subtraction. Each MS/MS acquisition had an accumulation time of 50 ms 

and a collision energy (CE) of 30 ±10 V. The total cycle time was 1.05 s. MS and 

MS/MS calibration was performed after every four injections with a set of in-house 

standards, using an automatic calibrant delivery system. Sciex Analyst software 

version 1.7.1 (TripleTOF) was used for data acquisition. Raw data was visualized with 

PeakView 2.2. 
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 Human files were searched against the UniProtKB/Swiss-Prot protein database 

(release date: 07/18/2018, including common protein contaminations) by ProteinPilot 

5.0 software (Sciex) using the Paragon Algorithm (Shilov et al., 2007). To find 

potential APAP-related adducts, the feature probability was altered to 50% for NAPQI 

on cysteine (addition of C8H7NO2). The search was performed for +2 to +4 charge 

states at a MS tolerance of 0.05 u on precursor ions and 0.1 u on fragment ions. Peptides 

and proteins were identified with a 1% false discovery rate (FDR) (Tang et al., 2008) 

using a target-decoy database search algorithm. 

 

3.3.9 LC-MS/MS analysis in MRM mode 

 LC-MRM experiments were performed on an identical LC platform and column, 

and a QTRAP 5500 (Sciex, Concord, ON) hybrid quadrupole-linear ion trap system 

with a TurboIonSpray ion source in positive mode. For fractionated samples, a shorter 

LC gradient (∼28 min) was used. The gradient started at 5% B (held for 2.5 min) and 

was linearly increased to 30% B within 21.5 min, to 50% B within 2 min, then to 85% 

B within 0.5 min (held for 2 min). Source parameters were as follows: ion spray voltage, 

5 kV; temperature, 550°C; GS1 and GS2, 50 psi; and curtain gas, 35 psi. Entrance and 

collision cell exit potentials were set at 10 and 13 V, respectively. Ion activation via 

collision-induced dissociation was performed at collision gas pressure of 5 (arbitrary 

units). Individual MRM transitions with corresponding CE settings can be found in 

Table S2. MRM transitions of modified peptides were integrated using Sciex 

MultiQuant 2.1. Sciex Analyst software version 1.6 was used for data acquisition. Raw 

data was visualized with PeakView 2.2. 
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3.4 Results 

3.4.1 Method development 

 Optimal in vitro metabolism of APAP was examined by GSH trapping 

experiments (data not shown). Oxidizing RLM and CYP3A4 Supersomes were each 

tested with either NADPH, or NADP+ and a NADPH regenerating system. RLM 

incubation in combination with a NADPH regenerating system and 3A4 Supersomes 

in the presence of NADPH yielded optimal conditions for APAP in vitro metabolism. 

For both strategies, a combination of 1 h open tube incubation followed by 2 h closed 

tube was found best for oxidation. It must be noted that GST stock solutions contained 

reduced GSH, which also bound to NAPQI (data not shown). Denaturation and 

excessive buffer exchange of GSTs, to yield completely GSH-free stocks, did not 

permit the study of binding capabilities based on protein structure. Additionally, 

excessive treatment of proteins led to important sample loss, different for each protein 

(data not shown). Furthermore, inclusion of a His-tag during expression (for 

subsequent Ni-nitrilotriacetic acid purification) might alter protein folding and thus 

binding results (Ledent et al., 1997). The use of non-mutant GSTs purified over GSH 

affinity combined with solvent-free elution seemed optimal in this study. These facts 

were considered and APAP concentrations in final incubations were adjusted 

accordingly to assure detectable amounts of NAPQI-GST being formed. Subsequently, 

protein digestion, SPE and offline fractionation were optimized for highest sequence 

coverage of target GST from database search results of DDA runs. Trypsin and pepsin 

digestion (4 and 1 h, respectively) in parallel was found optimal to yield a sequence 

coverage >83% (data not shown). Standard iodo-APAP-GST was used to test cysteine 

coverage and detection of all possible modified cysteine (see Table 3.2). Only the sites 

Cys15 and 102 were detected with a confidence <95%, based on small sequence size 

and low fragmentation of tryptic C15(iodo-APAP)AALR, and poor abundance of peptic 

GVEDLRC102(iodo-APAP)KYISL. For peptide separation, high-pH RP and fraction 
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concatenation was used as an alternative strategy to conventional ion exchange offline 

fractionation (Yang et al., 2012; Zhou, 2003). This enabled orthogonal separation to 

online (low-pH) RP chromatography without a desalting SPE step, thus reducing 

potential sample loss (Di Palma et al., 2012; Wang et al., 2011). 

 MRM experiments were based on initial DDA results of digested iodo-APAP-

GST standards. After database searching, iodo-APAP-modified peptides were 

investigated for each cysteine site (data not shown). Based on signal abundance and 

MS/MS properties, up to three modified peptides per cysteine site were chosen (see 

Table S2); peptide precursor with more than seven residues (Liebler and Zimmerman, 

2013) and a charge state of +2 and +3 were preferred. Then, final transitions were based 

on the three most intense fragment ions (in DDA runs, with m/z <1250) with fragment 

m/z > precursor m/z. An additional transition was based on the most intense fragment 

(no m/z restriction). CE was further optimized for highest signal abundance of each 

transition. 
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Table 3.2 Coverage of iodo-APAP-cysteine sites in DDA HRMS/MS 

GST Cys Peptide z Peptide 

confidence 

[%] 

(DDA) 

absolute 

precursor 

area [cps] 

RT 

[min] 

Trypsin digestion     

M1 78 ITQSNAILC(iodo-APAP)Y +2 95 6.48E+06 24.4 

 87 HNLC(iodo-APAP)GETEEEK +3 99 1.21E+06 7.0 

 115 GMIC(iodo-APAP)YNPEFEK +2 99 7.99E+05 21.6 

 174 C(iodo-APAP)LDAFPNLK +2 99 1.76E+06 23.8 

M2 87 HNLC(iodo-APAP)GESEK +3 99 9.63E+05 3.4 

 115 LC(iodo-APAP)YDPDFEK +2 95 5.56E+07 20.8 

 174 NQVFEPSC(iodo-

APAP)LDAFPNLK 

+3 99 1.60E+07 32.0 

P1 15 C(iodo-APAP)AALR +2 36 1.92E+07 5.6 

 48 ASC(iodo-APAP)LYGQLPK +2 98 1.11E+07 19.4 

Pepsin digestion     

A1 112 PVC(iodo-APAP)PPEEKDAKL +2 99 3.34E+06 14.4 

M1 115 GMIC(iodo-APAP)YNPEF +2 99 6.89E+05 27.9 

M2 87 IARKHNLC(iodo-

APAP)GESEKEQIRE 

+2 99 5.10E+05 7.4 

 115 AKLC(iodo-APAP)YDPDF +2 98 1.28E+07 21.9 

 174 ERNQVFEPSC(iodo-APAP)L +2 99 3.77E+07 23.9 

P1 102 GVEDLRC(iodo-APAP)KYISL +3 32 7.18E+04 23.6 

 170 IHEVLAPGC(iodo-APAP)L +2 99 3.30E+06 23.8 
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3.4.2 Protein analysis by DDA and detection of NAPQI binding 

 The number of found total proteins within 1% FDR ranged from 135 to 356 for 

RLM incubated, non-fractionated samples; from 40 to 80 for Supersomes incubations. 

Applying offline fractionation lead to an average increase in found proteins at 1% FDR 

of 23.7% and 28.5% for RLM and Supersomes incubated samples, respectively. 

NAPQI-alkylated peptides found by database searching were confirmed by using the 

following criteria: 1) precursor mass error <10 ppm, 2) MS/MS spectral 

confidence >95%, 3) the presence of one diagnostic production (see Figure 3.3) 

(Golizeh et al., 2015; Sleno et al., 2007), and 4) <0.5 min retention time deviation from 

iodo-APAP standard (for human GSTs). A total of six NAPQI-modified peptides of 

five distinct cysteine sites of three GSTs were found based on above criteria (see Table 

3.3). Overlaid extracted ion chromatograms of all six peptides can be found in Figure 

3.4A. Found diagnostic fragment ions can be found in Table 3.4. Additional MS and 

MS/MS spectra are available in Figure 3.4B and C, and Figure S1. In addition, 

NQVFEPSC*LDAFPNLK from human GSTM2 and one peptide from rat MGST1 

(from RLM background) were identified without detection of diagnostic fragment ions 

(Figures S2 and S3). MS/MS of modified rat MGST1 peptide, VFANPEDC*AGFGK, 

was confirmed by comparison to previously analyzed standard peptide (Golizeh et al., 

2015). A comparison of NAPQI-modified peptides from human GSTs to their 

confidently identified carbamidomethylated variants can be found in Table 3.5. An 

overview of all carbamidomethylated GSTs can be found in Table S3. 
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Figure 3.3 Proposed structures of diagnostic fragment ions. 

 

3.4.3 Confirmation of NAPQI binding by MRM strategies 

 NAPQI-modified peptides were identified in MRM experiments by following 

criteria: 1) signal-to-noise (S/N) of all transitions >10, 2) <17.2% deviation of relative 

abundance (see Equation 3.1) (Loziuk et al., 2014) oft wo highest transitions (with 

fragment m/z > precursor m/z) from iodo-APAP-modified peptide standard, and 3) 

<0.5 min retention time deviation of all transitions from iodo-APAP standard. After 

data filtration, MRM strategies yielded 10 NAPQI-modified peptides of seven cysteine 

sites of four GSTs (see Table 3.3). Overlaid MRM chromatograms can be found in 

Figures S4–S7. The relative abundance of transitions was calculated through the ratio 

of its integrated peak area and the peak area sum of all three transitions (with fragment 

m/z > precursor m/z) (Loziuk et al., 2014): 

  = 
∑ 

   (3.1) 
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Table 3.3 NAPQI-GST peptides confirmed by DDA and MRM methodsa 

GST Cys Peptide DDA MRM 

   RLM 

(1D) 

RLM 

(2D) 

3A4 

(1D) 

3A4 

(2D) 

RLM 

(1D) 

RLM 

(2D) 

3A4 

(1D) 

3A4 

(2D) 

A1 112 PVC*PPEEKDAKL  ✓   ✓ ✓  ✓ 

  PVC*PPEEKDAKLAL ✓    ✓ ✓   

M1 78 ITQSNAILC*Y     ✓  ✓ ✓ 

M2 115 AKLC*YDPDF      ✓  ✓ 

  LC*YDPDFEK  ✓       

 174 ERNQVFEPSC*L    ✓ ✓ ✓ ✓ ✓ 

  DVLERNQVFEPSC*        ✓ 

  NQVFEPSC*LDAFPNLK ✓ ✓   ✓ ✓ ✓ ✓ 

P1 15 C*AALR        ✓ 

 48 ASC*LYGQLPK    ✓    ✓ 

 170 IHEVLAPGC*L ✓    ✓ ✓ ✓ ✓ 

aRLM (1D): RLM incubation without fractionation, RLM (2D): RLM incubation with fractionation, 3A4 (1D): CYP3A4 Supersome 

incubation without fractionation, 3A4 (2D): CYP3A4 Supersome incubation with fractionation, DDA: confirmed by DDA, MRM: 

confirmed by MRM. 
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Figure 3.4 Overlaid high-resolution extracted ion chromatograms (±0.01 u) of detected modified peptide precursors (A). 

Confirmation was based on high-resolution accurate mass TOFMS (B) and triggered (DDA) MS/MS (C) analyses, including 

diagnostic NAPQI-cysteine fragment ions. 



 

 

106

Table 3.4 NAPQI-cysteine diagnostic fragment ions (MS2) detected in HRMS/MS 

experiments 

GST Cys Peptide Diagnostic ion (ppm) 

   m/z 182.0270 m/z 208.0427 m/z 225.0692 

A1 112 PVC*PPEEKDAKL  ✓ (−2.4) ✓ (−0.4) 

  PVC*PPEEKDAKLAL  ✓ (−1.9) ✓ (−1.8) 

M2 115 LC*YDPDFEK   ✓ (1.8) 

 174 ERNQVFEPSC*L  ✓ (−1.0) ✓ (−2.2) 

P1 48 ASC*LYGQLPK ✓ (5.5)  ✓ (5.8) 

 170 IHEVLAPGC*L  ✓ (−9.6)  

 

3.4.4 Comparison of different strategies 

 A total of 11 distinct peptides comprising seven unique cysteine sites were 

found as NAPQI-modified, two of which, Cys78 in GSTM1 and Cys15 in GSTP1, were 

uniquely found by MRM strategies. Thus, CYP3A4 incubations combined with high-

pH RP fractionation and MRM analysis was found most suitable with a total of nine 

found distinct peptides, including all seven distinct cysteine sites. This combination 

reflects the least biological background, reduced matrix effects by offline fractionation 

and more certain detection by following selective transitions at matching retention 

times of peptides modified by the isomeric labeling reagent. Peptides 

ERNQVFEPSC*L, NQVFEPSC*LDAFPNLK (both Cys174 in GSTM2), and 

IHEVLAPGC*L (Cys170 in GSTP1) were identified using all four tested MRM 

strategies. Using MRM techniques demonstrated that dilution effects during offline 

fractionation, in the case where a specific peptide can elute over neighboring fractions 

(see Figure S8), could lead to target signal intensities below detection limits (S/N < 10) 

and thus missing identification in DDA and MRM experiments. This was observed in 

RLM incubations of GSTM1. Peptide ITQSNAILC*Y was only detected in MRM 



 

 

107

experiments without LC fractionation (see Table 3.3). Furthermore, DDA experiments 

showed higher susceptibility to interfering compounds, even when detection limits 

were not an issue. Co-eluting, high abundant interferences in TOFMS survey scans 

resulted in missed MS/MS acquisition of target peptides. A visual representation of 

missed fragmentation of a NAPQI-peptide target (IHEVLAPGC*L), compared to a 

positive MRM identification, can be found in Figure 3.5. Missing MS/MS acquisition 

of the IHEVLAPGC*L peptide precursor at m/z 600.8077 was caused by a higher 

abundant interference at m/z 601.3123, overlapping with the peptide [M+1+2H]2+ 

signal. In that case, only the highly abundant interference was analyzed in MS2 leading 

to a MS/MS spectrum of interference fragments and low abundant [M+1+2H]2+ 

fragments, not allowing confident identification. One peptide, LC*YDPDFEK 

(Cys115 in GSTM2), was found only through DDA efforts, which was based on 

susceptibility of MRM transitions to isobaric interferences. The peptide was ultimately 

identified through HRMS/MS sequencing only (see Figure S1C). These circumstances 

lead to differences between DDA or MRM analyses (e.g., RLM (1D) compared to 3A4 

(1D) in Table 3.3), leading to more found modified sites with RLM incubations than 

with Supersomes, even though the latter were less complex incubations. Overall, 

NAPQI-peptide MRM signals reached higher signal abundance as extracted precursor 

ion (±0.01 u) signals in DDA survey scans (TOFMS) with comparable S/N. The use of 

both trypsin and pepsin as proteases was shown to be complementary. Several sites 

were uniquely found using either one of the two proteases. NAPQI-modified Cys15, 

48, and 78 were uniquely found in trypsin digests, whereas Cys112 and 170 were only 

found after pepsin digestion. Cys115 and 174 in GSTM2 were the only sites with 

detectable NAPQI peptides from both protease treatments; AKLC*YDPDF and 

LC*YDPDFEK, and ERNQVFEPSC*L and NQVFEPSC*LDAFPNLK, respectively. 
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Figure 3.5 Comparison of LC-DDA and LC-MRM results, used to identify NAPQI-modified GSTP1 peptide 

IHEVLAPGC170L (underlined) from in vitro incubation with CYP3A4 (Supersomes). DDA analysis of the target peptide 

(theoretical [M+2H]2+ at m/z 600.8077) eluting at 23.4 min (A) did not yield MS/MS acquisition (B). Fragmentation was 

triggered by an interfering ion at m/z 601.3123, which resulted in a MS1 isolation window (red rectangle) not incorporating 

target peptide. MRM analysis (C) confirmed presence of IHEVLAPGC*L2+ by comparing to iodo-APAP-GST (D).  
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Table 3.5 Comparison of NAPQI-peptide to the IAM-modified (CAM) version found with >95% confidence in the same 

DDA experiments 

GST Cys Peptide NAPQI modification CAM modification 

   RT [min] Absolute peptide 

intensity [cps] (z) 

RT [min] Absolute peptide 

intensity [cps] (z) 

A1 112 PVC*PPEEKDAKL 14.8 9.96E+02 (+3) 12.1 8.63E+03 (+3) 

  PVC*PPEEKDAKLAL 19.6 6.61E+03 (+3) 17.1 1.77E+04 (+2) 

M2 115 LC*YDPDFEK 20.3 3.83E+02 (+2) 17.2 5.86E+04 (+2) 

 174 ERNQVFEPSC*L 23.4 1.27E+03 (+2) 19.3 3.19E+05 (+2) 

  NQVFEPSC*LDAFPNLK 31.6 1.84E+03 (+2) 28.9 2.68E+05 (+2) 

P1 48 ASC*LYGQLPK 19.7 5.82E+02 (+2) 15.5 1.09E+04 (+2) 

 170 IHEVLAPGC*L 23.5 3.87E+03 (+2) 19.5 1.00E+02 (+1) 
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3.5 Discussion 

 The GST family is an essential, multifunctional set of enzymes, crucial in many 

detoxification and binding reactions in liver and other tissues. GSTs are involved in the 

metabolism of many substances and xenobiotics, including reactive metabolites such 

as NAPQI. The understanding of NAPQI binding to GSTs is thus a logical step toward 

understanding its hepatotoxicity. This study used several approaches for targeted and 

untargeted identification of modified peptides from in vitro incubations. The use of 

different methodologies yielded complementary findings but also allowed a critical 

view on performance and inherent limitations of each method. 

 

3.5.1 Performance of different strategies 

 This study highlighted the importance of using complementary proteases to 

better cover potential modification sites. Pre-fractionation of peptides was mostly 

beneficial for identifying adducted peptides. The double protease approach 

substantially increased protein sequence coverage. Multiple protease digestion can be 

easily applied in proteomics workflows and is highly flexible, due to wide range of 

specific and less specific enzymes with diverse cleavage behavior. Pre-fractionation 

increased peptide coverage and improved NAPQI-peptide discovery due to better 

resolution of peptides, thus reducing matrix effects in both MRM and DDA. Benefits 

from better peptide resolution in multiplexed LC outweighed the potential for sample 

loss and dilution effects introduced through fractionation and concatenation. These 

sample preparation techniques are viable approaches to broaden the potential for 

identification of low abundant modifications on proteins. 
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 Targeted MRM-based methods are most easily developed with the availability 

of purified proteins, whereas untargeted DDA analyses offer a more flexible, universal 

application without time-consuming optimization steps. GSTs are relatively easy to 

purify via GSH affinity chromatography and thus represent ideal proteins for reference 

standard preparation to build and optimize MRM methods. Untargeted DDA with 

subsequent database searching did not require any custom-made standards. 

Furthermore, DDA allowed for the analysis of protein binding beyond recombinant 

GST as the only target during incubations. For example, database searching for 

NAPQI-modified RLM proteins detected modified rat MGST1. Moreover, DDA and 

MRM strategies did not only differ in terms of applicability but also performance. This 

was rooted in differences in both MS platforms, as well as the two different acquisition 

types. Low resolving triple quadrupole systems (here a quadrupole- linear ion trap 

hybrid) generally reach lower limits of detection based on a higher duty cycle in 

optimized MRM modes. In comparison, quadrupole–time-of-flight instruments are less 

sensitive (Geib et al., 2016) but offer higher mass accuracy and the possibility for 

structural characterization by MS/MS. The difference in sensitivity is a crucial factor 

in characterizing low abundant protein modifications. In our findings, MRM strategies 

generally reached superior detection limits and thus led to two uniquely found modified 

peptides. In addition, even when detection limits were surpassed, low abundance of 

NAPQI-peptides resulted in missed peptide precursor fragmentation in DDA and thus 

were not identified. The final number of found modified sites, confirmed by DDA, was 

ultimately achieved here by using multiple attempts, which highlighted the limitations 

of unsupervised DDA in covalent adduct analysis. Furthermore, DDA relies on 

automatically triggered high quality MS/MS of modified peptides. This can be a 

challenge in complex biological samples, especially for low-abundant modifications, 

since so many peptides are eluting off the analytical column together. Even though 

high-speed high-resolution mass spectrometers, such as the one used in this work, have 

the ability to acquire spectra very fast and with high sensitivity, there are still many 
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peptides not triggered for MS/MS acquisition under these conditions. MRM, on the 

other hand, does not suffer from this caveat. If a given peptide is present, above a 

certain threshold, it should be detected by MRM. This method still suffers from matrix 

effects (ion suppression) but is not competing with co-eluting species for MS/MS 

acquisition. In general, MRM methodologies offer higher robustness and 

reproducibility. However, it should be noted that the use of a semi-targeted DDA, using 

an inclusion list of putative modified peptides could potentially increase reproducibility. 

Furthermore, susceptibility of low mass resolving MRM to isobaric interferences might 

obstruct confident identification and quantitation in some cases, which is less likely in 

HRMS. Also constant improvements in instrumentation and software are improving 

DDA performances and the development of all-ion fragmentation in data-independent 

acquisition (Bruderer et al., 2015) will certainly be viable avenues for future 

applications of HRMS in protein binding studies. In conclusion, MRM and DDA are 

powerful MS tools in proteomics, both of which have intrinsic advantages and 

disadvantages. 

 

3.5.2 Putative NAPQI-cysteine sites in GST 

 In this study we characterized seven cysteine sites from four cytosolic human 

GSTs by NAPQI in vitro. NAPQI binding to human GSTA1, M1, and M2 had not been 

reported previously. Only binding to Cys48 and 102 in human GSTP1 was previously 

confirmed (Boerma et al., 2011; Jenkins et al., 2008). In one of their studies, Boerma 

et al. (Boerma et al., 2011) also reported binding of clozapine metabolites to Cys48, as 

well as metabolized troglitazone to Cys15, 48, and 102 by in vitro incubation, tryptic 

digestion, affinity removal of background protein and LC-MS/MS analysis. In a 

follow-up study Boerma et al. (Boerma et al., 2012) confirmed also diclofenac-related 

binding to Cys15 and 48. Using GSTP1 in a protein trapping study, binding of the 
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reactive diquinone methide of raloxifene was also observed to Cys48 (Yukinaga et al., 

2012). Here, we detected modified Cys48 and additional target sites of NAPQI in 

GSTP1 by using pepsin as an additional protease with different cleavage specificity 

than trypsin. We observed Cys15, 48, and 170 as NAPQI target sites in GSTP1. Boerma 

et al. (Boerma et al., 2011) stated that alkylation of Cys48 lead to complete inhibition 

of GSTP1, based on the close proximity to GSH binding sites (Reinemer et al., 1991; 

Vega et al., 1998), as well as subsequent disruption of the active GSTP1-1 dimer 

(Jenkins et al., 2008). Additionally, modification on Cys170 is believed to influence 

activity as well (Orton and Liebler, 2007), which is also explained by its importance in 

dimerization (Chang et al., 2001). Furthermore, Cys15 is in direct proximity to Arg14 

which is also involved in GSH binding (Ang et al., 2009; Federici et al., 2009; Ji et al., 

1997; Oakley et al., 1997a, 1997b; Prade et al., 1997). It is possible that alkylation of 

multiple sites combined leads to full enzymatic inhibition. Binding analysis of Cys102 

presented several challenges in this study. The site was inaccessible via tryptic 

digestion and peptic peptides showed the lowest signal intensity of all screened sites. 

Sufficient recovery of Cys102 requires other proteases or potentially more limited 

proteolysis. Jenkins et al. (Jenkins et al., 2008) used Asp-N to confirm binding of 

NAPQI to Cys102. However, it was reported that Cys102 binding occurred only with 

high molar ratios of NAPQI to protein. Alkylation reactions of Cys102, being more 

solvent exposed, was believed to play a minor role in enzymatic activity (Lemercier et 

al., 2004). 

 Previous alkylation studies of GSTA1 focused on in vivo binding of 

bromobenzene metabolites to Cys112 in rat (Koen et al., 2006). Detection of these low 

abundant peptide modifications was enabled by GSH affinity purification, tryptic 

digestion and capillary LC-MS. Human and rat GSTA1 share a high identity of 76%, 

including Cys112, which was found NAPQI-modified in our work. The relatively long 

distance between Cys112 and the active sites, Tyr9 and Arg45 (Balogh et al., 2009), 
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was believed to ensure activity even after cysteine alkylation (Koen et al., 2006). 

However, Cys112 is in range to Met94, Phe136, and Val139, which are associated to a 

hydrophobic pocket, important in dimerization (Vargo et al., 2004). Alkylation of 

Cys112 could therefore compromise the formation of the GSTA1-1 dimer. However, 

further activity studies of NAPQI-modified GSTA1 are needed to investigate this. 

 In comparison to our findings of NAPQI-modified Cys78 in GSTM1, Nerland 

et al. (Nerland et al., 2001) found rat GSTM1 (Cys87) modified in vivo by acrylonitrile 

using a combination of radiolabeling, affinity purification and LC-MS. Modification 

of Cys87 in rat was also observed by a recent study of Leeming et al. (Leeming et al., 

2017), using in vitro metabolism of APAP and LC-MS/MS. Rat GSTM1 is missing 

Cys78, though Cys87 is identical in human and rat. Hence, an interspecies comparison 

of cysteine reactivity is not trivial, since both sites, Cys78 and 87, might compete for 

binding reactions. However, Nerland et al. (Nerland et al., 2001) hypothesized that the 

reactivity of Cys87 is based on possible interactions with His85, which is only found 

in rat. Missing His85 could explain a lower reactivity of Cys87 in human GSTM1 (and 

M2). Nevertheless, the extent of enzyme inhibition after modification needs further 

study. Nerland et al. (Nerland et al., 2001) observed loss in rat GSTM1 activity only 

after IAM alkylation of Cys115 (identical in human GSTM1) and not Cys87. A 

possible explanation might be the close active site Tyr116, which is vital for substrate 

binding (Johnson et al., 1993). Binding to Cys115 in human GSTM1 was not observed 

in our experiments. However, we could identify Cys115 and 174 as putative targets in 

human GSTM2. Koen et al. (Koen et al., 2006) studied in vivo binding of 4-

bromophenol in rat GSTM2 and confirmed adducts by radioactive labeling, tryptic 

digestion and LC-MS/MS. Based on cysteine mutant studies of human GSTM2, it has 

been stated that Cys115 might be involved in enzyme activity (Norrgård et al., 2011), 

based on the mu class active site Tyr116 (Johnson et al., 1993). The effect of binding 

to GSTM2 needs further research, especially with regards to distinguishing both 
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modified sites found in this study, Cys115 and 174. Furthermore, the difference of 

NAPQI binding properties of GSTM1 and GSTM2 are also crucial to investigate in 

future studies, since they share very high sequence homology. 

 In conclusion, we used in vitro incubations to identify adduct formation with 

NAPQI. Further research of in vivo and in vitro treated hepatocytes and liver fractions 

would complement our findings. The techniques shown here were designed to help 

study protein adduct formation and to guide subsequent research. Furthermore, a 

combination of our methods with targeted sample preparation and enrichment tools 

(e.g., immunoaffinity) could be applied to analyze the NAPQI binding affinity of GST 

and various proteins of interest in the future. A similar strategy can be used to find 

NAPQI-protein targets in more complex samples and unknown protein targets, while 

pinpointing binding sites. The novel use of an isomeric labeling reagent with identical 

chromatographic elution of NAPQI-modified cysteine containing peptides is 

invaluable for confirming the identity of modified peptides. 

 

3.6 Data availability 

 The datasets generated for this study are available on request to the 

corresponding author. 
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 In this chapter, the relation of osteoarthritis and the reactive lipid peroxidation 

product, 4-hydroxynonenal, was studied in human chondrocytes. Specific western blot 

analysis was combined with an untargeted bottom-up proteomics liquid 

chromatography-tandem mass spectrometry method to analyze 4-hydroxynonenal-

protein adducts. These assays were successfully used to analyze modified proteins in 

chondrocytes from discarded knee cartilage samples of osteoarthritis patients and non-

disease subjects (treated at the Hôpital du Sacré-Coeur de Montréal). Finally, several 

protein 4-hydroxynonenal-modifications were detected unique to osteoarthritis, 

including the exact site of modification. Modified proteins included DNA-associated 

proteins, the histones, highly important for nucleosome and chromatin formation, 

which might play an important role in osteoarthritis pathogenesis. 
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4.1 Abstract 

 The α,β-unsaturated aldehyde 4-hydroxynonenal (HNE) is formed through lipid 

peroxidation during oxidative stress. As a highly reactive electrophile, it is able to form 

adducts with various biomolecules, including proteins. These protein modifications 

could modulate many signaling pathways, as well as cell differentiation and 

proliferation, and thus could be highly important in the context of the extracellular 

matrix and degradation of articular cartilage. This study specifically investigated the 

role of HNE as a bioactive molecule in chondrocytes of OA patients. Chondrocyte 

extracts of OA and non-OA patients were analyzed for HNE binding using Western 

blot and bottom-up LC-MS/MS analyses. HNE-modified histones, H2A and H2B, and 

histone deacetylase were identified using anti-HNE antibodies. Furthermore, peptide 

sequencing and database searching revealed 95 distinct HNE-modified proteins and 

their exact modification sites, with 88 protein adducts being unique to OA 

chondrocytes. HNE-proteins of specific interest included histone H2A, H2B and H4, 

collagen alpha-3(VI) chain, eukaryotic initiation factor 4A-I, and nucleolar RNA 
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helicase 2. These six HNE-proteins were further validated by comparing with HNE-

modified standard peptides to confirm their MS/MS spectra. 

 

4.2 Introduction 

 Oxidative stress modulates various signaling cascades responsible for crucial 

cellular functions such as apoptosis, cellular proliferation and inflammatory responses. 

Free radicals resulting from an imbalance between antioxidant and pro-oxidant systems 

induce lipid peroxidation (LPO). This mechanism can be described as a process under 

which free radicals attack unsaturated lipids in the cellular membrane, producing a 

wide variety of oxidation products including 4-hydroxynonenal (HNE) (Esterbauer et 

al., 1991; Schaur, 2003). HNE is considered the most toxic α,β-unsaturated aldehyde 

formed from LPO of both ω-3 and ω-6 polyunsaturated fatty acids. Its highly reactive 

nature allows it to covalently bind to a variety of biomolecules, such as proteins, lipids 

and nucleic acids (Poli et al., 2008; Schaur, 2003). HNE binds to specific nucleophilic 

amino acids in proteins through Michael-type additions. Precisely, HNE adduction of 

proteins can occur on the imidazole ring nitrogen of histidines (His), the sulfhydryl 

group of cysteines (Cys) and the ε-amino group of lysines (Lys). Reversible Schiff base 

reactions can also occur with lysines, the guanidine nitrogen of arginines and N-

terminal amines, although these modifications are much less prevalent and stable 

(Bruenner et al., 1995; Uchida and Stadtman, 1992). 

 HNE naturally induces diverse biological effects in the cell through its 

electrophilic nature by modulating various signaling pathways, thereby causing 

apoptosis as well as alterations in cell differentiation and proliferation. Studies have 

shown that antioxidant agents, such as N-acetyl-cysteine or nuclear GSTA4-4, can 
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suppress HNE production, and inhibit apoptosis in cell lines (Cheng et al., 2001; Ruef 

et al., 2001; Vaillancourt et al., 2008). Additionally, HNE can inhibit the inducible 

form of nitric oxide synthase by modulating the nuclear factor-kappa B signaling 

pathway in chondrocytes (Vaillancourt et al., 2007). Furthermore, another study has 

shown that HNE induces a dual effect on platelet-derived growth factor receptor beta 

(PDGFR-ß) (Lee et al., 2010), which plays a role in the smooth muscle cell (SMC) 

migration and proliferation. A short incubation of SMCs with HNE activates the 

PDGFR-ß pathway, but a long incubation triggers a desensitization of this receptor to 

its agonist. However, in a few instances, activation of enzymes may occur. In a recent 

study, we observed that there are significantly more HNE-protein adducts in 

osteoarthritic (OA) synovial fluid compared to normal subjects (Morquette et al., 2006). 

HNE binds to the matrix metalloproteinase 13 (MMP-13) in vitro (Morquette et al., 

2006). It also induces a PTM of type II collagen (COL2), both of which resulting in the 

degradation of the articular cartilage in OA. 

 To gain additional insight into the potential role of HNE in osteoarthrosis, the 

role that HNE plays as a bioactive molecule in chondrocytes by modifying specific 

proteins was investigated. This PTM could have a role in the degradation of human 

cartilage by causing an imbalance in the chondrocytes' usual epigenetic modifications. 

HNE-protein adducts have been detected in OA and non-OA (from healthy controls) 

chondrocytes using western blotting and bottom-up proteomics. For the latter, cell 

extracts were proteolytically digested prior to LC-MS/MS analysis on a quadrupole-

time-of-flight platform. High sequence coverage was achieved by data-dependent 

acquisition (Mann et al., 2001) enabling the detection of a high amount of HNE-

modified peptides. 
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4.3 Materials and methods 

4.3.1 Chemicals and materials 

 Trypsin (TPCK-treated, bovine pancreas), pepsin (porcine gastric mucosa), 

collagenase (type IV, from Clostridium histolyticum), pronase (from Streptomyces 

griseus), dithiothreitol (DTT), acetic acid, ACN, ammonium bicarbonate, ammonium 

hydroxide, formic acid, iodoacetamide (IAM), methanol and other chemicals were 

from Sigma-Aldrich (St. Louis, MO). Recombinant histone H2AX was purchased from 

Abcam (Cambridge, MA). Fetal bovine serum (FBS), Tris-buffered saline (TBS), 

penicillin and streptomycin were obtained from Wisent Bioproducts (Saint-Jean-

Baptiste, QC, Canada). HNE was from Cayman Chemical (Ann Arbor, MI). Standard 

peptides (>82% purity) were ordered from Biomatik (Cambridge, ON, Canada). 

Ultrapure water was from a Millipore Synergy UV (Billerica, MA). 

 

4.3.2 Cartilage samples 

 Human OA cartilage was obtained from thirteen advanced OA patients and two 

healthy controls (64 ±6 years) having undergone total knee arthroplasty. Informed 

consent was acquired from patients and OA diagnosis was given according to American 

College of Rheumatology criteria (Altman et al., 1986). The Clinical Research Ethics 

committee of Montréal's Hôpital du Sacré-Coeur approved the study protocol as well 

as the use of human articular tissues. A brief overview of cartilage chondrocyte samples 

can be found in Table S1. 
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4.3.3 Chondrocyte culture conditions 

 Cartilage was dissected from bone under aseptic conditions within 24 h of 

surgery, diced and rinsed with phosphate buffered saline (PBS) supplemented with 

500 U/mL penicillin and 500 µg/mL streptomycin. OA chondrocytes were extracted 

from cartilage explants by enzymatic digestion with 1 mg/mL pronase (1 h, 37°C), and 

2 mg/mL collagenase (4 h, 37°C), in DMEM (Wisent Bioproducts) supplemented with 

10% inactivated FBS, 100 U/mL penicillin and 100 µg/mL streptomycin. Isolated 

chondrocytes were seeded at high density in DMEM with 1% antibiotics and 10% FBS. 

The cells were cultured at 37°C in a humidified atmosphere (5% carbon dioxide/95% 

air) until they reached confluence. Only first-passaged cells were used. 

 

4.3.4 Protein extraction and HNE treatment 

 Samples consisted of isolated nuclear and cytosolic protein extracts, as well as 

whole cell protein lysates. Confluent chondrocytes were detached by trypsinization. 

Cell pellets were washed and resuspended in PBS. Cellular protein fractionation was 

achieved using a commercial nuclear extraction kit (Cayman Chemical), where isolated 

nuclei and cytoplasms were obtained. Nuclear chondrocyte extracts contained <0.5% 

NP-40, 2% HEPES, 1% NaF, 1% EDTA and 0.2% Na2MoO4. Cytosolic extracts 

constituted of 0.5% NP-40, 2.6% HEPES, 0.5% EDTA, 5.3% NaCl, 0.5% EDTA, 0.5% 

MgCl2 and 15.8% glycerol. The nuclear pellet was resuspended in PBS, and the 

proteins were extracted using three repeated cycles of snap freezing in liquid N2 and 

thawing at 37°C, followed by brief sonication and centrifugation. Similarly, whole cell 

protein lysates were extracted from resuspended chondrocytes using three cycles of 

snap freezing/thawing, as above. Total extracts contained <0.5% NP-40, 2.5% HEPES, 

5% NaCl, 0.5% MgCl2, 0.5% EDTA and 15% glycerol. Cell protein lysates, 

recombinant histone H2AX and commercial standard peptides were all incubated in 
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PBS for 2h at 37°C with HNE at different concentrations. All samples were 

subsequently stored at −80°C. 

 

4.3.5 Protein quantitation and western blot analysis 

 Protein quantitation and western blot details can be found in the supporting 

information. 

 

4.3.6 Immunoprecipitation and HDAC activity 

 Immunoprecipitation details of HNE-histone deacetylase 2 (HDAC2) and 

HNE-histone adducts as well as HDAC activity assay method can be found in the 

supporting information. 

 

4.3.7 Protein digestion and peptide standard sample preparation 

 All extracts (~7–80 μg protein) and recombinant histone H2AX (50 μg) were 

diluted in 400 μL ammonium bicarbonate buffer (ABC; 100 mM, pH 8.5). Reductive 

alkylation was performed at 1 mM DTT (20 min, 37°C) and 2.5 mM IAM (30 min, 

37°C; in dark). Proteins were then incubated with 2.5–10 μg trypsin (4 h, 37°C and 

500 rpm). One set of total cell extracts (see Table S1) was also digested using 2.5–

10 μg pepsin after adding 400 μL 2% formic acid in 20% methanol (4 h, 37°C). Tryptic 

digests were diluted with 500 μL 1% formic acid in 10% methanol and subjected to 

SPE on OASIS MCX cartridges (1 cc, 30 mg, Waters, Milford, MA). Pepsin digests 

were diluted with 350 μL ABC (100 mM, pH 8.5) followed by SPE on OASIS HLB 
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cartridges. Dried extracts were reconstituted in 100 μL 10% ACN prior to LC-MS/MS 

analysis. 

 HNE-treated standard peptides (10 μg) were diluted in 500 μL loading buffer 

(MCX or HLB, for tryptic and peptic peptides, respectively) and subjected to SPE as 

above. 

 

4.3.8 LC-MS/MS analysis and data processing 

 Samples were injected (20 μL) onto an Aeris PEPTIDE XB-C18 100 × 2.1 mm, 

1.7 μm column, with a SecurityGuard ULTRA C18-peptide guard column 

(Phenomenex, Torrance, CA) using a Nexera UHPLC system (Shimadzu, Columbia, 

MD) with water (A) and ACN (B), both containing 0.1% formic acid, as mobile phase 

at a flow rate of 0.3 mL/min (40°C). The gradient started at 5% B, was held for 2.5 min, 

and was linearly increased to 30% B within 37.5 min, to 50% B within 10 min, then to 

85% B within 5 min and held there for 3 min (total gradient 58 min), and re-

equilibrated for 8 min between injections. 

 High-resolution TOF-MS and MS/MS spectra were collected on a hybrid 

quadrupole-time-of-flight mass spectrometer, TripleTOF 5600 (Sciex, Concord, ON), 

equipped with a DuoSpray ion source in positive mode with 5 kV source voltage, 

500°C source temperature, and 50 psi GS1/GS2 gas flows, and declustering potential 

of 80 V. The instrument performed a survey TOF-MS acquisition from m/z 120–1250 

(250 ms), followed by MS/MS on the 15 most intense ions from m/z 80–1500 using 

data-dependent acquisition with dynamic background subtraction. MS/MS acquisition 

(50 ms each) used a collision energy of 30 ±10 V. HNE-modified standard peptides 

were analyzed via targeted product ion scans with TOF-MS (m/z 170–1000, 500 ms) 
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and MS/MS acquisition (m/z 50–1500, 500 ms) with collision energy set at 28 V. The 

total cycle time in each experiment was 1.05 s. 

 LC-MS/MS files were searched against the human UniProtKB/Swiss-Prot 

database (release date: 07/18/2018, including common protein contaminations) by 

ProteinPilot 5.0 (Sciex). To identify potential HNE-adducts (from Michael addition), 

the protein search algorithm was changed to consider a probability of 50% for HNE 

modification (addition of C9H16O2) on histidine, cysteine and lysine. The search was 

performed at a MS tolerance of 0.05 u on precursor ions and 0.1 u on fragment ions. 

Proteins and peptides were identified with a local 1% false discovery rate (FDR) (Tang 

et al., 2008) using a target-decoy database search algorithm. The online tool 

WebGestalt (Zhang et al., 2005) was used for enrichment analysis using right-sided 

hypergeometric testing and Benjamini-Hochberg (BH) correction. Manual data 

verification and visualization was done with PeakView 2.2 and MasterView 1.1 (Sciex). 

 

4.4 Results 

 Our complete study cohort consisted of chondrocyte samples from 13 OA 

patients and two healthy (non-OA) subjects. Different cell extraction techniques were 

used to yield nuclear (n = 6), cytosolic (n = 2) and total cell (n = 5) extracts of OA 

patient samples to increase coverage of HNE-proteins from different cell compartments. 

Extracted chondrocytes were subjected to western blot and LC-MS/MS analysis, 

focusing on HNE adduct formation. Identified HNE-proteins from OA samples were 

compared to those found in total cell extracts of healthy controls (n = 2). 
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4.4.1 HNE induces modification of nuclear proteins 

 HNE’s ability to form adducts with nuclear proteins was verified in isolated 

human OA chondrocytes. In HNE untreated cells, the corresponding profile of the 

HNE-protein adducts that was generated at the basal level following incubation of OA 

chondrocytes with HNE is shown in Figure 4.1A. As can be seen, the intensity of 

immunoreactive bands increased in the presence of 10 μM HNE, and most had a 

molecular weight less than 60 kDa. 

 We then tested the hypothesis that among nuclear proteins, histones are 

modified by HNE. These proteins provide structural support to DNA and their PTMs 

play a key role in DNA replication and transcription. As illustrated in Figure 4.1B, the 

immunoprecipitation assay indicated that histone H2A and H2B were targeted by HNE 

binding and that the level of HNE-histone H2A and HNE-histone H2B adducts is 

higher in HNE-treated isolated OA chondrocytes. 
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Figure 4.1 Immunoreactive HNE-protein adduct profile of OA chondrocytes without 

and with 10 µM HNE treatment (A). Immunoprecipitation of HNE-H2A and HNE-

H2B adducts and western blot analysis of total histone H2A and H2B in nuclear 

extracts from human OA chondrocytes treated with HNE (0, 5 and 10 µM) (B). 

 

4.4.2 HNE inhibits HDAC activity by HNE-HDAC adduct formation 

 In a follow-up experiment, the effect of HNE on HDAC activity in OA human 

chondrocytes was considered. HDACs are key enzymes involved in histone 

deacetylation. As shown in Figure 4.2A, the addition of HNE significantly reduced 

total HDAC activity in a dose-dependent manner. At 10 μM, HNE suppressed total 

HDAC activity by 80%. 



 

 

129

 To confirm the formation of HNE-HDAC2 adducts, OA human chondrocytes 

were incubated with increasing doses of HNE for 24 h and nuclear protein extracts 

were immunoprecipitated with mouse anti-HDAC2 antibody and subjected to western 

blotting. Using an anti-HNE antibody, our results revealed a signal corresponding to 

HNE-HDAC2 conjugates, the intensity of which increased with HNE concentration 

(Figure 4.2B). Nuclear extracts from non-treated OA chondrocytes showed a very low 

signal for the modified protein. 

 

4.4.3 Effect of HNE on histone acetylation status 

 The influence of HNE on histone acetylation in HNE-treated human OA 

chondrocytes was verified and results are shown in Figure 4.2C and D. Levels of 

acetylated histone H2A (K5) and histone H2B (K20) were higher as HNE concentration 

increased, up to 10 μM, and then decreased at 20 μM HNE. In contrast, the levels of 

total histone H2A and H2B were relatively stable as HNE increased. 
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Figure 4.2 Total HDAC activity in HNE-treated OA human chondrocytes at different 

concentrations of HNE (0–20 µM; *, p-value ≤0.05; **, p-value ≤0.01) (A). 

Immunoprecipitation followed by western blot analysis of HNE-HDAC2 adduct 

formation in nuclear protein extracts, monitored at different doses of HNE (0–20 µM) 

for 24 h (B). Histones H2A and H2B acetylation levels in HNE-treated human OA 

chondrocytes. Levels of acetylated histone H2A (K5) (C) and H2B (K20) (D) were 

analyzed in nuclear extract of human OA chondrocytes by western blot analysis at 

different levels of HNE (0–20 µM) treatment. 
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4.4.4 LC-MS/MS analysis of HNE-modified proteins 

 A minimum of 1,188 peptides and 309 proteins were identified in each sample 

analyzed (see data for individual samples in Table S1), of which a total of 252 HNE-

modified peptides (see Table S2) from 95 distinct proteins, modified at 198 sites (see 

Table S3) were confirmed in OA samples using the following criteria (Golizeh et al., 

2016): 1) precursor mass error within 10 ppm (MS) and spectral confidence >95% 

(MS/MS), 2) presence of at least one diagnostic fragment ion (m/z 139.1118 or 

266.1863, see Figure 4.3) (Roe et al., 2007), 3) removal of uncommon PTMs and 4) 

located in associated extracted cell components (nuclear, cytosolic or total extracts). In 

total, 88 distinct HNE-modified proteins were unique to OA disease samples (all 

extracts combined). In addition, most HNE-proteins were identified in total 

chondrocyte extracts. Of the total 91 distinct HNE-modified proteins (191 modified 

sites) found in total cell OA chondrocytes (n = 5): 35 proteins (68 sites) were shared 

between at least two extracts. Of 88 proteins unique to OA samples, 81 (and 185 sites) 

were identified in total OA chondrocyte extracts (n = 5), of which 31 proteins (63 sites) 

were common in at least two samples. 

 

Figure 4.3 Proposed diagnostic fragment ion structures at m/z 139.1118 and 266.1863, 

resulting from HNE and the HNE-histidine adduct (H*), respectively. 
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4.4.5 Enrichment analysis of proteins related to OA disease and HNE binding 

 We investigated further the 81 distinct HNE-modified proteins from total 

chondrocyte extracts (n = 5) unique to OA disease using gene enrichment analysis 

(right-sided hypergeometric), by submitting the list to WebGestalt for analyzed of 

over-representation in the human genome (reference set: genome protein-coding) with 

BH correction (Benjamini and Hochberg, 1995) for multiple comparisons (significance 

level: FDR ≤0.05). In total, 49 gene ontology (GO) terms and six pathways (from 

WikiPathways) were over-represented, based on identified HNE-modified proteins 

unique to OA disease. An overview of enriched GO terms and pathways can be found 

in Tables S4A and S5A, respectively. However, we also observed a bias (over-

representation) of genes in our list of all identified proteins, HNE-modified or not. We 

saw multiple GO terms and pathways enriched in our data in either OA patients or 

healthy controls (data not shown). Thus, to compensate for this, the enrichment of 

HNE-protein binding unique to OA disease was also analyzed against a custom 

reference set of total identified proteins in total OA chondrocyte extracts. In total, 12 

GO terms (Table S4B) and one pathway (Table S5B) were found to be over-represented. 

A visual representation of these statistically-significant GO term enrichment ratios can 

be found in Figure 4.4. 
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Figure 4.4 Scatter plot of significantly enriched GO terms (FDR ≤0.05, against 

reference of all proteins identified in all samples) of HNE-modified proteins unique to 

OA-related samples (total chondrocyte extracts). 

 

4.4.6 HNE-peptide adduct confirmation with in vitro modified peptides 

 Several HNE-modified histones (H2A, H2B and H4) were found after data 

processing and filtering (see Table S3). Of these histones, H2A and H2B were 

identified in two out of five total chondrocyte extracts, and H4 in one of the five extracts. 

Modified peptides, H*AVSEGTK and AKH*AVSEGTKA (His110 in histone H2B), 

QVH*PDTGISSK (His50 in histone H2B), H*LQLAIR (His83 in histone H2A), and 

DAVTYTEH*AK (His76 in histone H4), were subsequently confirmed by comparison 

of MS and MS/MS spectra to HNE-modified commercially-available standard peptides 

(see Figures S1–5). Probing HNE binding to recombinant histone H2AX confirmed the 

identification of modified H*LQLAIR (His83) peptide from cell extracts. In addition, 

recombinant H2AX was also found to be modified at Lys96 and 119. 
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 Moreover, one HNE-modified collagen protein, COL6A3, was confidently 

detected. HNE-modified COL6A3, modified at Lys2027, was confirmed via MS and 

MS/MS comparison to standard peptide LNLLDLDYELAEQLDNIAEK* (see Figure 

S6). 

 Standard peptides were also obtained for the protein nucleolar RNA helicase 2 

(DDX21) and eukaryotic translation initiation factor 4A1 (EIF4A1). Fragmentation 

spectra of analyzed patient samples matched well with standard 

GAVEALAAALAH*ISGATSVDQR for DDX21 (at His617, see Figure S7) and 

LQMEAPH*IIVGTPGR for EIF4A1 (at His153, see Figure S8). 

 

4.5 Discussion 

 Chondrogenic differentiation and function are regulated by intricate epigenetic 

modifications, affecting the expression of specific genes. Histones are targeted by 

multiple PTMs, including acetylation, methylation, and nitrosylation (Sen, 2015). A 

specific goal of this study was to verify HNE binding to nuclear proteins, especially in 

the context of OA. Through its role in epigenetic modification, HNE could alter 

chondrocyte-related gene expression. 

 

4.5.1 HNE-nuclear protein adducts 

 Several nuclear proteins were modified by HNE, including histones and 

HDAC2. HNE binding reduced HDAC2 activity and consequently enhanced the 

acetylation levels of histone H2A and H2B. Reactive species can influence epigenetic 
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modifications, including methylation/acetylation, and lead to changes in gene 

expression (Moldogazieva et al., 2018). For example, nitric oxide is involved in 

epigenetic modifications through nitrosylation (Illi et al., 2009). HDAC nitrosylation 

is a key mechanism of epigenetic regulation involved in gene expression. Nott et al. 

demonstrated that neurotrophic factors promote chromatin remodeling and the 

activation of genes associated with neuronal development through HDAC2 

nitrosylation (Nott et al., 2013). To the extent of our knowledge, the role of HNE in 

chromatin remodeling has yet to be investigated. In Raw264.7 macrophages, Gallingan 

et al. reported that histones are HNE targets, without investigating the impact on gene 

expression (Galligan et al., 2014). 

 From our LC-MS/MS results, 95 distinct HNE-modified proteins were 

identified in our analyses, with 88 HNE-proteins being uniquely found in OA samples. 

All protein adducts were relevant in vivo and did not occur as a result of post-surgery 

cell treatment. These proteins include three histone variants (H2A, H2B and H4). 

Codreanu et al. had found several histone H2As and H2Bs to be targeted by HNE 

(Codreanu et al., 2014). We could identify five histone HNE-peptides (encompassing 

four unique sites). The four modified histidine residues, His50, 76, 83 and 110, are 

located in the center and C-terminal end of the protein sequences. These parts are 

known to form the DNA-binding helix-turn-helix-turn-helix motif (Brennan and 

Matthews, 1989). Alkylation of residues in this motif would likely alter DNA-binding 

properties and the ability to form nucleosomes and thus gene expression (Barter et al., 

2012; Drake et al., 2004). Sequence recovery of the N-terminal region was challenging 

due to the high amounts of lysine and arginine, resulting in low coverage after tryptic 

digestion. Hence, analysis of residues near the N-terminus was not fully possible. Even 

parallel pepsin digestion with low cleavage specificity yielded a limited increase in 

total sequence coverage for these proteins (see Table 4.1). The acetylation (and 

methylation) of histone N-terminal tails influences the structure of histones which, in 
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effect, allows for modulation and regulation of their function (Morales and Richard-

Foy, 2000). Formation of HNE-histone adducts at N-terminal tails might obstruct 

acetylation and remains interesting for future studies, especially since this could act in 

combination with changes in HDAC activity. We were not able to recover substantial 

amounts of HDAC from samples to study HNE-HDAC binding via LC-MS/MS. HNE 

binding in nuclear cells was however confirmed through specific HDAC2 activity 

testing and western blotting (see Figure 4.2A,B), as well as HNE-dependent effects on 

histone acetylation states (see Figure 4.2C,D). 

 

Table 4.1 Overview of histones (H1–4), histone deacetylase (HDAC) and collagen 

(COL) sequence coverage from LC-MS/MS analyses of OA disease and healthy 

control samples 

Sample Digestion Best sequence coverage [%] 

H1 H2A H2B H3 H4 HDAC COL 

Disease nuclear (n = 6) Trypsin 24 53 40 43 64 0 50 

Disease cytosolic (n = 2) Trypsin 0 43 9 0 10 0 11 

Disease total (n = 5) Trypsin 29 64 42 38 53 20 54 

Pepsin 21 60 68 37 18 4 4 

Recombinant H2AX Trypsin - 55 - - - - - 

Pepsin - 79 - - - - - 

Healthy (n = 2) Trypsin 0 52 14 18 20 0 17 

Pepsin 15 43 9 24 9 2 2 

 

 A connection of HNE-histone formation and the development of several 

diseases has been reported. Alzolibani et al. confirmed HNE-histone H2A in patients 

with systemic lupus erythematosus, using autoantibodies against HNE-modified 
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histone H2A. HNE binding to histone H2A was postulated to initiate or promote 

disease (Alzolibani et al., 2013). Drake et al. examined the connection of HNE with 

Alzheimer’s disease, suggesting HNE-histone adducts affected protein conformation 

(Drake et al., 2004). These adducts affected the ability to bind DNA, and thus to form 

nucleosomes. The formation of HNE-histones alter hydrophobicity and charge state, 

having a direct effect on electrostatic interactions with DNA (Nightingale et al., 1998). 

HNE exposure was correlated to phosphorylation of histone H2AX in mice. Chaudhary 

et al. postulated that DNA double strand breaks were introduced by phosphorylation 

as well as comet tail formation (Chaudhary et al., 2013). 

 

4.5.2 Other HNE-modified proteins 

 HNE-alkylated proteins found here in OA chondrocytes overlapped with 

previous global proteomic studies (Codreanu et al., 2009, 2014). Codreanu et al. 

investigated HNE-protein binding in HNE-treated human RKO cells by biotinylation 

and subsequent streptavidin capture, gel electrophoresis and trypsin digestion, and LC-

MS/MS (Codreanu et al., 2009). A small overlap can be seen to a bottom-up approach 

using click chemistry for enrichment, investigating binding of an alkyne-containing 

HNE analog to RKO proteins (Yang et al., 2015). In OA samples, glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was modified by HNE at several sites. Binding of 

HNE to this protein was also previously studied in vitro (Ishii et al., 2003; Uchida and 

Stadtman, 1993). HNE adduction to rabbit GAPDH was also detected at many sites, 

including three analogous residues to those found in our human study (Cys245, His165 

and 328) using trypsin and V8 protease digestion with LC-MS/MS. While studying 

hydroxyurea exposure to CD1 mice, Schlisser et al. observed HNE-protein adducts in 

embryos (Schlisser et al., 2010). Eight HNE-modified proteins were identified, 

including mouse GAPDH. It was shown that HNE binding significantly decreased 
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GAPDH activity. Furthermore, HSP90α and HSP90β were potentially modified at 

multiple sites (note: human HSP90α and β are 86% identical). Carbone et al. studied 

chronic alcohol-induced oxidative stress and observed HNE modified cytosolic rat 

HSP72 (Carbone et al., 2004), correlating with decreased affinities for ATP. Rat 

HSP90 has also been found to be HNE-modified at Cys572 (Carbone et al., 2005). 

HNE-HSP90α was studied in RKO colorectal cancer cells and His450 and 490 were 

confirmed as modification sites (Connor et al., 2011). Unfortunately, we could not 

recover the sequence of HSP90α having His450 and 490. HSP90β was found modified 

at several sites, namely His171, 442, 458, 625 and 632. We could confirm binding to 

all of these sites, except His442. Furthermore, human HSP90β was identified as a HNE 

target by investigating HNE-treated human THP-1 monocytes via a gel-based approach, 

anti-HNE immunostaining and targeted MS/MS (Chavez et al., 2010). Over 30 HNE-

proteins were identified, including some site-specific determinations. We could 

confirm six of these proteins and two specific modification sites, including 14-3-3 

protein beta/alpha, actin (cytoplasmic 1, at His40), tubulin alpha-1B chain and 

vimentin (at Cys328). The authors stated that HNE-modified proteins associated with 

the cytoskeleton are important for maintaining cell shape and intracellular transport 

(Papakonstanti and Stournaras, 2008). It was also observed that HNE obstructs 

assembly of tubulins, by studying exposure of HNE to rat brain cells, causing impaired 

microtubule formation (Kokubo et al., 2008). 

 Gene enrichment analysis of the HNE-modified proteins in OA samples 

revealed several statistically-significant GO terms and pathways (see Tables S4 and 

S5). Among these proteins, translational initiation factors and ribosomal proteins were 

enriched. These proteins comprised at least five elongation and translation factors 

(including EIF4A1), and 17 ribosomal proteins. These vital proteins have previously 

been shown to modified by reactive metabolites, leading to functional inhibition. 

Argüelles et al. observed that HNE and malondialdehyde modified elongation factor 2 
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(EEF2) in a rat model (Argüelles et al., 2009). We observed HNE binding to Cys131 

and potentially Lys333 in human EEF2. Reed et al. found HNE-modified elongation 

factor Tu and translation initiation factor alpha in patient brains with mild cognitive 

impairment (Reed et al., 2008). Several ribosomal protein subunits (RPSA1A, RPS12, 

RPL3, RPL4A and RPL17B) were also previously found to be HNE-modified in yeast 

(Roe et al., 2007), partly overlapping with our findings in human. The authors applied 

a pattern analysis of HNE adduct formation, compared to a non-treated yeast lysate 

control. It was postulated that HNE-modified sequences had a higher number of basic 

residues (Lys and Arg) positioned within four residues of the HNE-histidine. Increased 

removal of the histidine imidazole hydrogen, from a highly basic environment, was 

believed to lower the pKa and thus increase nucleophilic attack on HNE. These effects 

might partly explain the prominence of highly basic ribosomal proteins as being 

modified by HNE (Roe et al., 2007). This circumstance could apply to histones as well. 

 

4.5.3 Target proteins linked to OA pathogenesis 

 The effect of HNE on the turnover of COL2 (found as an HNE target in this 

work) and MMP-13 expression in the context of OA was previously investigated 

(Morquette et al., 2006). During cartilage degeneration, HNE is produced in OA 

synovial cells. In vitro HNE binding to MMP-13 activated the enzyme, and HNE 

modification of COL2 accelerated its degradation by MMP-13. Increased levels of 

HNE in OA cartilage and the ability of HNE to induce transcriptional modifications 

and PTMs of COL2 and MMP-13 suggest HNE is involved in OA (Morquette et al., 

2006). In addition, in vitro formation of HNE-COL2 resulted in multiple phenotypic 

abnormalities of OA chondrocytes. However, the dipeptide carnosine, an efficient 

HNE-trapping agent, was able to counteract these effects (El-Bikai et al., 2010). HNE 

was shown to accelerate COL2 degradation and MMP-13 activation, as well as 
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inhibiting the expression of both. HNE-protein adducts increased in OA synovial fluid 

and chondrocyte samples. Induction of MMP-13 correlated with COL2 HNE 

modification, and also induced intercellular adhesion molecule 1 and integrin 

alpha1beta1 (El-Bikai et al., 2010). Since the activation of MMP-13 was believed via 

HNE modification, the modified sites of MMP-13 were determined by LC-MS/MS in 

a subsequent study (Golizeh et al. 2014) (Golizeh et al., 2014). Furthermore, an in vivo 

dog study (Shi et al. 2014) showed decreased OA severity and HNE-protein adduct 

formation using carnosine as a HNE-trapping agent (Shi et al., 2014). In a chick 

embryo study, Fernandez et al. suggested that type I and II collagen gene regulation 

during chondrocyte differentiation and dedifferentiation could occur through DNA 

methylation (Fernandez et al., 1985). In the current study, translation factors, such as 

EIF4A1, were found to be HNE targets. The EIF4A1 gene was identified among 26 

genes as differentially expressed in OA patients by Mahr et al. (Mahr et al., 2006). 

Tsolis et al. observed quantitative changes between OA patients and controls at the 

protein level, including EIF4A1 and several other proteins and translation factors 

(Tsolis et al., 2015). 

 Histone modification has been linked to OA disease progression. Methylation 

(K4) in histone H3 contributed to IL-1β-induction of iNOS and COX-2 expression (El 

Mansouri et al., 2011). Further results indicated that histone H3 demethylation (K9) 

contributed to IL-1β-induced microsomal prostaglandin E synthase 1 expression (El 

Mansouri et al., 2014). Here, an increase in acetylation of histone H2A and H2B was 

observed, possibly in conjunction with HNE-HDAC2 binding. 
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4.6 Conclusion 

 HNE has been observed to form adducts to multiple proteins in OA 

chondrocytes. Using straightforward protein extraction, western blot and bottom-up 

proteomics LC-MS/MS, we could pinpoint various modification sites of these proteins, 

including histones and collagen. Through enrichment analysis, we could also identify 

several over-represented protein targets, which included multiple translation factors 

and ribosomal proteins. This underlined an important role of HNE in cartilage OA 

chondrocytes, as it is largely known that protein-bound HNE alters conformation and 

function of proteins (Hellberg et al., 2010; Reed et al., 2009; Siems et al., 1989; 

Subramaniam et al., 1997). The present study allowed the detection of HNE-nuclear 

protein adducts, but also helped us better understand the participation of this aldehyde 

in gene expression through epigenetic modification during physiological and 

pathophysiological processes, such as cell differentiation, cell metabolism, 

inflammation, apoptosis. In particular, insights into the molecular mechanisms 

underline the effect of HNE-modified histones and HDACs in the modulation of 

epigenetic modifications involved in chondrocytes differentiation and metabolism 

under oxidative stress. Research progress on how HNE modulates chondrocyte-related 

gene expressions, as well as the identification of potential HNE-targeted histones and 

HDACs, may confirm the physiological and pathophysiological role of HNE in the 

modulation of cell differentiation and function under adaptive response to oxidative 

stress. These results will undoubtedly open new avenues to elucidate the role of specific 

enzyme-related HNE detoxification pathways, involving GSTA4-4 for instance, in the 

control of HNE-induced epigenetic modifications. 
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 In this chapter, reactive metabolite formation of the atypical antipsychotics 

clozapine and olanzapine was studied using in vitro incubations and glutathione 

trapping. In addition, covalent adducts formed between these reactive metabolites and 

key cellular defense enzymes against toxicity, the glutathione S-transferases, as well as 

human serum albumin were characterized in vitro. Glutathione adducts were analyzed 

using a small molecule approach, whereas modified proteins were subjected to bottom-

up proteomics. Both analyses used liquid chromatography-tandem mass spectrometry 

analyses to reveal multiple reactive metabolites of clozapine and olanzapine and 

multiple adducts to human glutathione S-transferases, as well as human serum albumin. 

Modifications were identified at the exact cysteine site. Additionally, untargeted data-

dependent acquisition was paired with targeted tandem mass spectral analysis on a 
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quadrupole–time-of-flight platform, to significantly increase modified protein 

detection. 
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5.1 Abstract 

 Drug-induced toxicity has, in many cases, been linked to oxidative metabolism 

resulting in the formation of reactive metabolites and subsequent covalent binding to 

biomolecules. Two structurally related antipsychotic drugs, clozapine (CLZ) and 

olanzapine (OLZ), are known to form similar nitrenium ion reactive metabolites. CLZ-

derived reactive metabolites have been linked to agranulocytosis and hepatotoxicity. 

We have studied the oxidative metabolism of CLZ and OLZ as well as two known 

metabolites of CLZ, desmethyl-CLZ (DCLZ), and CLZ-N-oxide (CLZ-NO), using in 

vitro rat liver microsomal (RLM) incubations with glutathione (GSH) trapping of 

reactive metabolites and liquid chromatography-high resolution tandem mass 

spectrometry (LC-HRMS/MS). Reactive metabolite binding to selected standard 

peptides and recombinant purified human proteins was also evaluated. Bottom-up 

proteomics was performed using two complementary proteases, prefractionation of 
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peptides followed by LC-HRMS/MS for elucidating modifications of target proteins. 

Induced RLM was selected to form reactive metabolites enzymatically to assess the 

complex profile of reactive metabolite structures and their binding potential to standard 

human proteins. Multiple oxidative metabolites and several different GSH adducts 

were found for CLZ and OLZ. Modification sites were characterized on human 

glutathione S-transferase (hGST) alpha 1 (OLZ- modified at Cys112), hGST mu 2 

(OLZ at Cys115), and hGST pi (CLZ, DCLZ, CLZ-NO and OLZ at Cys170), human 

microsomal GST 1 (hMGST1, CLZ and OLZ at Cys50), and human serum albumin 

(hSA, CLZ at Cys34). Furthermore, two modified rat proteins, microsomal GST 1 

(CLZ and OLZ at Cys50) and one CYP (OLZ-modified, multiple possible isoforms), 

from RLM background were also characterized. In addition, direct effects of the 

reactive metabolite modifications on proteins were observed, including differences in 

protease cleavage specificity, chromatographic behavior, and charge-state distributions. 

 

5.2 Introduction 

 The atypical antipsychotics clozapine (CLZ) and olanzapine (OLZ) are both 

used in the treatment of schizophrenia and paranoia (Akamine et al., 2017; Ciudad et 

al., 2005). However, both differ in their efficacy, side effects, and usage restrictions. 

CLZ is used as a third-line medication in treatment-resistant cases (Baldessarini and 

Frankenburg, 1991; Curto et al., 2015; Kane et al., 1988), even though it is considered 

more effective than any other standard neuroleptic available (Fehsel et al., 2005; Saha 

et al., 2005). Its restricted use is due to its potential to cause agranulocytosis in up to 

1% of patients (Ingimarsson et al., 2016). As a result, constant blood monitoring is 

mandatory (Nielsen et al., 2016). Furthermore, in several other cases, CLZ-induced 

venous thromboembolism (Hägg et al., 2009), diabetic ketoacidosis (Vuk et al., 2017), 
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eosinophilic myocarditis and cardiomyopathy (Kilian et al., 1999), neuroleptic 

malignant syndrome (Leonardo et al., 2017), and hepatotoxicity (Hummer et al., 1997; 

Tucker, 2013; Wu Chou et al., 2014) have been observed. Most of its toxic effects are 

believed to be caused by immune-mediated responses and/or the formation of an 

unstable nitrenium ion, formed via oxidative metabolism (Liu and Uetrecht, 1995). 

This electrophilic intermediate can covalently bind to biomolecules, including cysteine 

residues in proteins (Boerma et al., 2011). In contrast, OLZ is known to cause less 

severe side-effects (Fulton and Goa, 1997), and is thereby used as a first-line 

medication (Murray, 2006; Schwenger et al., 2011). In addition, OLZ is also a 

treatment for mood disorders (Luan et al., 2017; Samara et al., 2017), anorexia nervosa 

(Attia et al., 2019) and chemotherapy-induced nausea (Navari et al., 2016; Sutherland 

et al., 2018). Both of these drugs are known to form structurally similar nitrenium ions 

(CLZox and OLZox, respectively) (Gardner et al., 1998b), via phase I metabolism in 

the liver. In addition, the nitrenium ion species can also be formed by myeloperoxidase-

derived hypochlorous acid (Lobach and Uetrecht, 2014; Uetrecht, 1996), and is 

suspected to cause covalent binding in neutrophils, with subsequent agranulocytosis 

and neutropenia in CLZ administration (Gardner et al., 1998a). 

 Several stable phase I metabolites are also formed following the administration 

of CLZ and OLZ. The most prevalent ones include demethylated (DCLZ, DOLZ) and 

N-oxide (CLZ-NO, OLZ-NO) metabolites as well as 2-hydroxymethyl olanzapine (2-

OH-OLZ). These products are formed via cytochrome P450 (CYP)-mediated 

metabolism (Korprasertthaworn et al., 2015; Lu et al., 2016; Murray, 2006; Okubo et 

al., 2016; Wagmann et al., 2016). Flavin-containing monooxygenases (FMOs) are also 

known to contribute to the formation of N-oxides (Fang et al., 1998; Korprasertthaworn 

et al., 2015; Okubo et al., 2016). Some of these stable metabolites are known to be 

pharmacologically-active (e.g., DCLZ) (Lameh et al., 2007). Furthermore, studies with 

CLZ-NO have shown that it can be partly reduced back to CLZ (Manvich et al., 2018). 
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In general, reactive metabolites are effectively detoxified through glutathione (GSH) 

conjugation, partly mediated by glutathione S-transferases (GSTs) during phase II 

metabolism (Dragovic et al., 2010). However, upon depletion of reduced GSH, drug-

protein adducts can accumulate and cause severe tissue injury (Hadi et al., 2013b). 

Thus, identifying all potential reactive metabolites and studying the formation of 

protein adducts is crucial to understanding drug-related toxicity. Especially interesting 

here is the comparison of CLZ to the structurally similar OLZ. A previous rat model 

with equimolar doses of both drugs showed that only CLZ had a significantly 

detrimental effect on neutrophil kinetics (Ng et al., 2014). 

 Using rat liver microsomes (RLM), we studied oxidative metabolism and GSH 

adduct formation of CLZ and OLZ. Standard peptides and recombinant proteins, 

including several GST isozymes and human serum albumin, were tested individually 

to probe for covalent binding. Metabolites, GSH conjugates, and peptide adducts were 

analyzed directly, whereas protein adducts were subjected to a protein digestion using 

two complementary proteases (trypsin and pepsin) and prefractination of peptides prior 

to LC-HRMS/MS analyses. 

 

5.3 Experimental procedures 

5.3.1 Chemicals and materials 

 Aroclor 1254-induced male Sprague−Dawley RLM (part no.: M10001) were 

purchased from BioreclamationIVT (Baltimore, MD). Magnesium chloride and 

potassium phosphate (dibasic) were from Anachemia (Montréal, QC). CLZ, CLZ-NO, 

DCLZ, and OLZ, trypsin (TPCK-treated, bovine), pepsin (porcine), human serum 

albumin (hSA), and other chemicals were purchased from Sigma-Aldrich (St. Louis, 
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MO). Standard peptides were purchased from Biomatik (Cambridge, ON). Ultrapure 

water was from a Millipore Synergy UV system (Billerica, MA). 

 

5.3.2 Purified protein preparation 

 Proteins hGSTA1, M2 and P1 were prepared by recombinant expression in 

Escherichia coli and purified through GSH affinity chromatography, as previously 

reported (Geib et al., 2019). Detailed information on hMGST1 expression can be found 

in the Supporting Information. The expression and solubilization conditions were 

essentially as previously described for MGST2 (Ahmad et al., 2013). 

 

5.3.3 In vitro metabolism and GSH trapping 

 RLM (1 mg/mL protein) and CLZ, OLZ, DCLZ or CLZ-NO (each 10 µM) were 

incubated (37°C, 2 h) in the presence of a NADPH-regenerating system, containing 

NADP+ (500 µM), glucose 6-phosphate (10 mM), glucose-6-phosphate dehydrogenase 

(2 U/mL) and magnesium chloride (5 mM). A negative control was prepared in each 

case without NADP+. GSH (2.5 mM) was added to trap reactive metabolites. The 

incubation was quenched with equal volume ice-cold ACN and centrifuged (8 min, 4°C, 

14,000 rpm). Supernatant was then removed and dried under vacuum. Dried samples 

were re-solubilized in 100 µL of 5% ACN prior to LC-MS/MS analysis. 
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5.3.4 Peptide and protein binding protocol 

 A final concentration of 50 μg/mL of hSA-related standard peptides (containing 

active site Cys34), LQQCPFEDHVKL and LQQCPFEDHVK, were incubated with 

either CLZ or OLZ in RLM under the same conditions as above (instead of GSH). 

 Similar RLM incubations were also performed to test binding to standard 

recombinant human proteins with either CLZ or OLZ (250 µM final concentration). 

Several proteins were added individually into incubations, namely hGSTA1, hGSTM2, 

hGSTP1, hMGST1, or hSA (each ~9 nmol/mL) (200 µL incubation volume). 

Following a 2 h incubation, an equal volume of 100 mM ammonium bicarbonate (ABC 

buffer, pH 8.5) was added, followed by DTT (250 nmol, for 20 min at 37°C) and IAM 

(750 nmol, for 30 min at 37°C, in the dark) for reductive alkylation of cysteines. 

Trypsin (10 µg) digestion was then performed for 4 h at 37°C. For pepsin digestion, 

samples were diluted with 1% formic acid solution in 10% MeOH to obtain pH 2.5 and 

digested with 10 µg pepsin (1 h at 37°C). Prior to solid-phase extraction (SPE), pepsin 

digests were neutralized with ABC. Digests were cleaned-up on 1 cc (30 mg) OASIS 

HLB cartridges (Waters, Milford, MA), with a 100% MeOH (1 mL) elution step, and 

dried under nitrogen. Incubations with hSA and hGSTA1 were only digested with 

pepsin, based on previous knowledge that trypsin digested did not add any coverage of 

cysteine sites of interest (Geib et al., 2018, 2019). 

 

5.3.5 Metabolite and standard peptide analysis 

 Analysis of metabolites, as well as GSH and peptide adducts was performed by 

injecting dried incubation supernatants (10 µl) onto an Aeris PEPTIDE XB-C18 100 × 

2.1 mm column, with solid core 1.7 µm particles (100 Å) fitted with a SecurityGuard 

ULTRA C18-peptide guard column (Phenomenex, Torrance, CA) using a Nexera 
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UHPLC system (Shimadzu, Columbia, MD). Mobile phases consisted of water (A) and 

ACN (B), both containing 0.1% formic acid, at a flow rate of 0.3 mL/min and a column 

temperature of 40°C. Details on the gradient used for separation can be found in the 

Supporting Information. High-resolution MS and MS/MS spectra were collected on a 

TripleTOF 5600 quadrupole–time-of-flight system (Sciex, Concord, ON) equipped 

with a DuoSpray ion source in positive mode, in data-dependent acquisition (DDA) 

mode with dynamic background subtraction. Instrument parameters and MS 

acquisition details can be found in the Supporting Information. 

 Metabolite samples were screened for possible metabolism products using 

MetabolitePilot 1.5 software (Sciex) using a set of known drug biotransformations 

(including oxidative and dealkylation reactions and GSH conjugates). The list of 

features of interest were confirmed and expanded upon using PeakView 2.2 and 

MasterView 1.1, based on precursor ion accurate mass, isotope pattern and MS/MS 

analysis. 

 

5.3.6 Bottom-up proteomics analysis 

 Dried digests were reconstituted in 10% ACN and pre-fractionated using a 

ZORBAX Extend-C18 column (250 × 4.6 mm; Agilent Technologies, Palo Alto, CA) 

with 5 µm (100 Å) particles on an Agilent 1200 series HPLC with mobile phases 

consisting of 10 mM ammonium acetate (pH 10, adjusted with ammonium hydroxide) 

in water (mobile phase A). Mobile phase B was prepared with a 1:9 ratio of mobile 

phase A/ACN. LC fractionation conditions were based on an previously published 

method (Geib et al., 2019). A brief overview of the gradient used can be found in the 

Supporting Information. 
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 Dried fractions were reconstituted in 10% ACN and injected (30 µL) onto the 

same LC-MS/MS system with the same column and mobile phases, as mentioned 

above for metabolite analysis. The details on the LC gradient and the MS parameters 

used for proteomic analysis can be found in the Supporting Information. Selected 

samples were also analyzed via targeted product ion scans, for those modified peptides 

that were not initially triggered automatically by data-dependent acquisition, as 

specified in the Results and Discussion section. 

 Raw data files from each protein digest (all fractions combined) were searched 

against the UniProtKB/Swiss-Prot human (Homo sapiens) and rat (Rattus norvegicus) 

protein database (release date: 04/10/2019, including common protein contaminations) 

by ProteinPilot 5.0 software (Sciex) using the Paragon Algorithm (Shilov et al., 2007). 

To find potential reactive metabolite adducts, the feature probability was altered to 50% 

for each individual metabolite binding to cysteine. Potential cysteine binding of 

CLZ−2H (addition of C18H17ClN4), CLZ-NO−2H (C18H17ClN4O), DCLZ−2H 

(C17H15ClN4), CLZ−HCl (C18H18N4), CLZ+O (C18H19ClN4O) and 

CLZ−C5H10N2+O−2H (C13H7ClN2O), and OLZ−2H (C17H18N4), oxidized 

OLZ−2H (C17H18N4O), DOLZ−2H (C17H16N4), OLZ+O (C17H20N4O) and OLZ− 

C5H10N2+2O (C12H10N2O2) were searched separately. Trypsin digests were 

searched with specifying trypsin as protease; pepsin digests without specifying any 

protease. The search was performed for +2 to +4 charge states at a MS tolerance of0.05 

u on precursor ions and 0.1 u on fragment ions. Peptides and proteins were identified 

at a 1% false discovery rate (Tang et al., 2008) using a target-decoy database search 

algorithm. Using target-decoy database searching facilitates the validation of peptide 

and protein identification by estimating the false discovery rates. Intentionally incorrect 

decoy protein sequences are added to the database of correct protein sequences. 

Identified proteins and peptides from that decoy database are considered false positives. 

Then, the false discovery rate can be estimated by dividing the number of false 
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positives by the number of total positives (true positives and false positives combined) 

(Elias and Gygi, 2010). 

 

5.4 Results and discussion 

5.4.1 Metabolites and GSH adducts identification 

 Phase I oxidative metabolites and GSH adducts were curated based on the 

following criteria: (1) MS1 mass error within 10 ppm, (2) MS1 isotope ratio (M:M+1) 

difference <20%, (3) chromato- graphic peak signal-to-noise ratio >10, and (4) 

sample/control area ratio >5. False-positives from in-source fragmentation were 

excluded. A list of all confirmed metabolites of CLZ, CLZ-NO, DCLZ, and OLZ 

incubations can be found in Tables S1–S2. Overlaid chromatograms depicting peaks 

of all metabolites and parent compounds can be found in Figure 5.1 (GSH adducts) and 

Figure S1 (stable metabolites). 

 GSH-related adducts were investigated for their potential to form structural 

isomers and characteristic MS/MS fragment ions (see Figure 5.2 and Figure 5.3, and 

Figure S2). Nitrenium-related CLZ reactive metabolites formed multiple well-resolved 

GSH adducts. Incubations with CLZ, CLZ-NO, and DCLZ each led to the formation 

of three isomeric ‘−2H+GSH’ adducts and one dechlorinated GSH adduct 

(−HCl+GSH). In OLZ incubations, four isomeric ‘OLZ−2H+GSH’ adducts were 

identified as well as four oxidized GSH conjugates (+O−2H+GSH). Three 

demethylated adducts (OLZ−CH2−2H+GSH) were also observed. Both CLZ and OLZ 

were found to form ‘+O+GSH’ adducts as well as a related ‘−Cl+OH+GSH’ adduct for 

CLZ. These latter adducts are presumably via the formation of an arene epoxide 

reactive metabolite (Maggs et al., 2000; Reddy et al., 2004), and followed similar 
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fragmentation behavior (Figure S2D) as nitrenium-related GSH adducts. An overview 

of selected postulated fragment ion structures and exact masses can be found in Figure 

5.2 and Figure 5.3, and Table S3, respectively. Unique OLZ-GSH fragment ions were 

found at m/z 254.0746 and 311.1325 (see Figure 5.3). Specific ions for ‘CLZ+O+GSH’ 

adducts were found at m/z 275.0040 and 301.0197 (see Figure S2D). In addition, 

several other GSH- related adducts were observed. These adducts included ‘+O +GSH’, 

‘−PIP+O−2H+GSH’ resulting from CLZ and OLZ- related incubations and 

‘−PIP+2O+GSH’ in OLZ experiments. An overview of stable metabolites and adducts 

can be found in Figure 5.4. 
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Figure 5.1 Extracted ion chromatograms of [M+2H]2+ of GSH adducts in incubations 

of (A) CLZ, (B) OLZ, (C) CLZ-NO and (D) DCLZ with RLM. Retention times in 

parentheses. Metabolite IDs can be found in Tables S1–2. 
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Figure 5.2 (A) MS/MS spectrum of [M+H]+ of the ‘CLZ−2H+GSH’ adduct (at 10.3 

min) and (B) proposed fragmentation scheme. 
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Figure 5.3 (A) MS/MS spectrum of [M+H]+ of the ‘OLZ−2H+GSH’ adduct (at 2.9 min) 

and (B) proposed fragmentation scheme. 
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Figure 5.4 Selection of stable metabolites and GSH adducts found in (A) CLZ, CLZ-

NO and DCLZ, and (B) OLZ incubations (parents underlined). Adduct ‘+O+GSH’ 

were presumed to be derived from a novel intermediate. 
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5.4.1.1 Oxidative metabolism 

 Various stable metabolites, via demethylation, loss of C2H2 (Dragovic et al., 

2010), oxidation (+O and +2O), and oxidative dechlorination (−Cl+OH with CLZ only) 

were identified from OLZ and CLZ (see Tables S1–2). This latter metabolite has not 

been previously reported, but correlates with phase I metabolism of other aryl 

chlorinated compounds, including infigratinib (Al-Shakliah et al., 2020). One reason 

for potentially not being detected in past experiments is the relatively high polarity 

compound of the dechlorinated metabolite. Further corroboration of this reaction 

resulted from detecting analogous metabolites from CLZ-NO and DCLZ incubations 

(see Table S1). We also observed reduction of CLZ-NO to its parent CLZ in vitro (−O), 

as previously seen in in vivo in rat (Lin et al., 1996) and human (Chang et al., 1998). 

Also, a dechlorinated hydroxylated (−Cl+OH) metabolite was observed in our 

incubations, potentially through oxidation of the chlorinated ring, followed by chlorine 

elimination, as observed in the case of chlorophenols by a flavin-dependent mono- 

oxygenase (Pimviriyakul et al., 2017). Observing two distinct peaks (see Figure S1), 

also hints at an arene oxide intermediate (Ahlborg et al., 1992). This in vitro 

metabolism study demonstrated the complexity of CLZ and OLZ oxidative 

biotransformations. It is important to note that Aroclor 1254- induced RLM has 

increased CYP levels and therefore affects the metabolic profiles seen here (Dubois et 

al., 1996; Easterbrook et al., 2001). These conditions were chosen to increase the yield 

of reactive metabolites and thus better detect potential protein modifications by LC-

MS/MS. 

 

5.4.1.2 Reactive metabolite and GSH adduct formation 

 In total, 10 and 7 different GSH adducts were identified from CLZ and OLZ 

incubations, respectively. These adducts resulted from direct bioactivation of CLZ and 
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OLZ and also via bioactivation of their stable metabolites. Most GSH adducts were 

formed from a nitrenium intermediate. The presence of ‘+O+GSH’ or ‘−Cl+OH+GSH’ 

conjugates indicates a possible arene oxide intermediate (Grimm et al., 2015; Quinete 

et al., 2017; Reddy et al., 2004). However, these adducts are normally unstable and 

dehydrate quickly to rearomatized GSH adducts (Maggs et al., 2000). Maggs et al. 

(Maggs et al., 1995) postulated that the ‘CLZ+O+GSH’ adduct (at a neutral mass of 

649 Da) was formed via N-demethylation, oxidation at the 2’ position to a carbonyl 

and subsequent lactam hydrolysis to a carboxylic acid. This is an unlikely explanation 

in this study, since ‘+O+GSH’ adducts were observed from CLZ, CLZ-NO, DCLZ and 

OLZ. Especially, DCLZ ‘+O+GSH’ adducts with neutral masses of 635.1928 u (see 

Table S1) was an indicator that these conjugates were not formed through 

demethylation. Other ‘+O+GSH’ adducts combined with (N-methyl)piperazine loss 

(−PIP) were also observed for CLZ, DCLZ and OLZ. However, low abundance of these 

metabolites did not allow for acquisition of high quality MS/MS data. 

 With demethylation and N-oxidation products representing major circulating 

metabolites, subsequent bioactivation may play an important role in covalent binding 

in vivo. The fact that CLZ and OLZ form many structurally different GSH adducts, 

including many isomeric species, presents an impressive challenge for the detection of 

modified proteins. 

 Detailed analysis of the MS/MS fragmentation behavior of these GSH adducts 

was used to find diagnostic ions for confirming modified peptides. CLZ and OLZ-

derived modifications are relatively large and offered several fragment ions, including 

several piperazine ring fragmentations (see Figure 5.2 and Figure 5.3). Standard 

peptides were employed to study the effect of the modifications on fragment ion 

formation with precursor ions of differing charge states (+2 to +4), which were used 

for subsequent protein binding experiments. 
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5.4.2 Standard peptide adducts 

 Two standard peptides containing the active site cysteine of hSA, 

LQQCPFEDHVKL, and LQQCPFEDHVK were used to analyze the effects of CLZ 

and OLZ-related modifications on peptide charge distribution and retention time. 

Carbamidomethylated peptides were compared to cysteine modifications from CLZ 

and OLZ reactive metabolites. In general, an overall increase in charge state was noted 

for all drug-derived modifications of both peptides (see Figure S3). In addition, CLZ-

related modifications increased peptide retention, whereas OLZ-related binding 

uniformly decreased retention (data not shown). 

 

5.4.3 Protein adducts 

 Modified peptides found by database searching were selected by the following 

criteria: (1) MS1 precursor mass accuracies <10 ppm and (2) MS2 spectral 

identification confidence >95%. To identify modified peptides missed by database 

searching based on poor quality or unacquired MS/MS, MS1 data of DDA runs were 

manually searched for all possible modifications from peptides with predicted cysteine 

modification sites (see Figure 5.5 for example). Predicted peptides were based on either 

modified (CLZ or OLZ) peptides identified with <95% confidence, peptides found in 

previous covalent binding studies (Geib et al., 2019; Golizeh et al., 2015), or 

confidently identified carbamidomethylated (CAM) peptides. If at least two charge 

states coeluted and MS1 mass accuracies were within 10 ppm (exception: (CLZ−2H)-

QQC*PFEDHVKLVNE, at 10.9 ppm), peptides were then subjected to targeted 

MS/MS. MS2 data was curated for diagnostic fragment ions followed by manual 

sequencing (Figure 5.5). MS/MS spectra for all found modified peptides have been 

compiled in Figures S4–16. 
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Figure 5.5 General workflow for modified peptide manual identification using DDA 

and targeted MS/MS data. First, DDA runs were analyzed for potential peptide ions 

(+2 to +4) in MS1 (A) and further verified through mass accuracy (B). Then, potential 

peptides with missing or poor MS2 data were selected for targeted MS/MS analyses 

(triggered DDA MS/MS of an unrelated feature at m/z 423.5936 highlighted as red 

square). Candidates for manual peptide sequencing were based on MS2 extracted ion 

chromatograms with co-eluting diagnostic fragment ions (C, targeted MS/MS of 

activated [M+4H]4+). 
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 A total of 15 reactive metabolite-modified peptides (Figure S17) from five 

human and two rat proteins, with distinct modification sites, were identified (see Table 

5.1). These included one (OLZ−2H)-peptide associated with hGSTA1 (modified at 

Cys112), with two resolved peaks observed when the precursor ion and two diagnostic 

fragment ions from the cysteine modification were extracted (see Figure S18). Other 

modified peptides included a hGSTM2 peptide (Cys115), with four modified forms of 

the same peptide, from CLZ−2H, CLZ-NO−2H, DCLZ−2H, and OLZ−2H as well as a 

peptide from the addition of CLZ+O onto hGSTP1 (at Cys170). A peptide containing 

Cys50 of hMGST1 was modified by both CLZ−2H and OLZ−2H. One CLZ−2H 

modified peptide was identified containing the active site Cys34 of hSA. In addition, 

Cys50 of rMGST1 was modified by both CLZ−2H and OLZ−2H. One of three rat CYP 

isozymes (CYP2B1, 2B22, or 2C11) with a high sequence homology was modified by 

OLZ−2H. 

 In summary, adducted proteins were observed from nitrenium ions of CLZ, 

CLZ-NO, DCLZ, and OLZ as well as one CLZ+O modification. Specific diagnostic 

product ions were found in all targeted MS/MS spectra (Table S4). Furthermore, a shift 

in peptide charge distribution (see Figure 5.6) and retention time was observed based 

on the different modifications, similarly to when standard peptides were tested. 

Compared to their CAM variants, the majority of CLZ−2H, CLZ-NO−2H, DCLZ−2H 

and CLZ+O, and OLZ−2H modifications on cysteine resulted in increased charge 

states of peptides, due to the increase in size and relative basicity. Only the CLZ−2H 

addition on the QQC*PFEDHVKLVNE peptide from hSA did not affect its charge-

state distribution, potentially as a result of its relatively acidic nature. 
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Table 5.1 Found peptides from screened protein targets and RLM proteins modified by CLZ or OLZ reactive metabolites 

protein protease % sequence 

coverage 

peptide mod. z site accuracy 

[ppm] 

no. 

diagnostic 

ions 

hSA pepsin 77.2 QQC*PFEDHVKLVNEc CLZ−2H 2 Cys34 10.9 1 

hGSTA1 pepsin 75.2 PVC*PPEEKDAKLa OLZ−2H 4 Cys112 5.4 4 

hGSTM2 pepsin 96.3 C*YDPDFa OLZ−2H 2 Cys115 0.4 5 

hGSTP1 pepsin 85.2 IHEVLAPGC*La CLZ−2H 4 Cys170 5.1 8 

 pepsin 85.2 IHEVLAPGC*La CLZ-NO−2H 4  4.9 7 

 pepsin 85.2 IHEVLAPGC*Lc DCLZ−2H 4  6.1 6 

 pepsin 90.0 IHEVLAPGC*Lc OLZ−2H 2  −0.5 2 

 pepsin 85.2 LIHEVLAPGC*Lb CLZ+O 3  4.0 4 

hMGST1 trypsin 83.9 VFANPEDC*VAFGKd CLZ−2H 4 Cys50 2.7 6 

 trypsin 83.2 VFANPEDC*VAFGKd OLZ−2H 3  0.9 4 

 trypsin 83.2 VFANPEDC*VAFd OLZ−2H 3  0.4 2 

 trypsin 83.2 KVFANPEDC*VAFGKd OLZ−2H 4  2.2 2 

rCYP2B1/2B2 

or 2C11 

trypsin 74.5, 74.5 

or 82.2 

IQEEAQC*LVEELRd OLZ−2H 4 Cys152 

or 151 

3.0 3 

rMGST1 trypsin 67.7 VFANPEDC*AGFGKa CLZ−2H 4 Cys50 9.4 6 

 trypsin 78.1 VFANPEDC*AGFGKb OLZ−2H 3  2.9 2 

a<25% peptide confidence or not found by database searching, b25–80%, c80–95%, d>95% 
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Figure 5.6 Peptide precursor ion charge distribution (+2 to +4) of CAM-peptides, and 

corresponding (A) CLZ and (B) OLZ reactive metabolite-peptide adducts from digests 

of hGSTA1, hGSTM2, hGSTP1, hMGST1 and hSA, and rat proteins. (OLZ−2H)-

hGSTM2 CAM-peptide (*) was found singly and doubly charged only. 
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5.4.3.1 Binding to purified human proteins 

 In In this study, covalent protein binding was assessed using Aroclor 1254- 

induced RLM incubations and with purified human proteins: hGSTA1, hGSTM2, 

hGSTP1, hMGST1, and hSA. Figure S17 shows extracted ion chromatograms of all 

confirmed modified peptides. These human proteins were chosen specifically as they 

represent interesting covalent binding targets, especially in the context of liver toxicity. 

HSA is a valuable blood biomarker for protein binding occurring in the liver (Sabbioni 

and Turesky, 2017), and GSTs are highly involved in the detoxification of reactive 

species and phase II metabolism (Dragovic et al., 2010, 2014; Vredenburg et al., 2013). 

Furthermore, hSA and hGSTP1 have been previously observed to be (CLZ−2H) 

modified (Boerma et al., 2011; Lohmann et al., 2008). Boerma et al. studied the 

binding of APAP, troglitazone, and CLZ to hGSTP1 in vitro, using a bacterial 

CYPBM3 mutant, tryptic digestion, and LC-MS/MS (Boerma et al., 2011). Cys48 was 

found to be modified by CLZ, APAP, and troglitazone. Diclofenac (Boerma et al., 2012) 

and raloxifene (Yukinaga et al., 2012) have also been confirmed to bind to the same 

cysteine residue. Most of these studies were conducted using mostly trypsin as the 

protease of choice, leaving some other cysteine sites less accessible for detection via 

LC-MS/MS analysis. In a previous study of APAP covalent binding, multiple 

modification sites (Cys15, 48, and 170) in hGSTP1 were found using a double- 

protease approach with trypsin and pepsin (Geib et al., 2019). APAP adducts of 

hGSTA1 (at Cys112), hGSTM1 (Cys78), and hGSTM2 (Cys115 and 174) were also 

detected. In the current study, Cys170 in hGSTP1 was modified by CLZ−2H, CLZ+O, 

CLZ- NO−2H, DCLZ−2H, and OLZ−2H, showing a high affinity of Cys170 toward 

electrophilic species. Using recombinant hGSTP1, Cys170 has been observed to be 

more highly reactive toward APAP’s reactive metabolite than Cys15 and Cys48 (data 

not shown). OLZ adducts were also identified to Cys112 in hGSTA1 and Cys115 in 

hGSTM2 as well as CLZ−2H and OLZ−2H adducts to Cys50 in hMGST1. The latter 

was also previously found to be APAP-modified by Shin et al. using HLM incubations 
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and LC-MS/MS analysis (Shin et al., 2007). MGST1 is especially interesting, since it 

is induced by oxidative stress and directly activated by covalent modifications (Aniya 

and Imaizumi, 2011; Morgenstern et al., 2011; Wallin and Morgenstern, 1990). The 

conserved Cys50 in human (and rat) MGST1 proteins is essential for activity of the 

homotrimeric detoxification enzyme (Busenlehner et al., 2004; Ji et al., 2006; 

Svensson et al., 2000). Thus, observing CLZ and OLZ-related binding to Cys50 might 

yield further insight in the detoxification process. 

 

5.4.3.2 Binding to microsomal rat proteins 

 CLZ and OLZ binding to rat microsomal proteins was also investigated without 

added target human proteins. Rat microsomal GST1 (rMGST1) was modified at Cys50 

by both CLZ−2H and OLZ−2H reactive metabolites. An OLZ-modified rat CYP was 

also found, belonging to either CYP2B1/2 or 2C11 (at Cys152 or 151, respectively). 

These three CYP isozymes are highly homologous, with 97% shared sequences 

between 2B1 and 2B2 and 55% between 2B2 and 2C11. In a previous study, we 

identified APAP-modified rCYP2C6 in vitro at Cys372 (not included in its 73% shared 

sequence with 2C11) (Golizeh et al., 2015). The 2C subfamily is a highly complex set 

of rat CYP isozymes (Martignoni et al., 2006). CYP2C7 and 2C11 in rat were 

previously reported to be targeted in vivo by reactive metabolites of teucrin A 

(Druckova et al., 2007) and diclofenac (Shen et al., 1997), respectively, without the 

modification sites being specified 

 

5.4.4 Potential link between reactive metabolite-protein adducts and toxicity 

 Covalent binding of reactive metabolites has been associated with CLZ toxicity 

in many previous studies in vitro and in vivo studies. CYP-dependent CLZ-related 
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toxicity has been confirmed in rat hepatocytes (Lu et al., 2008) as well as human liver 

microsomes (Pirmohamed et al., 1995). Depleted GSH levels have been reported 

following treatment with CLZ in rat hepatocytes (Lu et al., 2008). Accordingly, adding 

exogenous GSH has shown to protect from CLZ and DCLZ toxicity and increase cell 

viability (Williams et al., 1997). Additional in vitro studies have linked CLZ and its 

oxidative metabolism to toxicity through bioactivation, including the induction of 

human neutrophil apoptosis (Williams et al., 2000) as well as a dose-dependent 

decrease of human bone marrow stromal cell viability (Pereira and Dean, 2006). 

Interestingly, stromal cell death was unique to CLZ bioactivation, compared to OLZ 

and other antipsychotics. The formation of CLZ reactive metabolites has been 

investigated in liver microsomes, neutrophils, and myeloid cells where one GSH adduct 

was mostly observed as well as evidence for protein binding (Maggs et al., 1995). In a 

study, a link between the formation of CLZ reactive metabolites and liver toxicity was 

based on increased carbonyl content, malondialdehyde and GST activity, and 

decreased GSH levels in CLZ-treated rats (Zlatković et al., 2014). These 

histopathological changes correlated with liver damage observed in a study of patients 

receiving CLZ therapy (Dorta et al., 1989; Schmidt et al., 1987). 

 In general, covalent binding to biomolecules has often been reported in the 

occurrence of drug-related idiosyncratic toxicity (Uetrecht, 2008; Walgren et al., 2005; 

Zhou et al., 2005). CLZ and OLZ, though very structurally similar, exhibited 

differences in toxicity at equimolar doses in rat (Ng et al., 2014). In this study, both 

drugs formed multiple GSH and protein adducts in vitro, under oxidative conditions. 

However, we also observed a lower depletion of the OLZ parent in incubations 

compared to CLZ (see Figure 5.1 and Figure S1), showing potentially less phase I 

metabolism in vitro, paired with a higher hydrophilicity of OLZ and therefore potential 

for increased clearance of the parent drug, compared to CLZ. The significance of the 
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identified adducts described here remains to be seen, requiring further in vivo 

investigations. 

 

5.4.5 Comparison of untargeted DDA and targeted MS/MS of modified peptides 
from protein digests 

 In order to increase the identification yield of low abundant modified peptide 

features of spiked-in human proteins in complex sample digests, a two-step MS/MS-

based workflow was applied (Figure 5.5). This technique was employed due to 

insufficiencies in DDA to trigger MS/MS acquisition of low abundant peptide species 

(Michalski et al., 2011; Tabb et al., 2010). Previously, we have developed a targeted 

multiple reaction monitoring method for identifying APAP-modified peptides by using 

an isomerically labeled protein standard (Geib et al., 2019). Due to the lack of an 

appropriate alkylating reagent to produce standard CLZ-modified peptides, targeted 

high-resolution MS/MS was employed as a complementary tool to increase 

modification coverage. In total, 15 distinct CLZ or OLZ-related modified peptides were 

identified: Five of which were confidently identified through DDA with database 

searching, seven (low-confidence peptides from DDA) after additional targeted 

MS/MS and manual sequencing, and three solely through targeted MS/MS. Targeted 

MS/MS allows for MS2 spectra for a given precursor ion to be acquired over the whole 

chromatographic peak. This strategy was used to correctly identify (OLZ−2H)-

modified hGSTA1 peptic peptide PVC112PPEEKDAKL (Figure S18) with a less ideal 

peak shape, potentially as a result of different peptide conformers from multiple 

prolines in each sequence (Glover et al., 2015; O’Neal et al., 1996). Similar chromato- 

graphic effects were previously observed for another peptide with multiple prolines 

(LLAHAFPPGP) (Golizeh et al., 2014). Therefore, over- lapping MS1 and MS2 

chromatograms also facilitates feature identification of non-ideal peaks. Nevertheless, 
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limit of detection, chromatography, and fragmentation behavior remained challenging 

in both untargeted and targeted acquisitions. For instance, (CLZ−2H)-modified Cys48 

in hGTSP1, observed by Boerma et al. (Boerma et al., 2011), was not detected in the 

current study. Complex proteomic samples are highly affected by extraction recoveries, 

dilution factors from sample preparation, and fractionation, and ion suppression from 

coeluting highly abundant peptides affect the detection of each modified peptide. 

 

5.4.6 Effects of CLZ and OLZ modifications on proteomic analysis 

 Effects on pepsin cleavage specificity were observed as a result of cysteine 

modifications by CLZ and OLZ. The hSA peptide from pepsin digestion previously 

found to be modified by APAP, LQQC(APAP)PFEDHVKL (Geib et al., 2018), is also 

consistently the active site Cys containing peptide with the highest signal intensity for 

carbamidomethylated hSA. However, in the case of CLZ, the modified peptide 

QQC*PFEDHVKLVNE was detected. This latter sequence was not found as a 

carbamidomethylated peptide with sufficient confidence and significant abundance. 

The modification with the relatively large and hydrophobic CLZ moiety changes the 

cleavage specificity of pepsin, and we can thus not rely on which peptides are observed 

in their unmodified forms to search modification sites. A similar difference in cleavage 

specificity was also seen in (OLZ−2H)-modified Cys115 in hGSTM2, with the 

resulting formation of C*YDPDF, instead of AKLC115YDPDF (Geib et al., 2018). 

These differences were specifically observed in pepsin samples, as a function of the 

more flexible cleavage specificity of this enzyme. Tryptic digestion was much less 

susceptible to changes in the cleavage site based on cysteine modification (see tryptic 

peptides of hMGST1, rMGST1, and rCYP in Table 5.1). Pepsin digests of CLZ and 

OLZ-modified hGSTA1 (Cys112) and hGSTP1 (Cys170) resulted in the formation of 

anticipated peptide sequences. PVC*PPEEKDAKL and IHEVLAPGC*L, respectively, 
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were identical to previously identified APAP-modified peptides (Geib et al., 2019); 

and identical to highest abundant CAM peptides from our data. Since these 

modifications add hydrophobicity, pepsin cleavage occurs closer to the cysteine site, 

thus influencing the pepsin cleavage of hGSTM2 and hSA, but not hGSTA1 and P1. 

 CLZ and OLZ modifications increased peptide mass and basicity and 

consequently showed an effect on HPLC retention and MS ionization. CLZ-modified 

peptides were more highly charged than OLZ peptides. All or some of these effects 

might explain differences in peptide identification outcome in the presence of large 

modification groups. As a result, CLZ and OLZ-related protein binding demonstrated 

multiple analytical challenges, necessitating careful evaluation and unambiguous 

peptide identification. These effects also have an important effect on the possibility for 

relative quantitation of unmodified vs modified peptides. 

 

5.5 Conclusion 

 The oxidative metabolism of CLZ and OLZ was studied in vitro in induced 

RLM with multiple reactive metabolite-related covalent adducts with GSH, with the 

identification of peptides and proteins. These findings provided further insight into the 

formation and reactivity of nitrenium ions as well as the potential formation of arene 

oxide intermediates. Site-specific modifications were identified for human serum 

albumin and multiple GST enzymes. Understanding the reactive behavior of these 

metabolites and related protein binding requires further study to better understand a 

potential link to toxicity. For instance, comparing the covalent binding levels of CLZ 

and OLZ in vitro in human hepatocytes or neutrophils would allow a good comparison 

for toxicological risk assessment. GSTs, such as MGST1, are important targets of 

reactive metabolites in the context of liver toxicity. It remains highly interesting to 
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study covalent binding for these two compounds specifically related to agranulocytosis. 

The evidence provided here for multiple GSH adduct structures and their distinct 

MS/MS fragmentation patterns can be useful to support further covalent binding 

studies. 

 

5.6 Associated content 

5.6.1 Supporting information 

 The Supporting Information is available free of charge at 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00191. 

 Supporting Figures S1−S18 include metabolite and adduct 

chromatograms, modified peptide MS/MS, modified peptide chromatograms, 

and comparison of MS1 and MS2 ion extractions (PDF) 

 Supporting Tables S1−S4 include identified CLZ and OLZ metabolites 

in RLM incubations, diagnostic fragment ions found in GSH adduct MS/MS, 

and reactive metabolite-cysteine MS2 diagnostic fragment ions detected in 

targeted MS/MS experiments of modified peptides (XLSX) 
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 CHAPTER VI 

 

 

SUMMARY AND CONCLUSIONS 

 In the preceding chapters, the in vitro reactive metabolite formation of two 

antipsychotics, CLZ and OLZ, was analyzed using GSH trapping. Also, related protein 

binding of these antipsychotics and the analgesic APAP to phase II enzymes, the GSTs, 

was determined. Circulating in vivo APAP-hSA adducts were quantified in the serum 

of ALF patients. In addition, the LPO reactive metabolite HNE was studied. The effects 

of in vivo HNE-chondrocyte protein adducts in relation to OA were evaluated. 

Throughout all these studies the following research objectives were consistently 

followed: 

1. Optimal sample preparation for adequate recovery of low abundant analytes 

2. Optimal offline and online LC settings for abundant feature signals with 

reduced complexity 

3. Selection of the most suitable MS/MS platform and acquisition method 

4. Straightforward data mining and data analysis of complex data sets 

5. Correct data validation, and determination of false positives and outliers 

6. Adequate interpretation of in vitro and in vivo findings 

 To achieve the above goals successfully, each study was designed based on at 

least one of the following aspects: 1) technical improvement in small molecule and/or 

proteomics LC-MS/MS analyses and sample preparation, and 2) answering 
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biologically relevant questions. This chapter will outline these results and will discuss 

follow-up research, as well as limitations and possible improvements. 

 

6.1 Summary of findings 

 All findings can be categorized into either in vitro reactive metabolite 

identification (CLZ and OLZ in Chapter 5), in vitro investigation of reactive metabolite 

binding to (recombinant) proteins (APAP in Chapter 3, and CLZ and OLZ in Chapter 

5), reactive metabolite protein target identification in vivo (HNE in Chapter 4), or 

quantitation of known reactive metabolite-protein targets in vivo (APAP-hSA in 

Chapter 2) (see Figure 6.1). Accordingly, these chapters will be discussed in that order. 

 

Figure 6.1 Categorization of thesis research on in vitro reactive metabolite formation 

of APAP, CLZ and OLZ, and investigation of OA-related in vivo protein binding of 

reactive HNE. In vivo quantitation was possible by monitoring APAP-hSA in ALF 

patient serum. Reactive metabolite sources were CYP oxidations or LPO. 
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6.1.1 Identification of drug reactive metabolism and protein binding 

 The reactive metabolite formation of the atypical antipsychotics CLZ and OLZ 

was studied using CYP incubations and GSH trapping (Chapter 5). Several GSH 

adducts related to CLZox and OLZox were observed, which complied with literature 

findings. In addition, multiple novel reactive metabolite-GSH adducts from CLZ’s 

primary metabolites CLZ-NO and DCLZ were also identified, as well as possible arene 

oxide-derived GSH adducts. These findings were confirmed on the protein-level as 

well. CLZ and OLZ binding was studied using recombinant hGSTA1, M2 and P1, and 

hMGST1, as well as purified hSA. These adducts were detected using RLM 

bioactivation of CLZ and OLZ, addition of individual proteins, dual-enzyme bottom-

up proteomics (trypsin and pepsin in parallel), high-pH offline fractionation and LC-

MS/MS in DDA mode on a QqTOF system. Moreover, in order to maximize the 

identification yield of low reproducible DDA peptide detection (Michalski et al., 2011), 

dedicated HRMS product ion scans were used. Dedicated MS/MS was based on pre-

existing reactive metabolite-GST binding knowledge (i.e., from APAP-related 

binding), prediction of possible modified peptides and manual MS1 data evaluation. 

The use of dedicated MS/MS allowed for a significant increase in spectral quality of 

peptide MS/MS. Thus, multiple modified peptides were only identified through these 

efforts. In total, 11 different modified cysteine sites were identified, alongside adducts 

to rat proteins from Aroclor 1254-induced RLM incubations (rMGST1 and rCYP). 

Especially, Cys170 in hGSTP1 formed multiple covalent adducts, including adducts 

derived from CLZ, CLZ-NO, DCLZ and OLZ nitrenium ions, and one modification 

possibly from an arene oxide intermediate of CLZ (modification: CLZ+O). 

 The same workflow was also applied to study APAP-related reactive metabolite 

binding to GSTs (Chapter 3). A total of seven different covalent adducts (different 

modification sites) were observed, studying hGSTA1, M1, M2 and P1. Several aspects 

of the general workflow were tested for possible improvements. These aspects included 
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the CYP source for in vitro metabolism, offline fractionation and the MS acquisition 

(DDA on QqTOF and MRM on QqLIT). In terms of CYP sources, Aroclor 1254-

induced RLM were compared to recombinant hCYP3A4 (Supersomes™). Using 

purified hCYP3A4 led to a decrease in protein complexity before proteolysis, allowing 

for a more sensitive peptide analysis after digestion. In addition, hCYP3A4 is known 

to be the most effective enzyme for APAP oxidative metabolism in vitro (Laine et al., 

2009). Purified hCYP3A4 was more effective compared to higher complex rat liver 

fractions (here RLM) containing many different CYP isoforms and other enzymes (see 

Figure 1.9). Lower protein complexity in hCYP3A4 incubations resulted in a higher 

recovery of low abundant modified peptide features after digestion. In addition, 

improvements from pre-fractionation were compared to workflows without offline 

fractionation. Overall, fractionation reduced peptide complexity, through two 

dimensions of orthogonal separation. In addition, fractionation increased probabilities 

for target peptide MS/MS acquisition. More time spent on online LC per sample also 

increased the amounts of acquisition cycles per sample. Finally, DDA performance on 

a QqTOF was compared to MRM acquisition on a QqQ platform with identical Q1 and 

q2 build (5000 MS series from Sciex). Due to the superior duty cycle and sensitivity of 

QqQ systems in MRM mode (Geib et al., 2016), more modified peptides were detected 

using MRM with increased reproducibility. MRM methods were based on isomeric 

standards based on an alkylating reagent (iodo-APAP) labeling each possible cysteine 

site in purified hGSTs. This also allowed for testing the recovery and possible detection 

of each modified cysteine site. Apart from one cysteine site in hGSTP1 (Cys102), most 

iodo-APAP-modified sites were recovered with an adequate signal. 
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6.1.2 Identification of HNE protein binding 

 Another study focused on detecting HNE-modifications to proteins in the knee 

cartilage of OA patients (Chapter 4). Cartilage of 13 patients was extracted, and 

chondrocyte proteins analyzed. Different extraction techniques were used to yield 

nuclear, cytosolic or total chondrocyte protein extracts to aid detection of HNE-

modified proteins in bottom-up proteomics and LC-MS/MS analysis using DDA 

(QqTOF). Identified HNE-proteins were compared to total chondrocyte extracts of two 

healthy subjects. A total of 88 HNE-proteins were unique to OA disease, with 81 HNE-

proteins found in total extracts. These 88 modified proteins included histones H2A, 

H2B and H4. This agreed with western blot results identifying H2A and H2B as targets 

of HNE, using anti-HNE antibodies. Additionally, western blot efforts identified 

HDAC2 (histone deacetylase 2) as another target of HNE, which also had direct effects 

on the acetylation of histones H2A and H2B. These results underlined a possible 

connection of OA and HNE-protein binding. Based on the involvement of histones in 

chromatin formation (see Figure 6.2), HNE-histone modifications might play a crucial 

role in the onset or progression of OA (Shen et al., 2017; Shi et al., 2014). 
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Figure 6.2 A nucleosome consisting of a segment of DNA (grey) wound around an 

octamer of histones of four variants (H2A, H2B, H3 and H4). With the addition of 

histone H1, nucleosomes coil into a 30 nm helical structure, the chromatin. PTMs can 

alter the electric charge of the core histones which either repels or attracts molecules 

and transcription factors (taken from (McCarthy and Nugent, 2013)). 

 

6.1.3 Quantification of APAP-related binding to hSA 

 One other important aspect of reactive metabolite-protein binding studies is the 

accurate quantitation of modified proteins. Therefore, APAP-related binding to a 

known protein target, hSA, was analyzed in serum of ALF patients suffering from 

APAP overdose (Chapter 2). The formation of NAPQI-hSA is known to occur in liver 

tissue. The protein adduct is then secreted into blood circulation, which makes NAPQI-

hSA a viable blood biomarker for protein binding in the liver. In this study, serum 

samples were collected from 34 ALF patients and one suffering from an acute liver 

injury (ALI). Sampling occurred 1 to 9 days after APAP ingestion and admission to the 
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Intensive Care Unit. Serum was analyzed using a fast and specifically optimized 

bottom-up proteomics (pepsin digestion) and LC-MRM assay. The cysteine labeling 

agents iodo-APAP and d4-iodo-APAP were used to prepare standard modified hSA 

with known concentrations, to be used as calibration standards and internal standards. 

The assay was successfully applied to screen a 450-fold NAPQI-hSA concentration 

range and to quantify absolute NAPQI-hSA serum levels in all 35 ALF/ALI patients. 

Grouping these patients into two groups, 25 non-spontaneous survivors and 10 

individuals with irreversible liver damage, demonstrated that significant differences in 

NAPQI-hSA levels between both groups were present, potentially allowing to predict 

the outcome of ALF/ALI after APAP misusage by monitoring modified hSA. 

 In summary, several LC-MS/MS strategies were developed and specifically 

optimized to identify reactive metabolite formation and reactive metabolite-protein 

adducts and to quantify circulating adducts to assess relations in adverse effects and 

disease. These methods can be adapted to analyze similar sample types with various 

complexity in vitro and in vivo. These perspectives, alongside important limitations, 

will be discussed in the following sections. 

 

6.2 Limitations and perspectives 

 Reactive metabolite formation and reactivity are complex research topics. 

Several factors are important key elements to fully elucidate certain effects related to 

reactive metabolites and their reactions. These factors include correct structural 

characterization of the reactive metabolite, reactivity assessment, binding target 

identification, adduct quantitation and evaluation of cellular damage (Dalvie et al., 

2015; Grillo, 2015; Thompson et al., 2016). Each of these factors represents an 
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individual challenge in and of itself but are all necessary to fully understand possible 

effects resulting from xenobiotic bioactivation. In this work, the focus was set on the 

structural investigation of reactive metabolite-amino acid adducts and covalent protein 

adduct formation with specific targets, presumed to play a role in related disease and 

toxicity in different tissues. Furthermore, quantitative analysis of circulating reactive 

metabolite-protein adducts was used to study the correlation of binding and severity of 

toxicity. 

 

6.2.1 Sample preparation workflow applicability 

 In Chapters 3 and 5, a total of five recombinant GST proteins were identified to 

be modified by APAP (Chapter 3), CLZ and/or OLZ (both Chapter 5) using in vitro 

incubations, bottom-up proteomics and (2D-)LC-MS/MS. Several limitations can be 

discussed here. Both studies are specifically aimed at identifying spiked-in (GST) 

protein targets of CYP-derived reactive metabolites of these three drugs in vitro. This 

allowed for a very detailed but also narrow view on covalent binding to phase II GSTs 

in the setting of an artificial scenario in specific CYP environments (Supersomes™ or 

RLM). Since these recombinant GSTs were purified through GSH-affinity, possible 

GSH and GST binding competition was assumed. Thus, GSTs were spiked-in at high 

concentrations to improve the detection of low abundant peptide adducts, resulting 

from binding competition. This workflow, or parts of it, can be theoretically applied to 

every compound which undergoes (bio)chemical activation to a reactive intermediate 

that potentially binds to a mix of proteins or to individually purified protein isoforms. 

In general, the workflow included: 1) in vitro activation of the compound, 2) addition 

of protein target and incubation, 3) reductive alkylation and proteolysis, 4) SPE using 

a hydrophilic-lipophilic balance (HLB, see Figure 6.3 for SPE resin overview), 5) 

optional high-pH RP fractionation, and 6) LC-MS/MS with DDA. However, certain 
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limitations apply, based on the given scenario. If the protein targets of interest are 

known to have specific features and properties which are incompatible with the 

workflow, adaptations must be made. In Chapter 4 for instance, in vivo HNE adducts 

with nuclear histones in chondrocytes were the main study focus. Histones are basic, 

nuclear proteins (Manning and Manning, 2018) requiring careful protein extraction 

techniques and careful sample preparations. Nuclear protein extraction techniques 

often include LC-MS–incompatible detergents, such as NP-40 (nonyl 

phenoxypolyethoxylethanol; used in this study), or polysorbate 20 (Tween®-20) or 

Triton™ X-100. These types of non-ionic detergents have detrimental effects on ESI 

and LC retention (Yeung et al., 2008), and are not properly removed by HLB-SPE. 

Thus, the proteomics workflow was changed to analyze in vivo HNE-modified 

chondrocyte extracts. Instead of HLB, mixed-mode strong cation-exchange (MCX, see 

Figure 6.3A) extraction was employed, which utilizes separation principles similar to 

SCX chromatography, well suited for basic peptides as a result of histone digestion. In 

addition, offline fractionation was not used to reduce potential loss of low abundant 

protein quantities and dilution effects. This was possible because low protein amounts 

(≤80 µg) and complexity did not require multiplexed LC, as it was necessary, for 

instance, in a preceding HNE-microsomal protein (500 µg) in vitro binding study 

(Golizeh et al., 2016). Sample loss and analyte recovery are both important factors in 

the successful detection of low abundant features. Each step of sample preparation (e.g., 

digestion, SPE and offline LC) and analysis (e.g., online LC) can potentially lead to a 

significant reduction or complete loss of final analyte signals (Feist and Hummon, 

2015). This is especially difficult to evaluate in untargeted or semi-targeted analyses 

where standard materials are less or not available. Only in the case of APAP-related 

binding to GSTs (Chapter 3) it was possible to generate custom-made standard material 

using iodo-APAP alkylation reagent and recombinant GSTs, which was used to test for 

peptide signal intensity and workflow optimization. Analyses of HNE-binding 

(Chapter 4) and CLZ/OLZ-related binding (Chapter 5) could not be fully evaluated in 
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that regard. One viable alternative to account for potential analyte losses in a specific 

workflow is applying one or multiple complementary techniques. For instance, LC-

MS/MS proteomics was accompanied by western blot in Chapter 4. Through western 

blotting HNE-HDAC2 adducts were observed which was not possible in bottom-up 

proteomics LC-MS/MS experiments due to very low protein amounts and low protein 

recoveries after digestion. Yet, immunoaffinity assays are highly dependent on the 

availability of selective antibodies. In terms of studying reactive metabolite-protein 

binding, not many antibodies are available. APAP, CLZ or OLZ-modification specific 

antibodies are not commercially available, but they could increase detection of very 

low abundant peptide adduct species in immunoaffinity assays and in immunoaffinity 

purification techniques coupled with LC-MS/MS (Grønborg et al., 2002). Such 

antibodies could theoretically be prepared by immunization against reactive 

metabolite-protein, peptides or amino acid antigens in an animal model (Houen, 2015; 

Maleki et al., 2013). 

 

Figure 6.3 Chemical structures of (A) mixed-mode strong cation-exchange (MCX), (B) 

mixed-mode strong anion-exchange (MAX) and (C) hydrophilic-lipophilic balance 

(HLB) SPE polymer resins. 
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6.2.2 Limitations in reactive metabolite-GSH and GST adduct identification 

 The reactive metabolite formation of CLZ and OLZ was studied using GSH 

trapping and peak intensity-based DDA experiments. Resulting GSH adducts were 

analyzed based on pre-existing knowledge of biotransformation and anticipated 

metabolites (see Table 1.7). This enabled the identification of several reactive 

metabolite-GSH adducts, including adducts of primary metabolites (e.g., 

‘DCLZ−2H+GSH’ adducts). However, this did not include potential unforeseen 

metabolites and adducts which could have been formed through novel/unknown routes 

of biotransformation. Only a fully unbiased data acquisition or data mining strategy 

could answer these questions. In the investigation of reactive metabolite-protein 

adducts, several recombinant hepatic GSTs were identified as targets of APAP, CLZ 

and OLZ reactive metabolites. As briefly stated before, this allowed for a detailed view 

of in vitro reactivity and possible covalent binding in vivo. However, increased levels 

of target protein, as well as reactive metabolite, might have had direct effects on the 

reactive metabolite-protein binding outcome. To fully understand covalent binding, in 

vivo or cell culture follow-up studies under physiological conditions are needed. These 

studies are complicated due to high cost of proper cell material or lack thereof, or due 

to ethical boundaries to conduct human liver in vivo studies. Nevertheless, cell 

metabolism and viability studies are crucial to classify protein binding targets and their 

adducts as factors in toxicity, adverse effects or pathogenesis. This became apparent in 

the comparison of CLZ and OLZ toxicity with regards to the number of identified 

protein adducts. More OLZ-related modified proteins than CLZ-modified proteins 

were detected. However, OLZ is known to be less toxic at equimolar concentrations 

(Ng et al., 2014) and is leading to less severe adverse effects (Fulton and Goa, 1997). 

Thus, the detection of many reactive metabolite-protein adducts without quantitative 

information did not allow for direct correlation with toxicity. These effects could be 

based on technical/instrumental differences and insufficiencies. Based on differences 

in metabolism, structure, and effects of sample preparation and analysis, OLZ-related 
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adducts presented fewer challenges in identification than CLZ-related binding. For 

instance, an increased [M+2+nH]n+ isotope signal from 37Cl might have led to possible 

difficulties in isotope pattern recognition in DDA experiments. Detrimental effects on 

isotope pattern recognition might had also detrimental effects on untargeted MS/MS 

acquisition. 

 Furthermore, other sample preparation aspects need to be discussed in detail as 

well. Using two proteases in parallel has proven to be a useful tool to improve GST 

sequence coverage of cysteine residues. However, several cysteine sites remained 

challenging. Most prominently, Cys102 in GSTP1 was not recovered after trypsin 

digestion (theoretical tryptic peptide: CK) and peptides from pepsin digestion were 

found to be low abundant. It was not possible to confidently detect any reactive 

metabolite binding to this cysteine site in both studies (APAP and CLZ/OLZ). In 

contrast, Jenkins et al. were able to confirm the binding of APAP’s reactive metabolite 

NAPQI to Cys102 using AspN (Jenkins et al., 2008) (see protease overview in Table 

1.8). Thus, assay flexibility could be significantly increased by using additional or 

different proteases in combination with trypsin and pepsin. In addition, CLZ-related 

binding to GSTP1 was found only at Cys170, not Cys48 which Boerma et al. 

previously stated (Boerma et al., 2011). This hinted at possible recovery and detection 

limiting effects which might have hindered modified peptide detection, even using 

appropriate proteases. 

 

6.2.3 Challenges in HNE-chondrocyte protein analysis 

 Since HNE is a naturally occurring reactive compound and HNE-modifications 

appear under physiological conditions (Siems and Grune, 2003), identification of 

HNE-protein adducts related to specific OA-related questions necessitated non-OA 
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control samples. In Chapter 4 chondrocyte samples from 13 OA patients were 

compared to samples from two non-OA patients. Access to non-OA knee cartilage 

samples was limited due to low frequencies of OA-unrelated knee surgeries and low 

accessibility to discarded cartilage. An equally sized control group would have been 

more preferred and would have increased the significance of identified HNE-proteins 

unique to OA. In addition, an increased number of control samples would have allowed 

for relative quantitation of protein amounts in OA compared to non-OA, using label-

free proteomics (Megger et al., 2013). This could have given additional insight on OA-

specific protein expression levels and could have complemented HNE-protein binding 

findings, without any additional sample preparation step. In addition, specific 

limitations in HNE-protein, especially HNE-histone, detection were prevalent as well. 

In general, histone sequence coverage was limited, not including the very basic histone 

tails in trypsin (and pepsin) digestions. Therefore, HNE-modifications potentially 

located at these histone tails could not be fully investigated, even though they are the 

main targets of regulative PTMs and vital factors in chromatin folding (Bannister and 

Kouzarides, 2011). Potential HNE binding to these sites remains interesting for future 

research. 

 

6.2.4 Limitations in APAP-protein quantitation 

 Using a specifically optimized method to detect one NAPQI-hSA–derived 

peptide through pepsin digestion, limits the applicability of the assay in multiple 

regards. The assay was developed to answer NAPQI-hSA quantitative questions in a 

rapid manner (<24 h) with a sufficient assay dynamic range (7.65 µg/mL to 

3.48 mg/mL NAPQI-hSA in serum). As an effect, digestion, LC and MRM parameters 

would be significantly different for other NAPQI-modified proteins and would require 

a completely re-evaluated workflow. In addition, an isomeric cysteine labeling agent 
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(iodo-APAP) was used to prepare standards. This alkylation agent is only applicable in 

APAP-related binding studies and would not allow accurate quantitation of other 

reactive metabolite modifications (e.g., from CLZ/OLZ metabolism or by HNE). In 

addition, limitations were present even in the quantitation of APAP-related binding. 

The used alkylating agent yielded a positional isomer to the actual NAPQI-Cys 

modification (see Figure 1.24). This had direct effects on LC elution of the standards, 

compared to the analyte. Slightly different elution times generally result in differences 

of ionization through differences in ESI droplet behavior and ion evaporation. Thus, 

isomeric iodo-APAP-standard and d4-iodo-APAP-internal standard peptides could not 

fully correct for these effects. Another study limitation arose from the variability in 

patient serum sampling time. Sampling occurred between 1 and 9 days after APAP 

ingestion. This led to a relatively large range of NAPQI-hSA levels in both groups, 

non-spontaneous survivors and individuals with irreversible liver damage. A uniform 

sampling procedure could have potentially increased the significance of differences 

between NAPQI-hSA levels of both groups. Finally, the assay’s quantitative 

performance can also be compared to related quantitative assays. Dynamic range and 

lower limit of quantitation (LLOQ) were compared to a preceding NAPQI-rat serum 

albumin (rSA) study (LeBlanc et al., 2014). With a 450-fold dynamic range and an 

LLOQ of 7.65 µg/mL, the NAPQI-hSA assay was inferior to the NAPQI-rSA assay 

(0.30 µg/mL LLOQ and 700-fold dynamic range; >24 h analysis). However, certain 

adaptions to the human assay were possible by simple changes in the MRM dwell time 

settings. The assay was specifically altered to also cover lower concentration levels 

down to 1.39 µg/mL. 
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6.2.5 Perspectives and improvements 

 In order to discuss challenges and limitations properly, appropriate 

improvements need to be mentioned as well. Some perspectives were already briefly 

mentioned in the previous sections. An overview of perspectives and improvements, 

including aspects, which will be discussed in subsequent paragraphs, can be found in 

Table 6.1. 

 

Table 6.1 Brief overview of possible improvements and their theoretical benefits 

Improvement Possible benefit 

Immunoaffinity protein/peptide 

extraction 

Increase in sensitivity and selectivity 

Multiple protease proteomics Increase in coverage of important binding sites 

Accompanying toxicity and protein 

inhibition assessment 

Correlation of protein binding with possible 

adverse effect mechanism 

In vivo studies with appropriate 

cohort and control group size 

Ideal scenario to study complex protein binding in 

comparison to control groups 

Absolute or relative quantitation of 

modified proteins using appropriate 

standard material 

Direct and accurate quantitative information of 

protein binding on the protein-level (or peptide-

level) 

GSH adduct detection via neutral 

loss and precursor ion scan 

High sensitivity and unbiased detection of GSH 

adducts 

GSH and protein adduct analysis 

via DIA-MS/MS 

Fully unbiased and untargeted analysis of adduct 

MS2, and the possibility to use diagnostic ion 

finding strategies 
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 GSH adduct analysis, as in Chapter 5, could be easily improved using available 

MS technologies (QTRAP® 5500) and data mining tools (MetabolitePilot™). Using a 

QqQ (or QqLIT) platform would enable the application of specific and sensitive neutral 

loss and precursor ion scans (see Figure 1.18). In studies by Dieckhaus et al. and Jian 

et al., a negative and positive ion mode, analysis of [M+nM]n+ and [M−nM]n− through 

fast polarity switching, was used to study unknown GSH adducts (Dieckhaus et al., 

2005; Jian et al., 2012). GSH adducts were detected using a positive mode neutral loss 

scan of 129 u combined with a negative mode precursor ion scan of product ions at 

m/z 272 (see Table 1.6). This scanning technology enables highly sensitive detection 

of low abundant, also unpredicted GSH adduct species. In addition, using a QqLIT 

(such as the QTRAP® 5500) would allow for DDA-style analysis using a 129 u neutral 

loss survey scan and enhanced product ion scan for structural analysis via LIT-MS/MS 

acquisition with higher mass resolution (Jian et al., 2012). If a QqQ platform would 

not be available, regular intensity-/isotope pattern-/mass defect-based DDA on a high-

resolution QqTOF or Orbitrap MS could be paired with post-acquisition neutral loss 

and product ion filtering techniques. This would only be possible if GSH adduct 

MS/MS data is available. However, due to a lack of sufficient precursor sampling of 

low abundant species, MS/MS information might be missing for certain adducts. Thus, 

novel all ion fragmentation HRMS acquisition strategies, such as DIA (see Figure 6.4) 

(Ludwig et al., 2018), could be paired with post-acquisition MS2 data filtration 

techniques. In these all ion fragmentation analyses, multiple precursor ions are isolated 

through a large Q1 isolation window. This enables the fragmentation of all ions in MS1 

in relatively reasonable cycle time. This could be used to detect low abundant and 

unpredicted GSH adducts, and also to collect high-resolution fragmentation spectra for 

structural elucidation. 
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Figure 6.4 Exemplary principle of DIA MS/MS analysis on a QqTOF platform. All or 

a selection of precursor ions are sequentially fragmented by isolating multiple 

precursor ions at once through Q1 windows of multiple mass units. Generally, these 

isolation windows are sequentially scanned in each acquisition cycle and normally 

overlap (~1 u) to allow homogenous precursor sampling. Resulting MS/MS are 

normally composite MS/MS of multiple precursors. 

 

 In terms of detecting low abundant modified peptides in complex peptide 

mixtures, some technical MS developments could improve data acquisition limits. 

Regular peptide DDA is limited in terms of reproducibility and coverage of low 

abundant features (Michalski et al., 2011). Good quality MS/MS of modified peptides 

is necessary to identify the reactive metabolite-peptide and its modification site 

accurately. Furthermore, the detection of diagnostic fragment ions, related to the 

reactive metabolite-amino acid bond, is highly important for confident identification. 

These factors could be theoretically improved by DIA techniques as well. An all ion 

fragmentation analysis would theoretically lead to the collection of all detectable 

reactive metabolite-peptide MS/MS throughout the whole cycle time, which then can 

be analyzed on the presence of specific diagnostic fragment ions. However, in addition 

to highly complex composite MS/MS and missing MS1-MS2 spectra pairs, current MS 
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acquisition speeds and sophisticated software packages are not fully available. 

However, constant improvement in hardware and software might open novel, highly 

sensitive strategies using DIA analysis in (modified) peptide detection in future 

applications. 

 Another important limitation in modified peptide studies is often the lack of 

quantitative information. ESI-MS signals are not directly dependent on analyte 

concentration and make quantitative conclusions without the use of internal standards 

highly difficult, up to impossible. In addition, proteolytic specificities and peptide 

recovery effects do not permit trivial comparison of multiple binding sites in the same 

protein (e.g., NAPQI-modification at Cys15, 48 and 170 in hGSTP1). Notwithstanding, 

a quantitative understanding of protein binding is one of the first steps in understanding 

potential protein inhibition effects. One way to follow up on reactive metabolite-

protein binding studies could be an absolute or relative quantitation study, analyzing 

protein adducts using calibration standards and internal standards. Depending on 

availability, an ideal scenario would involve a standard as the modified protein in 

purified form with known concentration. However, this is very difficult to obtain. 

Alternatives could be isomeric modified proteins, modified peptides or chemical 

analogs on the protein or peptide-level. Taking advantage of the cysteine alkylating 

agents iodo-APAP and d4-iodo-APAP it would be, therefore, possible to create 

isomeric standard material by labeling purified proteins or peptides. This could be a 

viable addition to the findings in Chapter 3. By labeling recombinant GSTs with iodo-

APAP and d4-iodo-APAP, custom-made standard materials could be used for absolute 

peak signal calibration at relevant levels, or for relative quantitation. Theoretically, 

these isomeric labeling agents would be possible for other reactive metabolites too, 

such as nitrenium ions or HNE, but would need sophisticated and careful chemical 

synthesis. 
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 Finally, as briefly discussed in Section 6.2.2, in vitro studies are limited on 

several aspects: 1) no exact replication of cellular conditions, 2) no or incomplete 

cellular response to stimuli, 3) gradual reduction of enzyme expression/activity in cell 

cultures, 4) missing compound flow and extraction mechanism, and 5) only the 

possibility of single/simplified cell cultures and missing combination of multiple 

tissues/organs with different properties (Gómez-Lechón et al., 2003). Thus, findings of 

in vitro studies, in most cases, require validation through in vivo studies. However, 

clinical in vivo studies of reactive metabolite formation in human are often hindered by 

low predictability of outcome and the danger of potential harm. Thus, animal models 

are one common option to account for in vivo metabolism of drugs and other 

compounds. These studies often include a rodent model in rat or mouse, even though 

significant differences between species exist (Lewis et al., 1998). Nevertheless, in 

some cases in vivo reactive metabolite or drug toxicity studies are possible. Especially 

in the scenario of (involuntary) overdose/misusage (as described in Chapter 2), 

valuable information might be accessible. However, in these scenarios, participant 

selection and reproducible sampling protocols are often impeded or simply not feasible. 

Ideal human clinical studies are rarely applicable in drug toxicity and IADR assessment 

but would yield valuable information to better understand these effects and to better 

predict them in (drug) preapproval testing (Spławiński et al., 2006). 

 



APPENDIX A 

 

 

FIGURES OF APAP-PEPTIDE CHROMATOGRAMS, MS AND MS/MS 

SPECTRA, AND PEPTIDE DISTRIBUTION IN CONCATENATED FRACTIONS 

 The complete Supplementary Material for this article can be found online at: 

https://www.frontiersin.org/articles/10.3389/fchem.2019.00558/full#supplementary-

material. 
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Figure S1A DDA spectra of NAPQI-GSTA1 peptic peptide PVC*PPEEKDAKL (acquired at 14.8 min).  
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FigureS1B DDA spectra of NAPQI-GSTA1 peptic peptide PVC*PPEEKDAKLAL (acquired at 19.6 min).  



 

 

195 

 

Figure S1C DDA spectra of NAPQI-GSTM2 tryptic peptide LC*YDPDFEK (acquired at 20.3 min).  
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Figure S1D DDA spectra of NAPQI-GSTP1 tryptic peptide ASC*LYGQLPK (acquired at 19.7 min). 
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Figure S1E DDA spectra of NAPQI-GSTP1 peptic peptide IHEVLAPGC*L (acquired at 23.5 min). 
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Figure S2 Extracted ion chromatogram of NAPQI-GSTM2 tryptic peptide NQVFEPSC*LDAFPNLK (A), including survey 

scan MS (B) and triggered MS/MS (C). 
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Figure S3 DDA spectra of NAPQI-rat MGST1 tryptic peptide VFANPEDC*AGFGK (acquired at 22.0 min).  
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Figure S4 Overlaid MRM chromatograms (60 min LC) of found modified peptides using RLM incubation and SPE 

purification. 
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Figure S5 Overlaid MRM chromatograms (30 min LC) of found modified peptides using RLM incubation, SPE purification 

and high-pH RP fractionation. 
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Figure S6 Overlaid MRM chromatograms (60 min LC) of found modified peptides using CYP3A4 Supersomes incubation 

and SPE purification (A), including peptide ITQSNAILC*Y (B). 
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Figure S7 Overlaid MRM chromatograms (30 min LC) of found modified peptides using CYP3A4 Supersomes incubation, 

SPE purification and high-pH RP fractionation (A), including peptide C*AALR (B). 
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Figure S8 Distribution of selected MRM transitions over all concatenated fractions of peptides NQVFEPSC*LDAFPNLK 

(A), C*AALR (B) and PVC*PPEEKDAKL (C), showing individual differences in elution during high-pH RP fractionation. 

 



APPENDIX B 

 

 

METHODS OF HNE-CHONDROCYTE PROTEIN QUANTITATION, WESTERN 

BLOT, AND MS/MS SPECTRA AND ENRICHMENT ANALYSIS RESULTS 

 The complete Supplementary data to this article can be found online after 

publication at https://www.journals.elsevier.com/journal-of-proteomics. 

 

Protein quantitation and western blot analysis 

 Protein concentrations were determined using bicinchoninic acid (BCA) 

method (Pierce, Rockford, IL). Nuclear, cytosolic or whole cell protein extracts (20 µg) 

were subjected to a discontinuous 4–12% SDS-PAGE, then electrotransferred to a 

nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA). After protein transfer, 

membranes were blocked overnight in 5% (w/v) skim milk, washed with TBS (pH 7.5 

with 0.1% (v/v) Tween-20), and incubated for 2 h with a polyclonal rabbit anti-HNE 

primary antibody (1:1,000 dilution). After additional washes, membranes were 

incubated with a horseradish peroxidase-conjugated secondary anti-rabbit IgG 

antibody for 1 h at 22°C, and washed again. Protein detection was carried out using 

SuperSignal chemiluminescent substrates (Thermo Fisher Scientific, Waltham, MA), 

followed by exposing the membranes to HyBlot CL autoradiography film (Denville 

Scientific Inc., Holliston, MA). The films were subjected to an X-ray film processor 

(AFP Manufacturing, Peachtree City, GA). 
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Immunoprecipitation and HDAC activity assay 

 To identify the formation of HNE-histone deacetylase 2 (HDAC2) and HNE-

histone adducts, human OA chondrocytes (1.5 × 106 cells/well) were incubated with 

increasing concentrations of HNE (0, 1, 5, 10 and 20 μM) for 24 h at 37°C in the 

presence of 5% carbon dioxide/95% air. Culture medium was collected, and cells lysed 

using cold radioimmunoprecipitation assay buffer (RIPA) (150 mM NaCl, 1 mM 

EDTA, 40 mM Tris, pH 7.6, Triton X-100 at 1%) supplemented with a protease 

inhibitor cocktail (Sigma-Aldrich) (Bentz et al., 2012). Following 15 min on ice and 

samples were mixed and centrifuged (4°C, 10 min, 12,000 rpm). The supernatant was 

recovered, and the protein concentration quantified by BCA. Then, 50 μg of total 

proteins were immunoprecipitated using mouse anti-human HDAC2, mouse anti-

human histone H2A and H2B (R&D Systems, Minneapolis, MN), and anti-acetylated 

histone H2A (K5) and anti-acetylated histone H2B (K20) (Cell Signaling Technology) 

at 1 μg/mL (overnight, 4°C) followed by a 2 h incubation with protein A-Agarose resin 

(Santa Cruz Biotechnology, Santa Cruz, CA). The resin was washed several times with 

RIPA and immunoprecipitates were collected (1,000 rpm) and analyzed by Western 

blotting using anti-HNE rabbit antibody at 1:1,000 dilution. The membranes were 

washed again and incubated with the secondary antibody goat anti-mouse 

immunoglobulin G conjugated to horseradish peroxidase (1:5,000 dilution; Jackson 

ImmunoResearch, West Grove, PA). Immunoreactive proteins were detected with 

SuperSignal Blotting substrate (Thermo Fisher Scientific) and exposed to Kodak X-

Omat film (Denville Scientific Inc.). Total histone H2A and H2B was revealed by 

incubation of nitrocellulose membrane with mouse anti-human histone H2A and H2B 

antibody followed by the secondary anti-rabbit IgG antibody. 

 First-passage OA chondrocytes were seeded at 1.2 × 106 cells/well in 6-well 

tissue culture plates and incubated for 48 h. The experiments were performed in 
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DMEM with 1 % FBS and antibiotics. Cells were treated with increasing 

concentrations of HNE (1–20 μM) for 16 h. Then, culture medium was removed and 

cells washed three times with PBS and incubated with lysis buffer (40 mM Tris (pH 

8.0), 250 mM NaCl, 0.1% NP-40, 5 mM EDTA, 5 mM EGTA, 10 mM β-

glycerophosphate, 10 mM sodium fluoride, 0.3 mM sodium orthovanadate, 1  mM 

DTT) supplemented with protease inhibitor cocktail. Protein concentration of the cell 

lysates was measured by BCA assay and total HDAC activity was assessed with a 

commercial kit (Cayman Chemical). Absorbance was measured with a micro-ELISA 

Vmax photometer (BioTek Instruments, Winooski, VT). 
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Supporting tables 

Table S1 List of peptides and proteins identified through LC-MS/MS proteomics and 

database searching 

Sample (extract) Protein 

quantity 

[µg] 

Protease Peptides at 

local 1% 

FDR 

Proteins at 

local 1% 

FDR 

Sample 

note 

Disease nuclear 1 7.3 Trypsin 2385 310  

Disease nuclear 2 13.0 Trypsin 3172 379  

Disease nuclear 3 58.4 Trypsin 4077 520  

Disease nuclear 4 46.6 Trypsin 2850 328  

Disease nuclear 5 48.0 Trypsin 2974 366  

Disease nuclear 6 100.4 Trypsin 3403 434  

Disease cytosolic 1 14.8 Trypsin 3395 553  

Disease cytosolic 2 13.1 Trypsin 5054 727  

Disease total extract 1 11.7 Trypsin 3199 434  

Disease total extract 2 62.5 Pepsin 1230 312 Samples 

split in two 

for trypsin 

and pepsin 

digestions 

62.5 Trypsin 6108 636 

Disease total extract 3 72.5 Pepsin 1766 369 

72.5 Trypsin 6303 824 

Disease total extract 4 57.5 Pepsin 1766 369 

57.5 Trypsin 5319 808 

Disease total extract 5 80.0 Pepsin 1188 309 

80.0 Trypsin 5311 826 

Healthy total extract 1 52.5 Pepsin 1313 300 

52.5 Trypsin 5186 710 

Healthy total extract 2 77.5 Pepsin 1538 388 

77.5 Trypsin 5289 777 
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Table S4A List of enriched GO terms (against total protein-coding genome) related to 

HNE-protein binding unique to OA disease (without overlap and associated genes) 

Gene set Description −Log10 

FDR 

Log2 

enrichment 

ratio 

GO:0006401 RNA catabolic process 15.50 3.80 

GO:0006413 Translational initiation 15.50 4.27 

GO:0070972 Protein localization to endoplasmic reticulum 15.40 4.45 

GO:0090150 Establishment of protein localization to 

membrane 

11.84 3.42 

GO:0006605 Protein targeting 11.84 3.17 

GO:1903311 Regulation of mRNA metabolic process 9.64 3.41 

GO:0002181 Cytoplasmic translation 9.35 4.40 

GO:0010608 Posttranscriptional regulation of gene 

expression 

8.66 2.78 

GO:0008380 RNA splicing 6.91 2.76 

GO:0032200 Telomere organization 4.94 3.44 

GO:0022613 Ribonucleoprotein complex biogenesis 4.90 2.49 

GO:0031647 Regulation of protein stability 4.66 2.86 

GO:0006397 mRNA processing 4.44 2.34 

GO:0071826 Ribonucleoprotein complex subunit 

organization 

4.13 2.85 

GO:0002446 Neutrophil mediated immunity 3.64 2.21 

GO:0036230 Granulocyte activation 3.63 2.20 

GO:0019058 Viral life cycle 3.63 2.63 

GO:0051169 Nuclear transport 3.61 2.45 

GO:0034248 Regulation of cellular amide metabolic process 3.33 2.33 

GO:0071897 DNA biosynthetic process 3.33 2.91 

GO:0003012 Muscle system process 2.98 2.20 
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Table S4A Continued 

Gene set Description −Log10 

FDR 

Log2 

enrichment 

ratio 

GO:0006090 Pyruvate metabolic process 2.73 3.20 

GO:0009141 Nucleoside triphosphate metabolic process 2.69 2.38 

GO:0009123 Nucleoside monophosphate metabolic process 2.53 2.31 

GO:0035966 Response to topologically incorrect protein 2.50 2.71 

GO:0046390 Ribose phosphate biosynthetic process 2.50 2.47 

GO:0072522 Purine-containing compound biosynthetic 

process 

2.37 2.40 

GO:0017038 Protein import 2.23 2.55 

GO:0043331 Response to dsRNA 2.21 3.76 

GO:0043900 Regulation of multi-organism process 2.20 2.11 

GO:0072524 Pyridine-containing compound metabolic 

process 

2.20 2.79 

GO:0006403 RNA localization 2.09 2.44 

GO:0007568 Aging 2.09 2.22 

GO:0051052 Regulation of DNA metabolic process 1.93 1.97 

GO:0060249 Anatomical structure homeostasis 1.92 1.96 

GO:0009259 Ribonucleotide metabolic process 1.91 1.82 

GO:1901293 Nucleoside phosphate biosynthetic process 1.78 2.04 

GO:0034504 Protein localization to nucleus 1.75 2.21 

GO:0030048 Actin filament-based movement 1.70 2.74 

GO:0009895 Negative regulation of catabolic process 1.63 2.13 

GO:0045088 Regulation of innate immune response 1.62 1.93 

GO:0010639 Negative regulation of organelle organization 1.62 1.93 

GO:1903320 Regulation of protein modification by small 

protein conjugation or removal 

1.54 2.29 
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Table S4A Continued 

Gene set Description −Log10 

FDR 

Log2 

enrichment 

ratio 

GO:2001233 Regulation of apoptotic signaling pathway 1.53 1.87 

GO:0015931 Nucleobase-containing compound transport 1.41 2.18 

GO:0046939 Nucleotide phosphorylation 1.40 2.88 

GO:0016072 rRNA metabolic process 1.40 2.16 

GO:0007178 Transmembrane receptor protein 

serine/threonine kinase signaling pathway 

1.34 1.91 

GO:0071103 DNA conformation change 1.33 2.11 
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Table S4B List of enriched GO terms (against list of identified proteins in OA samples) 

related to HNE-protein binding unique to OA disease (without overlap and associated 

genes) 

Gene set Description −Log10 

FDR 

Log2 

enrichment 

ratio 

GO:0006401 RNA catabolic process 6.73 1.89 

GO:0006413 Translational initiation 4.76 1.88 

GO:0070972 Protein localization to endoplasmic reticulum 3.99 1.98 

GO:0090150 Establishment of protein localization to 

membrane 

3.98 1.79 

GO:0006605 Protein targeting 3.98 1.66 

GO:0010608 Posttranscriptional regulation of gene 

expression 

2.72 1.50 

GO:1903311 Regulation of mRNA metabolic process 2.69 1.66 

GO:0002181 Cytoplasmic translation 2.43 2.03 

GO:0003012 Muscle system process 2.34 1.98 

GO:0032200 Telomere organization 1.99 2.11 

GO:0031647 Regulation of protein stability 1.91 1.80 

GO:0043331 Response to dsRNA 1.82 3.43 
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Table S5A List of enriched pathways (against list of identified proteins in OA samples) 

related to HNE-protein binding unique to OA disease (without overlap and associated 

genes) 

Gene set Description −Log10 

FDR 

Log2 

enrichment 

ratio 

WP477 Cytoplasmic ribosomal proteins 13.32 4.00 

WP534 Glycolysis and gluconeogenesis 2.55 3.49 

WP107 Translation factors 2.36 3.28 

WP438 Non-homologous end joining 2.23 5.17 

WP411 mRNA processing 2.02 2.42 

WP4018 Pathways in clear cell renal cell carcinoma 1.46 2.57 

 

Table S5B List of enriched pathways (against list of identified proteins in OA samples) 

related to HNE-protein binding unique to OA disease (without overlap and associated 

genes) 

Gene set Description −Log10 

FDR 

Log2 

enrichment 

ratio 

WP477 Cytoplasmic ribosomal proteins 3.16 1.72 
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Supporting figures 

 

Figure S1 MS (A) and MS/MS (B) spectra of HNE-modified histone peptide 

H*AVSEGTK (His110 in histone H2B) identified in OA chondrocytes (not HNE-

treated), compared to modified standard peptide (C and D). 
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Figure S2 Comparison of MS (A) and MS/MS (B) spectra of HNE-modified histone 

peptide QVH*PDTGISSK (His50 in histone H2B) identified in OA chondrocytes (not 

HNE-treated), compared to modified standard peptide (C and D). 
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Figure S3 Comparison of MS (A) and MS/MS (B) spectra of HNE-modified histone 

peptide H*LQLAIR (His83 in histone H2A) identified in OA chondrocytes (not HNE-

treated), compared to modified standard peptide (C and D). 
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Figure S4 Comparison of MS (A) and MS/MS (B) spectra of HNE-modified histone 

peptide DAVTYTEH*AK (His76 in histone H4) identified in OA chondrocytes (not 

HNE-treated), compared to modified standard peptide (C and D). 
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Figure S5 Comparison of MS (A) and MS/MS (B) spectra of HNE-modified histone 

peptide AKH*AVSEGTKA (His110 in histone H2B) identified in OA chondrocytes 

(not HNE-treated), compared to modified standard peptide (C and D). 
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Figure S6. Comparison of MS (A) and MS/MS (B) spectra of HNE-modified collagen 

peptide LNLLDLDYELAEQLDNIAEK* (Lys2027 in COL6A3) identified in OA 

chondrocytes (not HNE-treated), compared to modified standard peptide (C and D). 
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Figure S7 Comparison of MS (A) and MS/MS (B) spectra of HNE-modified nucleolar 

RNA helicase peptide GAVEALAAALAH*ISGATSVDQR (His617 in DDX21) 

identified in OA chondrocytes (not HNE-treated), compared to modified standard 

peptide (C and D). 
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Figure S8 Comparison of MS (A) and MS/MS (B) spectra of HNE-modified translation 

initiation factor peptide LQMEAPH*IIVGTPGR (His153 in EIF4A1) identified in OA 

chondrocytes (not HNE-treated), compared to modified standard peptide (C and D). 



APPENDIX C 

 

 

ADDITIONAL PROTEIN EXPRESSION PROTOCOL, GSH ADDUCT SPECTRA, 

MODIFIED PEPTIDE SPECTRA, CHROMATOGRAMS AND FOUND 

DIAGNOSTIC FRAGMENT IONS, AND CHARGE DISTRIBUTION OF 

MODIFIED STANDARD PEPTIDES 

 The complete material is available free of charge after publication via the 

Internet at https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00191. 
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Purified hMGST1 preparation 

 Human MGST1 gene was cloned in pPICZA vector (Invitrogen, Carlsbad, CA) 

and expressed in yeast Pichia pastoris. The solubilized protein was passed through Ni 

Sepharose 6 Fast Flow column (GE Healthcare, Chicago, IL). The column was washed 

with five column volumes of buffer containing 25 mM Tris-hydrochloride (pH 7.8), 

500 mM sodium chloride, 10% glycerol, 5 mM 2-mercaptoethanol, 0.05% n-dodecyl-

β-D-maltopyranoside (DDM; Anatrace, Maumee, OH), 0.1 mM GSH and 20 mM 

imidazole followed by three column volumes of same buffer having 40 mM imidazole 

instead of 20 mM concentration and hMGST1 protein was finally eluted in buffer 

containing 300 mM imidazole. The peak fractions were pooled and passed through S-

hexylglutathione agarose column (Abcam, Cambridge, United Kingdom; and GE 

Healthcare) after equilibration. The column was washed with three column volumes of 

buffer containing 25 mM Tris-hydrochloride (pH 8.0), 500 mM sodium chloride, 10% 

glycerol, 5 mM 2-mercaptoethanol, 0.05% DDM and 0.1 mM GSH. Protein was eluted 

with the same buffer containing 30 mM probenecid but without sodium chloride. The 

eluate was concentrated using Amicon Ultra-15 30 kDa centrifugal filter device 

(MilliporeSigma, Burlington, MA) and purified further by size exclusion 

chromatography using HiLoad 16/600 Superdex 200 pg (GE Healthcare) column. The 

final buffer used for size exclusion chromatography contained 25 mM Tris-

hydrochloride (pH 8.0), 100 mM sodium chloride, 10% glycerol, 0.1 mM tris(2-

carboxyethyl)phosphine, 0.03% DDM and 0.1 mM GSH. The final fractions 

containing pure hMGST1 were concentrated to 32 mg/mL by ultrafiltration and stored 

at −80°C. Protein concentration was measured by UV spectrophotometry and purity 

was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
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Offline LC peptide purification 

 Fractionation was performed with a gradient starting at 5% B (2 min), to 50%B 

(within 12 min), to 70%B (within 0.5 min), and held for 6.5 min at 0.6 mL/min. 

Fractions were concatenated (1+9, 2+10, …) into eight final fractions, dried under 

vacuum and reconstituted in 100 µL 10% ACN. 

 

LC-MS/MS 

 LC gradient for metabolites started at 5% B (held for 2.5 min) and linearly 

increased to 50% B within 23.5 min, then to 85% B within 2 min (held for 2 min). 

Ionization source was set at 5 kV, 500°C temperature, and 50 psi GS1/GS2 gas flows, 

with a declustering potential of 80 V. The instrument performed a survey MS 

acquisition (TOFMS) from m/z 50–700 (350 ms accumulation time), followed by 

MS/MS (high sensitivity mode) from m/z 50–700 on the 5 most intense precursor ions 

(within m/z 100–700, excluded for 20 s after two occurrences) Each MS/MS 

acquisition had an accumulation time of 100 ms and a collision energy (CE) of 30 

±10 V. The total cycle time was 0.9 s. 

 The peptide gradient started at 5% B (held for 2.5 min) and was linearly 

increased to 30% B within 21.5 min, to 50% B within 2 min, then to 85% B within 

0.5 min, then to 95% B within 0.1 min (held for 1.4 min), and then returned to initial 

conditions. Source parameters were the same as above. TOFMS acquisition was from 

m/z 120–1,250 (250 ms), followed by MS/MS (CE = 30 ±10 V), DDA in high 

sensitivity mode with background subtraction) from m/z 80–1,500 on the 15 most 
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intense precursor ions (within m/z 250–1,250, excluded for 20 s after two occurrences), 

and an accumulation time of 50 ms each MS/MS. The total cycle time was 1.05 s. 

 During each analysis MS and MS/MS calibration were performed after every 

four injections with a set of in-house standards, using an automatic calibrant delivery 

system. Sciex Analyst software version 1.7.1 was used for data acquisition. Raw data 

was visualized and integrated with Sciex PeakView 2.2 and MultiQuant 3.0.3, 

respectively. 
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Supporting figures 

 

Figure S1 Extracted ion chromatograms of [M+H]+ of stable oxidative metabolites in incubations of (A) CLZ, (B) OLZ, (C) 

CLZ-NO and (D) DCLZ with RLM. Retention times in parentheses. 
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Figure S4 Identified (CLZ−2H)-hSA peptide QQC*PFEDHVKLVNE (modified at Cys34, pepsin digestion) MS/MS spectra. 

Targeted MS/MS was acquired for [M+2H]2+ at m/z 1005.5. 
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Figure S5 Identified (OLZ−2H)-hGSTPA1 peptide PVC*PPEEKDAKL (modified at Cys112, pepsin digestion) MS/MS 

spectra. Targeted MS/MS was acquired for [M+4H]4+ at m/z 409.7. 
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Figure S6 Identified (OLZ−2H)-hGSTM2 peptide C*YDPDF (modified at Cys115, pepsin digestion) MS/MS spectra. 

Targeted MS/MS was acquired for [M+2H]2+ at m/z 535.2. 
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Figure S7 Identified (CLZ−2H)-hGSTP1 peptide IHEVLAPGC*L (modified at Cys170, pepsin digestion) MS/MS spectra. 

Targeted MS/MS was acquired for [M+4H]4+ at m/z 344.7. 



 

 

231 

 

Figure S8 Identified (CLZ-NO−2H)-hGSTP1 peptide IHEVLAPGC*L (modified at Cys170, pepsin digestion) MS/MS 

spectra. Targeted MS/MS was acquired for [M+4H]4+ at m/z 348.7. 
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Figure S9 Identified (DCLZ−2H)-hGSTP1 peptide IHEVLAPGC*L (modified at Cys170, pepsin digestion) MS/MS spectra. 

Targeted MS/MS was acquired for [M+4H]4+ at m/z 341.2. 
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Figure S10 Identified (OLZ−2H)-hGSTP1 peptide IHEVLAPGC*L (modified at Cys170, pepsin digestion) MS/MS spectra. 

Targeted MS/MS was acquired for [M+2H]2+ at m/z 681.3. 
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Figure S11 Identified (CLZ−2H)-hMGST1 peptide VFANPEDC*VAFGK (modified at Cys50, trypsin digestion) MS/MS 

spectra. Targeted MS/MS was acquired for [M+4H]4+ at m/z 430.9. 
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Figure S12 Identified (OLZ−2H)-hMGST1 peptide VFANPEDC*VAFGK (modified at Cys50, trypsin digestion) MS/MS 

spectra. Targeted MS/MS was acquired for [M+3H]3+ at m/z 569.6. 
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Figure S13 Identified (OLZ−2H)-rCYP2B1/2B2/2C11 peptide IQEEAQC*LVEELR (modified at Cys152/151; trypsin 

digest) MS/MS spectra. Targeted MS/MS was acquired for [M+4H]4+ at m/z 468.2. 
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Figure S14 Identified (CLZ−2H)-rMGST1 peptide VFANPEDC*AGFGK (modified at Cys50, trypsin digestion) MS/MS 

spectra. Targeted MS/MS was acquired for [M+4H]4+ at m/z 420.4. 
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Figure S15 Identified (OLZ−2H)-rMGST1 peptide VFANPEDC*AGFGK (modified at Cys50, trypsin digestion) MS/MS 

spectra. Targeted MS/MS acquired for [M+3H]3+ at m/z 555.6. 
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Figure S16 Identified (CLZ+O)-hGSTP1 peptide LIHEVLAPGC*L (modified at Cys170, pepsin digestion) MS/MS spectra. 

Targeted MS/MS was acquired for [M+3H]3+ at m/z 502.9. 
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Supporting tables 

Table S1 Identified CLZ metabolites in RLM incubationsa 

 Isomeric features 

Transformation Met. ID RT 

[min] 

Met. 

ID 

RT 

[min] 

Met. 

ID 

RT 

[min] 

Met. 

ID 

RT 

[min] 

Met. 

ID 

RT 

[min] 

-CH2-Cl+OH M1c 1.4 M2c 1.5 
      

-Cl+OH M3 1.5 M4 1.8 
      

+O-Cl+OH M5b 2.4 M7b 3.0 
      

+O-HCl+GSH M6b 2.8 
        

-CH2+O M8b,c 4.8 M33c 11.3 
      

-HCl+GSH M9b 5.8 
        

+O M21 8.7 M10 5.9 M23 9.1 M34 11.8 M35b 12.1 

-CH2-C2H2 M11c 6.0 
        

-CH2+O+GSH M12c 6.1 M14c 6.4 M26c 9.4 
    

+O+GSH M13 6.2 M15 6.4 M27 9.5 
    

-C2H2 M16 6.5 
        

+2O+GSH M17b 6.6 
        

-Cl+OH+GSH M18 6.9 
        

+2O M19b 7.5 
        

 



 

 

241 

Table S1 Continued 

 Isomeric features 

Transformation Met. ID RT 

[min] 

Met. 

ID 

RT 

[min] 

Met. 

ID 

RT 

[min] 

Met. 

ID 

RT 

[min] 

Met. 

ID 

RT 

[min] 

-CH2-2H+GSH M20 8.5 M22 8.9 M29 9.8 
    

-2H+GSH M24b 9.1 M25b 9.3 M31b 10.3 
    

-CH2 M28b,c 9.7 
        

+O-2H+GSH M30b 9.8 M32b 11.0 
      

 
Parent

b
 10.8 

        

+2O+2H M36 12.8 
        

-C5H10N2+O-2H+GSH M37c 13.5 
        

aAll metabolites identified with mass accuracies within 10 ppm and isotope ratio difference <20%. 
bAlso found in CLZ-NO incubations. 
cAlso found in DCLZ incubations. 
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Table S2 Identified OLZ metabolites in RLM incubationsa 

 Isomeric features 

Transformation Met. ID RT 

[min] 

Met. 

ID 

RT 

[min] 

Met. 

ID 

RT 

[min] 

Met. 

ID 

RT 

[min] 

Met. 

ID 

RT 

[min] 

-CH2+O M1 1.3 M6 1.8       

+O M2 1.4 M7 2.0 M24 5.3     

+O-2H+GSH M3 1.5 M4 1.7 M18 4.4 M15 3.4   

+2O M5 1.8 M11 3.1 M12 3.2 M20 4.7 M31 7.0 

-CH2-2H+GSH M8 2.5 M9 2.7 M22 5.1     

-2H+GSH M10 2.9 M25 5.3 M28 5.8 M35 9.0   

-CH2 
M13 3.3         

-CH2+O+GSH M14 3.4 M19 4.6 M21 5.0     

 Parent 3.6         

-CH2-C2H2 
M16 4.2         

-C2H2 
M17 4.3         

+O+GSH M23 5.1 M26 5.5 M33 7.5 M34 8.5   

-C5H10N2+2O+GSH M27 5.7 M32 7.2       

+2O+GSH M29 6.6 M30 6.9             
aAll metabolites identified with mass accuracies within 10 ppm and isotope ratio difference <20%. 
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Figure S2 MS/MS spectra of (A) CLZ-NO−2H+GSH, (B) DCLZ−2H+GSH, (C) 

CLZ−HCl+GSH and (D) CLZ +O+GSH. 
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Figure S2 Continued. 
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Figure S3 Peptide precursor ion charge distribution (+2 to +4) of standard peptides 

LQQCPFEDHVK and LQQCPFEDHVKL, and corresponding nitrenium ion-peptide 

adducts. 
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Figure S17 Overlaid extracted ion chromatograms (±0.01 u) of all identified modified 

peptides from CLZ and OLZ incubations with (A) hSA, (B) hGSTA1, (C) hGSTM2, 

(D) hGSTP1 and (E) hMGST1, as well as (F) rCYP2B1/2B2/2C11 and (F) rMGST1 

from RLM background. Not confidently identified peptide (CLZ+O)-

IHEVLAPGC*L4+ (m/z 349.1765 at 20.0 min) was also highlighted (*). 
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Figure S18 Comparison of (A) MS1 and (B) MS2 ion extractions of (OLZ−2H)-

modified hGSTA1 peptide PVC112PPEEKDAKL to identify two partly co-eluting 

peaks at 11.4 and 11.7 min in target MS/MS experiments. MS2 ion extraction was 

based on MS/MS of [M+4H]4+. 
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