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IDIOSYNCRATIC ADVERSE DRUG REACTIONS 

Incidence and classification of adverse drug reactions 

The occurrence of Adverse Drug Reactions (ADRs) is a major problem of several marketed 

drugs as well as in the development of new drugs. It has been estimated that human and animal 

toxicity is responsible for one-third of all drug attritions during drug development (1). 

Furthermore, some ADRs are only discovered post-marketing, which may result in restricted 

use of the drug (black box warning) or its withdrawal from the market. Of the 740 new 

molecular entities approved on the US market between 1980 and 2009, in total 26 (3.5%) were 

withdrawn for safety reasons (2). Besides being a financial burden to the pharmaceutical 

company, ADRs adversely affect patient health and can sometimes be fatal. 

ADRs have been categorized based on their characteristics. Reactions have been classified as 

on-target (mechanism-based) toxicity, hypersensitivity, off-target reactions, toxicity due to 

(predictable) chemical activation and idiosyncratic drug toxicity (3, 4). Because many of the 

drugs studied in this thesis have been associated with Idiosyncratic Adverse Drug Reactions 

(IADRs), their characteristics are further discussed in the next section. The remainder of this 

chapter focuses on reactive metabolites (RMs) and drug-protein adducts, which are presumably 

involved in many IADRs, and describes the aims and scope of the present thesis. 

Characteristics and types of idiosyncratic drug reactions 

The main feature of all IADRs is their low incidence. Usually only 1 per 1000 or 1 per 10 000 

patients treated with the drug may experience an IADR. Therefore, many IADRs are only 

detected after widespread distribution of the drug (4). At present, it cannot be predicted which 

patient will experience an IADR and only few animal models have been described (5). It has 

been observed that many drugs involved in idiosyncratic reactions can form RMs (6). A further 

characteristic of IADRs is that drugs administered at high doses (>100 mg/day) are more often 

associated with these reactions, whereas low dose drugs (<10 mg/day) less often cause 

idiosyncratic toxicities (6-8). This may be due to a reduced total ‘body burden’ of RMs (9). In 

addition, IADRs are often delayed in onset and this delay appears dependent on the drug and 

type of IADR (10). However, idiosyncratic toxicity may rapidly return on re-exposure of 

patients (11). Together, these and other characteristics and risk factors (Table 1) suggest that 

most IADRs are immune-mediated and that RMs play an important role in their etiology.  



Chapter 1      

 

11 

 

 Table 1: Clinical characteristics and risk factors of idiosyncratic adverse drug reactions 

a
Adapted from (11).  

b
Adapted from (12). 

Idiosyncratic drug toxicities: general characteristics and risk factors 

 

General clinical characteristics of IADRsa Factors that influence the risk of an IADRb 

   

- Low incidence 
- Unpredictable 

- Occur less frequently with drugs administered at low 

doses (< 10 mg/day) 
- Occur more frequently with drugs administered at high 

doses (> 100 mg/day) 

- Absence of an obvious dose-response relationship 
- Delay in onset of the adverse reaction 

- Induction of tolerance in patients not experiencing an 

IADR 
- Rapid and severe adverse reaction on re-exposure 

- Different patients can experience different IADRs 

toward the same drug 

Drug-related Patient-related 

- Drug bioactivation 

- Interference with 
critical cell function 

- Underlying disease 

- Activation of the 
immune system 

- Drug-drug interactions 

- Drug-food interactions 
- Nutritional status 

- Age 

- Gender 
- Physical activity 

- Genetics 

  

 

While IADRs can affect all organs in the body, many reactions involve skin, liver and blood. 

Skin rashes are most common and involve mild variants as well as life-threatening rashes such 

as Stevens-Johnson Syndrome and toxic epidermal necrolysis (10, 13). Drug-induced 

hepatotoxicity is frequently observed and has resulted in many drug withdrawals and safety 

warnings (14). Various types of blood dyscrasias have also been reported (10, 13). For 

example, agranulocytosis, the loss of a certain type of white blood cells, is observed in some 

patients treated with clozapine (CLZ) and ticlopidine (15, 16). 

Mechanistic hypotheses for idiosyncratic drug reactions 

Two mechanistic hypotheses that may explain how RMs and the immune system are involved 

in IADRs are the hapten and the danger hypothesis (Figure 1). In the hapten hypothesis, small 

molecules (haptens) can only induce an immune response when covalently bound to proteins. 

These modified proteins evoke an immune response because they are perceived as foreign (10, 

13). For example, the β-lactam ring of penicillin has been shown to modify proteins and 

pathogenic antibodies directed against the protein-bound penicilloyl group have been identified 

(17, 18). The danger hypothesis accounts for the fact that most foreign proteins do not evoke an 

immune response in the absence of an adjuvant, which stimulates the antigen presenting cells 

(19). These co-stimulatory signals (danger signals) may result from cell damage due to the 
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formation of RMs (20). Alternative mechanistic hypotheses for IADRs have been discussed 

elsewhere (10, 13). 

 

Figure 1: Schematic representation of the hapten and danger hypothesis. 

In the hapten hypothesis, drug-modified protein (signal 1) is processed by antigen presenting 

cells and an immune reaction evoked by subsequent presentation to T-cells. In the danger 

hypothesis, an additional ‘danger signal’ (signal 2) is required for immune cell activation. The 

absence of this co-stimulatory signal usually results in tolerance. Adapted from (21). 
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THE INVOLVEMENT OF DRUG METABOLISM ENZYMES IN BIOACTIVATION 

AND BIOINACTIVATION  

Role of phase I and phase II enzymes in detoxification 

The human body is equipped with a large set of enzymes that can metabolize xenobiotic 

compounds such as drugs. The main role of metabolism is to increase the polarity of the drugs, 

which facilitates their excretion from the body. The liver is quantitatively the most important 

site of drug metabolism because it is first exposed to compounds absorbed from the gastro-

intestinal tract and contains high levels of metabolism enzymes (22, 23). The enzymes or 

proteins involved in drug metabolism and disposition perform oxidation, reduction or 

hydrolysis reactions (phase I enzymes), catalyze conjugation with hydrophilic molecules 

(phase II enzymes) or are involved in transport (phase III enzymes/proteins).  

Cytochrome P450s (CYPs) are the phase I enzymes primarily responsible for the metabolism 

of drugs (Figure 2). These enzymes catalyze carbon hydroxylation, heteroatom oxygenation 

and release (dealkylation), dehydrogenation as well as epoxidation reactions (24). Although 57 

human P450s are currently known, only few isoforms (CYP3A4, CYP2C9, CYP2C19 and 

CYP2D6) are mainly involved in drug metabolism (25, 26). Because CYPs are polymorphic, 

large inter-individual differences in drug metabolism have been observed (27). Flavin-

containing monooxygenases (FMOs) catalyze the oxygenation of nitrogen and sulfur-

containing xenobiotics. FMOs and CYPs have similarities in tissue distribution and cellular 

localization (endoplasmic reticulum), but FMOs do not require a reductase to transfer electrons 

from cofactor (28, 29). Although FMOs are generally considered less important in drug 

metabolism than CYPs, several recent reports demonstrated that some drugs are predominantly 

metabolized by FMOs (30, 31). Other phase I systems involved in drug metabolism include 

various esterases, dehydrogenases and oxidases (32).  

While phase I metabolism only moderately increases hydrophilicity by exposing or introducing 

a functional group, phase II conjugation reactions considerably increase polarity. Phase II 

reactions encompass glucuronidation, sulfation, GSH conjugation, acetylation, methylation and 

conjugation with amino acids (32) (Figure 2). GSH conjugation is catalyzed by glutathione-S-

transferases (GSTs), which are discussed in more detail below. 
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Figure 2: Overview of the phase I and phase II enzymes involved in drug metabolism. 

The relative contribution of each of the enzymes in the metabolism of drugs is illustrated by the 

size of the section of that enzyme. ADH, alcohol dehydrogenase; ALDH, aldehyde 

dehydrogenase; CYP, cytochrome P450; DPD, dihydropyrimidine dehydrogenase; NQO1, 

NADPH:quinone oxidoreductase; COMT, catechol O-methyltransferase; GST, glutathione-S-

transferase; HMT, histamine methyltransferase; NAT, N-acetyltransferase; ST, 

sulfotransferase; TPMT, thiopurine methyltransferase; UGT, uridine 5’-triphosphate 

glucuronosyltransferase. Adapted from (25). 

 

Drug bioactivation and nucleophilic selectivity of reactive metabolites 

Biotransformation of drugs by phase I and phase II enzymes often terminates their biological 

activity. Such reactions are considered detoxification reactions. However, drug metabolism by 

phase I and phase II enzymes can also result in formation of RMs (Figure 3). This process is 

referred to as bioactivation and generally results in short-lived, but highly reactive, 

intermediates. RMs can modify cellular macromolecules such as DNA and proteins (22, 23). 

Covalent modification may adversely affect protein activity and might thereby cause cell death. 

Alternatively, adducted proteins may evoke an immune response (Figure 1) (11, 21). Finally, 

protein alkylation by RMs may be without effect, in which case it can be considered a 

detoxification process. 
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RMs can be classified as electrophiles or free radicals (33). The latter can abstract a hydrogen 

atom from another molecule and initiate a chain reaction. Electrophiles are electron-deficient 

and can be categorized as ‘soft’ and ‘hard’ electrophiles. Soft electrophiles have a low positive 

charge density, whereas hard electrophiles have a high positive charge density. Quinones, 

quinone imines and α, β-unsaturated carbonyls are examples of soft electrophiles. Hard and 

soft electrophiles react differently with cellular nucleophiles (Figure 3). While soft-

electrophiles preferentially react with soft nucleophiles (e.g. cysteine thiols in protein), hard 

electrophiles bind to hard nucleophiles (e.g. nitrogen or phosphorous atoms in DNA) (34, 35). 

Cells are equipped with sophisticated defenses against reactive molecules. The tripeptide 

glutathione (GSH) is an endogenous soft nucleophile which protects cells by scavenging 

electrophiles and oxidants (36). Cell stress by RMs may also induce the expression of 

protective enzymes (e.g. via the Nrf2/Keap1 pathway) such as GSTs, superoxide dismutase and 

epoxide hydrolase (37). Whether or not RMs lead to toxicity therefore depends on the balance 

between metabolic activation and the ability of the cell to detoxify reactive intermediates 

(Figure 3). 

 

Figure 3: Relationship between metabolic activation, detoxification, targets for RMs and 

toxicity. HSAB, hard soft acid base theory. Figure based on (22, 23).  
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GLUTATHIONE-S-TRANSFERASES: STRUCTURE, FUNCTION AND 

INVOLVEMENT IN GSH CONJUGATION 

Nomenclature and distribution of cytosolic glutathione-S-transferases 

The reaction of electrophiles with GSH can be spontaneous or catalyzed by GSTs. Although 

these enzymes can be found in cytosol, mitochondria and membranes (38), the current section 

only focuses on cytosolic GSTs. The latter group of enzymes can be further subdivided into 

seven classes based on sequence similarity. These subfamilies are referred to as Alpha (A), Mu 

(M), Pi (P), Sigma (S), Theta (T), Omega (O) and Zeta (Z) (39). The cytosolic GSTs are 

catalytically active as homo- and heterodimers, composed of two subunits (~25 kDa) from a 

subfamily (e.g. GST A1-1). They are expressed at high levels and may constitute up to 4% of 

total soluble protein in the human liver (40). The main GSTs in human liver tissue are GST 

A1/A2 (>80% of GST) and, when present, GST M1 (41-43). GST P1-1 is the most widely 

expressed GST in human tissue and appears particularly abundant in brain and lung (42-44). 

Although this GST is only present in low amounts in human liver (<5% of GST) (41), it is one 

of the predominant GSTs in mouse liver (45). GST T1 is also expressed in several human 

tissues, but levels appear highest in liver and kidney (46) (Table 2). 

Catalysis of GSH conjugation by glutathione-S-transferases: mechanism and type of 

reactions catalyzed 

The GSTs generally catalyze the attack of GSH on non-polar compounds with an electrophilic 

carbon, nitrogen or sulphur atom (38). These enzymes bind the nucleophile GSH in their G-site 

and bring it into close proximity with an electrophile, which is bound in a xenobiotic binding 

site (H-site). The G-site is highly conserved among the different GST classes (40). This site 

contains a tyrosine or serine residue that acts as a H-bond donor to deprotonated GSH, 

resulting in stabilization of a highly nucleophilic thiolate ion of GSH (47-49). Contrary to the 

GSH-binding site, the H-site is structurally dissimilar for different GSTs (40). This allows 

GSTs to catalyze different type of reactions, including nucleophilic aromatic substitution 

reactions, epoxide ring openings and Michael additions to α, β-unsaturated ketones and 

aldehydes (40, 50). Substrates for these enzymes encompass both exogenous compounds such 

as environmental pollutants (e.g. epoxides of polyaromatic hydrocarbons) and endogenous 

compounds such as electrophilic lipids (e.g. 4-hydroxy-2-nonenal) (51, 52). A short overview 
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of some characteristic reactions catalyzed by GST A1, M1, P1 and T1 is presented in Table 2 

and in several reviews (38, 40).  

Role of glutathione-S-transferases in GSH conjugation of drugs and their reactive 

intermediates 

Drugs and their metabolites represent one group of xenobiotics that may be substrates for 

GSTs. The role of GSTs in the detoxification of cancer chemotherapeutics such as adriamycin 

and chlorambucil is well established and has been associated with reduced effectiveness of 

cancer therapy (53, 54). Besides cytostatic drugs, the anti-diuretic ethacrynic acid was also 

identified as a GST substrate and was found to undergo GST P1-1-catalyzed stereo-selective 

conjugation with GSH (55). In addition to reactions involving the parent drug, GSTs have been 

shown to catalyze GSH conjugation of reactive intermediates resulting from drug bioactivation. 

For example, rat liver GSTs were found to catalyze GSH conjugation of RMs of 

acetaminophen (APAP) and valproic acid (56, 57). Furthermore, GST A1-1, M1-1 and P1-1 

showed marked differences in the catalysis of 2-phenylpropenal and 2-ABT-S-oxide, the 

reactive intermediates of felbamate and zileuton, respectively (58, 59).  

Polymorphisms in glutathione-S-transferases as potential risk factors to drug toxicity 

Genetic polymorphisms have been identified for many human GSTs [reviewed in (60-62)]. In 

case of GST M1, two enzyme variants with similar activity were identified (63), whereas a 

third allele corresponds to a gene deletion (null allele) (64). The prevalence of this gene 

deletion in the Caucasian population is approximately 50% (65), indicating that half of the 

population lacks functional GST M1-1. Gene deletion has also been observed for GST T1, 

although the frequency of the null allele in Caucasians was reported to be lower (~18%) than 

that of GST M1 (66). Because of the importance of these enzymes in detoxification, many 

studies have investigated whether polymorphisms in GSTs are risk factors for cancer (67). 

Similarly, when polymorphic GSTs are involved in catalysis of RMs, patients with impaired 

GST activity may be at increased risk for IADRs. Interestingly, significant associations 

between (combined) GST polymorphisms in GST M1/T1 and risk for hepatotoxicity have been 

observed for patients treated with tacrine, carbamazepine, diclofenac (DF) and troglitazone 

(TGZ) (68-71). In case of the anti-diabetic TGZ, in vitro studies with recombinant GSTs have 

confirmed the importance of GST M1-1 in the catalysis of some of the GSH conjugates (72). In 
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chapter 5 of this thesis, the influence of (polymorphic) GSTs on the GSH conjugation of CLZ 

is investigated.  

 

 

Table 2: Overview of tissue distribution, substrate specificity and polymorphisms of 

human GSTs [adapted from (61) and (40)] 

Marker substrates for each of the GSTs are shown in italics. In case of GST P1 and M1, the 

allele used in chapter 5 and 6 of this thesis is underlined. 
a
polymorphism in the promoter 

region of the GST A1 gene. Abbreviations: BPDE, benzo[a]pyrene diol epoxide; CDNB, 1-

chloro-2,4-dinitrobenzene; CHP, cumene hydroperoxide; EA, ethacrynic acid; EPNP, 1,2-

epoxy-3-(p-nitrophenoxy)propane. 

 

Characteristics of several human cytosolic glutathione-S-transferases 

GST Tissue distribution Substrates Polymorphisms 

    

A1 liver ~ testis > > kidney -Busulfan 

-CDNB 
-CHP 

-A1*A (“reference” protein 

levels)a 

-A1*B (low protein levels)a 

 

M1 liver > testis > brain -Trans-stilbene 
oxide 

-CDNB 

-EA 

-M1*0 (gene deletion) 
-M1*A (Lys-173) 

-M1*B (Asn-173) 

 
 

P1 brain > lung  ~ testis -BPDE 

-CDNB 
-EA 

-P1*A (ile-104, ala-113) 

-P1*B (val-104, ala-113) 
-P1*C (val-104, val-113) 

-P1*D (ile-104, val-113) 

 
T1 kidney ~ liver > small 

intestine 

-EPNP 

-dichloromethane 

-CHP 

-T1*0 (gene deletion) 

-T1*A (complete protein) 
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STRATEGIES TO EVALUATE AND DIMINISH FORMATION OF REACTIVE 

DRUG METABOLITES 

Structural alerts  

Because of the association of RMs with idiosyncratic drug toxicities, pharmaceutical industries 

have implemented procedures aimed at minimizing bioactivation of candidate drugs. One of 

the employed strategies is the synthesis of candidate drugs which are devoid of functional 

groups that have previously been shown to undergo bioactivation (73). However, since many 

functional groups have been reported to undergo bioactivation, their omission could impede the 

development of potentially useful drugs (74). Furthermore, also drugs with excellent safety 

records contain structural alerts. In this respect, it is of interest to note that of the top 15 small 

molecule drugs based on sales, 13 possessed structural alerts (75). Therefore, experimental 

investigation of RM formation may be more informative to assess a compound’s bioactivation 

potential.  

Trapping reactive metabolites with small nucleophiles 

Most electrophiles are very short-lived and can only be detected when captured with a 

nucleophilic scavenger. The standard method to detect these intermediates is to perform drug 

metabolism experiments in presence of the endogenous nucleophile GSH (76). Following 

precipitation of proteins, the GSH conjugates are usually analyzed by liquid chromatography 

mass spectrometry (LC-MS). Collision-induced dissociation of these metabolites often results 

in loss of 75 Da and 129 Da fragments, which correspond to glycine and pyroglutamate, 

respectively. In fact, neutral loss scanning of 129 Da is one of the traditional methods to 

identify these conjugates (76). Various other detection strategies have been used, including 

product ion scanning of expected GSH conjugates ([M+H]
+
 + GSH) in the positive ionization 

mode and precursor ion scanning (m/z 272; loss of H2S) in the negative ionization mode (77). 

A clear advantage of trapping experiments with GSH and subsequent LC-MS analysis is the 

generation of structural data, which may be used to design out the propensity for bioactivation 

(Table 3). Many variations of the classical GSH trapping method have been reported to 

enhance sensitivity and selectivity (78-80). For quantification, methods using fluorescently 

labeled GSH analogues and radiolabeled GSH have been developed (81, 82). More recently, 

several studies have reported the selective and sensitive detection of GSH conjugates of 

reactive intermediates by applying high-resolution mass spectrometry in combination with data 
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mining tools (83, 84). However, a limitation of any GSH trapping assay is that it can only 

detect soft electrophiles. To capture hard electrophiles, assays have been developed with amine 

derivatives (e.g. methoxylamine or semicarbazide) and cyanide as nucleophilic traps (85, 86). 

Interestingly, though some RMs may escape detection in GSH trapping assays, Masubuchi and 

co-workers reported good correlations between in vitro GSH conjugation levels and in vitro 

and in vivo covalent protein binding (87). Because protein macromolecules contain all amino 

acids, the results of this study suggest that a significant amount of covalent binding is due to 

the modification of cysteine residues. Analysis of mercapturic acids and thioethers in urine 

may therefore be used to evaluate in vivo exposure to RMs (88). 

 

 

Table 3: Characteristics of GSH screening and covalent binding assays for identification 

of the bioactivation potential of new chemical entities 

GSH trapping Covalent protein binding 

  

Advantages and disadvantages 

+ Structural information on RM - No structural information on RM 

- Generally not quantitative + Quantitative data 
+ High throughput - Low throughput 

+ No radioactivity - Radiolabel needed 

- Only for soft electrophiles + Can trap all electrophiles 
+ Inexpensive - Expensive due synthesis radiolabeled drug 

  

Application in drug discovery process 
During early preclinical phase During late preclinical phase 

  

Predictive value 
Not predictive for toxicity Not predictive for toxicity 
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Covalent protein binding assays to trap reactive drug metabolites  

Measuring the irreversible binding of drug to proteins can also be used to evaluate the 

bioactivation potential of a candidate drug. In this method, a radiolabeled drug is incubated 

with microsomes in presence of NADPH, after which unbound drug is removed and 

incorporation of the radiolabel analyzed (23). An advantage of the use of the covalent binding 

assay is that the microsomal target proteins contain the full set of nucleophilic amino acids and 

that, because of the radiolabel, quantitative data is generated. However, synthesis of 

radiolabeled drugs is expensive, which precludes the use of this assay during early stages of 

preclinical research (Table 3) (73). Furthermore, it is unclear what levels of covalent binding 

are acceptable for a drug candidate. Evans and co-coworkers have addressed this issue and 

proposed an upper target level of covalent binding of 50 pmol drug equivalent/mg protein. This 

amount of covalent binding has been defined as a conservative threshold based on the fact that 

it is 20-fold lower than levels observed for a series of known hepatotoxins (89). To investigate 

irreversible protein binding under more physiologically relevant conditions, covalent binding 

assays have also been performed with hepatocytes or with microsomes containing cofactors in 

addition to NADPH (89-91).  

Covalent protein binding and GSH conjugation assays cannot distinguish toxic from non-

toxic drug candidates 

Development and implementation of the aforementioned GSH screening and covalent protein 

binding assays have facilitated identification of drug candidates with bioactivation liabilities. 

Results obtained from these assays may therefore be used to decide whether or not to advance a 

particular compound into development (89). However, until relatively recently, the predictive 

value of these assays had not been evaluated by systematic comparison of toxic and non-toxic 

drugs. Gan and co-workers investigated the formation of fluorescently labeled GSH conjugates 

of 40 safe drugs and 10 drugs associated with toxicity. Although the authors observed a trend 

toward higher levels of GSH conjugates in the group of toxic drugs, about 25% of the safe 

drugs also formed detectable levels of thiol adducts (92). Similar comparisons have been made 

between hepatotoxic and non-hepatotoxic drugs using covalent protein binding as readout. 

These studies consistently show that toxic drugs cannot be distinguished from safe drugs when 

levels of covalent binding are evaluated in microsomes, liver S-9 fraction, or in hepatocytes 

(90, 91, 93-95) (Figure 4). However, when covalent binding in hepatocytes was combined with 

the daily dose, hepatotoxins and non-hepatotoxins did become discriminated to some extent 
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(90, 91, 95). It is now generally accepted that covalent binding data should be considered along 

with other factors. More recent studies from pharmaceutical industries are therefore aimed at 

integrating covalent binding or GSH trapping data with that obtained from other assays (95-

100). For example, at AstraZeneca covalent binding data from hepatocytes has been combined 

with several cell-based toxicity and export pump inhibition assays to better evaluate whether a 

drug candidate has a high propensity to cause IADRs (97, 98). At GlaxoSmithKline, 

researchers developed and validated a decision tree based on GSH trapping data, daily dose 

and metabolism-dependent P450 inhibition data in order to decrease late-stage attrition due to 

drug-induced liver injury (99, 100). 

 

 

 

 

 

 

 

 

 

  

 

  

Figure 4: Covalent protein binding in human liver microsomes (HLM; panel A) and human 

hepatocytes (panel B). Each symbol represents a single drug from the safety category described 

on the x-axis. WNG: drugs with warning in the physicians’ desk reference, BBW: drugs with 

black box warning for IADRs, WDN: drugs withdrawn from the market due IADRs. Figure 

adapted from (95). 
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MODIFICATION OF INDIVIDUAL PROTEINS: CONCEPT, METHODS AND 

OVERVIEW OF TARGET PROTEINS 

Concept of critical and non-critical covalent binding 

Although consideration of bulk covalent protein binding data in the context of other factors 

may result in better identification of at risk compounds, most of the irreversible binding is 

presumably unrelated to the mechanisms that lead to idiosyncratic reactions. The finding that 

many safe drugs also form high levels of covalent binding supports the idea that most 

irreversible protein binding represents non-functional ‘background’ modification (91, 93). 

Early studies observed that protein modification by reactive intermediates of several drugs (e.g. 

APAP and halothane) is not random but relatively selective, because each drug was found to 

adduct to a different group of target proteins (101, 102). More recent work with model 

electrophiles containing either a maleimide or alkylhalide reactive group demonstrated that 539 

proteins were labeled by these compounds, 20% of which was alkylated by both compounds 

(103). On the basis of the aforementioned studies, it has been proposed that most modification 

occurs to non-critical proteins, and that toxicity only results from adduction of “critical” 

proteins. The latter group consists of proteins that are involved in specific cell functions or that 

are essential for viability (101, 102, 104). Protein alkylation selectivity or the selectivity for 

amino acids within a (critical) protein may therefore better distinguish toxic from non-toxic 

RMs. 

Methodologies to measure covalent modification of isolated proteins  

Various analytical methodologies have been developed to facilitate the detection of 

modifications to individual proteins. These methods require isolation of the protein of interest 

from the matrix by precipitation, electrophoresis or (affinity) chromatography (105). Adducts 

can then be analyzed without their detachment from the protein or they can be cleaved-off from 

the adducted protein prior to detection (Figure 5). In the past, analysis of intact drug-protein 

adducts has been performed by immunochemical methods or by radiochemical approaches 

(105, 106). Nowadays, intact protein adducts are often measured by mass spectrometry. For 

instance, matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) and 

electrospray ionization mass spectrometry (ESI-MS) have been used to investigate 

modification of GST P1-1 by APAP and ethacrynic acid, respectively (107, 108).  
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Figure 5: Overview of the available analysis methods to measure covalent binding to isolated 

proteins. Figure is based on ref (105). 

Detachment of the adducted moiety has traditionally been used to measure alkylation of blood 

proteins (human serum albumin (HSA) or hemoglobin) to investigate occupational exposure to 

industrial chemicals and to quantitate adduction by carcinogens (109). Many early studies have 

used chemical methods to detach adducts from isolated protein, and subsequently derivatized 

detached compounds to allow analysis by GC-MS (Table 4) (109). For instance, treatment of 

protein adducts with Raney Nickel results in desulfuration, thereby releasing any compound 

adducted to cysteine residues of protein (110). A major drawback of the use of Raney Nickel 

and of several other chemical methods is that any structural information about the adducted 

amino acid is lost by detaching compound from the protein.  

 

An alternative procedure for the analysis of protein adducts involves the use of proteolytic 

enzymes, which hydrolyze peptide bonds at specific positions in the protein (Table 4) (109, 

111). The (alkylated) peptide fragments can subsequently be analyzed by LC-MS/MS. One of 

the most frequently employed enzymes for digestion is trypsin, which cleaves peptide bonds C-

terminal of arginine and lysine residues (112). Digestion with trypsin results in relatively large 

fragments (on average ~14 amino acids) (113). Therefore, it is often possible to identify the 

precise location of the adducted amino acid. Further advantages of trypsin are the fact that the 

enzyme can be modified to prevent autolysis and that it is relatively inexpensive (114). 

Because of the favorable properties of trypsin, this enzyme has been used to digest drug-

modified GST P1-1 in chapter 2-4 in the current thesis. The characteristics of a variety of 

other commercially available proteases have recently been described elsewhere (111).  
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Table 4: Overview of chemical and enzymatic detachment methods to identify adducts to 

isolated proteins [adapted from (109)] 

Abbreviation: NAPQI, N-acetyl-p-benzoquinone imine. 

 

 

 

 

 

 

Method Reaction 

conditions 

Remarks Example 

compounds 

Ref. 

     

Chemical methods (for GC-MS)    

Mild hydrolysis  0.1 M HCl /  
0.1 M NaOH 

+ Mild reaction conditions 
- Only applicable to certain types of 

adducts (e.g. esters, S- or O-

carbamates) 
- Adducted amino acid unknown  

 

- Nitrosoamine 
- Isocyanates 

 
(115) 

Acetylation Trifluoracetic 
anhydride and 

methanesulfonic 

acid (at 100°C) 
 

+ Fluorine atoms allow sensitive 
detection 

- Adducted amino acid unknown  

- Benzene oxide (116) 

Cleavage with 

Raney Nickel 

Raney Nickel  

(at 5°C) 

+ Applicable to all cysteine adducts 

- Adducted amino acid unknown  
 

- Styrene oxide (110) 

Complete 

hydrolysis 

6 M HCl  

(at 110°C) 

- Harsh reaction conditions 

+ Adducted amino acid identified 
 

- Ethylene oxide (117) 

Hydrazinolysis Hydrazine  

(at 100°C) 

+ Suitable for acid-sensitive adducts 

+ Adducted amino acid identified 

- Benzo[a]pyrene 

diolepoxide 

(118) 

   

 

  

Enzymatic methods (for LC-MS)    
Pronase 0.5 – 2 mg/mL 

Pronase 

(at 37°C) 

+ Inexpensive 

+ Adducted amino acid identified 

- Position of amino acid (often) 
unknown 

 

- NAPQI  

- Nitrogen 

mustards 

(119, 

120) 

Trypsin 1:50 trypsin: 
protein  

(at 37°C) 

+ Very reproducible  
+ Adducted amino acid and position 

identified  

- 12-sulfoxyl-
nevirapine 

(121) 
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Methodologies to investigate global protein modification  

While studying adducts to individual proteins can reveal selectivity for different amino acids, 

analysis of all adducted proteins within a proteome is required to evaluate selectivity for 

specific cellular macromolecules. Various methods have been developed to facilitate the 

identification of target proteins in complex mixtures of proteins (Table 5). In many studies, 2D 

gels are first used to separate cellular proteins and individual target proteins are then detected 

by immunochemical methods or by measurement of radioactivity. Target proteins are 

subsequently excised, digested with trypsin and analyzed by LC-MS to elucidate their identity 

(104). These methods have identified a wide variety of proteins that are targeted by RMs of 

drugs and toxins. For example, a total of 14 protein targets of tienilic acid and 88 protein 

targets of thioacetamide S-oxide were recently found in human and rat hepatocytes, 

respectively (122, 123). Major disadvantages of 2D gel-based methods are the absence of 

direct evidence of drug-modified proteins and the finding that protein spots often contain 

multiple proteins, which prevents unambiguous identification of the targeted protein (104, 

124). Alternative approaches have used biotin-labeled probes or click-chemistry to allow 

affinity purification of drug-modified proteins from proteomes (Table 5) (104). 
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Table 5:  Overview of strategies that have been applied to identify covalently modified 

proteins in proteomes [based on (104)] 

Abbreviations: 15d-PGJ2-B, 15-deoxy-∆
12,14

-prostaglandin J2 biotin; PEO-IAB, (+)-biotinyl-

iodoacetamidyl-3, 6-dioxaoctanediamine; BMCC, 1-biotinamido-4-(4’-[maleimidoethyl-

cyclohexane]-carboxamido)butane; HNE, 4-hydroxy-2-nonenal; Raloxifene-COATag, 6-

Methoxy-2-(4-methoxyphenyl)benzo[b]thien-3-yl 4-[2-(1-Biotinyl-aminocaproyl-

ethoxy)phenyl]methanone. 

 

 

 

 

 

Target protein detection 

method 

Remarks Example compounds References 

    

2D gel-based approaches   

Immunochemical  

+ LC-MS 

 

- Non-specific binding 

- Need to raise antibodies for 

each individual drug 

- 4-hydroxy-2-nonenal  

- Tienilic acid  

- Menthofuran 

 

(125-127) 

Autoradiography / 
phosphorimaging 

+ LC-MS 

- Radiolabeled drug needed 
- Biased toward identification 

of highly abundant proteins 

+ Quantitative  

- Acetaminophen  
- Tienilic acid 

- Thioacetamide S-oxide 

(122, 123, 
128) 

    

Biotin-based approaches   

Biotin-labeled drug 

+ affinity capture  

+ LC-MS 

+ Identification of the 

structure of the adduct 

+ Identification of adduction 
to low abundant proteins 

- Synthesis of biotin-labeled 

drug analogues 
 

- Raloxifene-COATag 

- 15d-PGJ2-B 

- PEO-IAB 
- BMCC 

(103, 129, 

130) 

Click chemistry 

+ affinity capture 
+ LC-MS 

+ Add affinity tag only during 

sample workup 
- Synthesis of azido- or 

alkynyl electrophiles 

- Azido-tagged HNE 

- Alkynyl-tagged HNE 
  

 

(131) 
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Identification of critical target proteins of reactive intermediates and biological effects of 

modification 

In an attempt to organize the vast amount of target proteins obtained by proteomics 

approaches, a target protein database 

(http://tpdb.medchem.ku.edu:8080/protein_database/search.jsp) has been developed by the 

group of Hanzlik (124, 132). At the time of writing of this thesis, the database is filled with 444 

non-redundant target proteins of 48 chemicals, which includes several drugs associated with 

IADRs. Data from this database has been subjected to analysis by bioinformatics approaches in 

order to identify common features of target proteins and to investigate whether these proteins 

are involved in critical cellular processes (103, 133, 134). Interestingly, it has been found that 

some common target proteins and their interacting partners are involved in processes such as 

protein folding and apoptosis (133). However, drawing mechanistic conclusions is difficult 

because only few target proteins have been identified for most compounds (122). 

The biological consequences of protein modification have been addressed in several studies. 

Usually, the effect of alkylation on protein activity is evaluated. For example, several liver 

proteins adducted by APAP, DF and pulegone were found to have reduced activity (102, 127, 

135, 136). However, direct links between decreased protein activity and liver injury have not 

been established for these drugs. In chapter 2 of this thesis, we have investigated the effect of 

RMs of several drugs on the activity of GST P1-1.  

Besides changes in activity of the protein, covalent modification may also affect protein-

protein interactions. Lau and co-workers demonstrated that benzoquinone-adducted 

cytochrome c prevents Apaf-1 oligomerization into an apoptosome complex, thereby resulting 

in lower caspase 3 activity (137). Furthermore, recent studies have shown that electrophilic 

lipids with a dienone structure (e.g. 15d-PGJ2) result in alkylation and oligomerization of GST 

P1-1, which was associated with sustained c-Jun NH2-terminal kinase activity and apoptosis 

(138, 139).  

The alkylation of some abundant proteins (e.g. HSA) may not directly be related to any 

biological response. In these cases, adduct analysis can be performed to monitor exposure to 

reactive compounds. Such biomonitoring approaches have for example been applied to HSA 

adducts resulting from intoxication with environmental pollutants (e.g. organophosphate 

pesticides) or drugs (e.g. APAP) (119, 140, 141). 
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Protein modification may also result in induction of protective responses via antioxidant 

response element-mediated gene transcription, which is controlled by the Keap1/Nrf2 pathway 

(Figure 6). Under basal conditions the transcription factor Nrf2 is inhibited by the Keap1 

protein, which facilitates its degradation. It is currently thought that oxidation or covalent 

modification of a subset of Keap1’s 27 cysteine residues is one mechanism by which Nrf2 

repression is disrupted. Nrf2-mediated gene transcription then results in expression of, among 

others, several phase II detoxification enzymes (142). The cysteine residues in Keap1 have 

been found to be alkylated by a wide variety of reactive chemicals and by the reactive 

intermediate of APAP (143-145). Differences in activation of Nrf2 associated with different 

Keap1 modification have been reported (144). 

 

 

Figure 6: Schematic representation of the Nrf2 pathway. Under non-stressed conditions, 

Keap1 binds Nrf2 and facilitates its ubiquitination and subsequent degradation. When reactive 

cysteine residues in Keap1 are modified by electrophiles the protein loses its ability to direct 

Nrf2 for degradation. Nrf2-mediated gene transcription results in expression of numerous cell 

defense proteins. Figure adapted from (142).  
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GLUTATHIONE-S-TRANSFERASE P1-1 AS A TARGET PROTEIN FOR 

ELECTROPHILES 

Rationale for studying the covalent modification of glutathione-S-transferase P1-1  

In absence of GSH, or if this tripeptide is depleted, GST P1-1 can be covalently modified by 

electrophiles. Initially, model electrophiles and reactive analogues of substrates have been used 

to alkylate GST P1-1 in order to characterize the protein and to determine substrate binding 

sites, respectively (146-149) (Table 6). Several studies have also investigated GST P1-1 

modification because this isoform is overexpressed in many human tumors (150, 151). Breast 

cancer cell lines were found to contain 45-fold higher levels of GST, most of which comprises 

GST P1-1 (152). High levels of GSTs reduce the effect of chemotherapeutics by catalyzing 

their GSH conjugation (53). Therefore, studies have focused on the identification of novel 

irreversible inhibitors of GST P1-1 (108, 153). Because of the role of GST P1-1 in cancer drug 

resistance and normal cell signaling (154), numerous groups have investigated the modification 

of GST P1-1 by food products, environmental pollutants and by endogenous electrophilic 

lipids (Table 7). The group of van Bladeren, for example, demonstrated that GST P1-1 is not 

only modified by combustion products (e.g. acrolein) but also by food constituents such as 

curcumin and the polyphenol quercetin (155, 156). More recently, GST P1-1 has been 

advocated as a model protein to study covalent binding by reactive drug metabolites (107). 

Subsequently, various studies have reported GST P1-1 alkylation upon its incubation with RMs 

(Table 8). However, except from our initial GST P1-1 alkylation work and one other study 

(107, 157), P450s have not been used to bioactivate drugs in presence of GST P1-1. The 

metabolic activation of drugs by P450s and subsequent trapping of formed RMs with GST P1-

1 is described in chapter 2-4 of this thesis. 
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Table 6: Covalent modification of glutathione-S-transferase P1-1 by model electrophiles 

aEnzyme activity evaluated with CDNB as substrate (158). bND, Not determined.  Abbreviations: ABD-F, 7-fluoro-4-sulfamoyl-2, 1, 3-benzodiazole; ANM, N-(4-anilino-1-

naphtyl) maleimide; BMCC, 1-biotinamido-4-(4’-[maleimidoethyl-cyclohexane]-carboxamido)butane; CDNB, 1-chloro-2,4-dinitrobenzene; DDPM, N-(4-dimethylamino-3,5-

dinitrophenyl)maleimide; IAB, N-iodoacetyl-N-biotinylhexylenediamine; PEO-IAB, (+)-biotinyl-iodoacetamidyl-3,6-dioxaoctanediamine. 

Compound Reactive group System GSTP 

origin 

Amino acid adducts Technique Enzyme 

inactivationa 

Ref 

DDPM α, β-unsaturated 

carbonyl 

Test tube Rat Cys-47 Edman degradation Yes (159) 

ANM α, β-unsaturated 
carbonyl 

Test tube Human Cys-47 Edman degradation Yes (148) 

[14C]-Tetrachloro-

1,4-benzoquinone 

Quinone Test tube Human NDb Radiometric analysis Yes (160) 

CDNB Chloronitrobenzene Test tube Human Cys-47 Edman degradation Yes (161) 

ABD-F ? Test tube Rat Cys-47, 

Cys-101 

Edman degradation Yes (162) 

[13C]Methylmethane-

thiosulfonate 

Thiosulfonate Test tube Rat Cys-47, 

Cys-101 

Carbon-13 NMR No (162) 

Iodoacetic acid Alkylhalide Test tube Mouse Cys-47 Crystallography Yes (163) 

4-(fluorosulfonyl) 

benzoic acid 

Sulfonyl halide Test tube Porcine Tyr-7, Tyr-106 -Radiometric analysis 

-MALDI-MS 

Yes (147) 

Bromobimane Alkylhalide Test tube Porcine Cys-45, Cys-99, Cys-14 Edman degradation Yes (149) 

IAB Alkylhalide Test tube Human Cys-47, Cys-101, 

 Cys-14 

LC-MS/MS ND (129) 

Tocopherol 

iodoacetate 

Alkylhalide Test tube Human Tyr-79 -Amino acid sequencing 

- ESI-MS (digest) 

Yes (146) 

PEO-IAB Alkylhalide Cytosolic 
fraction of 

HEK293 cells 

Human Cys-47 LC-MS/MS ND (103) 

BMCC α, β-unsaturated 
carbonyl 

Cytosolic 
fraction of 

HEK293 cells 

Human Cys-47 LC-MS/MS ND (103) 

IAB Alkylhalide Test tube Human Cys-14, Cys-47 LC-MS/MS ND (164) 

BMCC α, β-unsaturated 

carbonyl 

Test tube Human Cys-14, Cys-47 LC-MS/MS Yes (164) 
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Table 7: Covalent modification of glutathione-S-transferase P1-1 by food constituents, environmental pollutants and electrophilic lipids 

aEnzyme activity evaluated by measuring GSH conjugation to CDNB (158). bND, Not determined. Abbreviations: 15d-PGJ2, 15-deoxy-∆12,14-prostaglandin J2; 15d-PGJ2-B, 15-

deoxy-∆12,14-prostaglandin J2 biotin; BHT-QM, 2,6-di-tert-butyl-4-methylenecyclohexa-2,5-dienone; BITC, Benzyl isothiocyanate; BITC-SG, S-(N-

benzylthiocarbamoyl)glutathione.  

Compound Route of 

activation 

Reactive group System GSTP 

origin 

Amino acid 

adducts 

Technique Enzyme 

inactivationa 

Ref 

Acrolein - α, β-unsaturated 

aldehyde 

Test tube Human Cys-47 -Mutagenesis 

-Back titration with [14C]EA 

Yes (156) 

Curcumin - α, β-unsaturated 

carbonyl 

Test tube Human Cys-47 -Mutagenesis 

-Back titration with [14C]EA 

Yes (156) 

4-hydrox-2-
nonenal 

- α, β-unsaturated 
aldehyde 

Test tube Human Cys-47 -Mutagenesis 
-Back titration with [14C]EA 

Yes (156) 

[3H]-methylene-

oxindole 

- Quinone methide Test tube Pig Trp-38 -radiometric analysis 

-Edman degradation 

Yes (165) 

BHT-QM - Quinone methide Lung epithelial 

cells 

Mouse NDb Western blot Yes (166) 

BHT-QM - Quinone methide Test tube Human Cys-14, Cys-47, 
Cys-101 

LC-MS/MS 
 

Yes (166) 

Quercetin Auto-oxidation 

/ Tyrosinase 

Quinone/ 

Quinone methide 

Test tube Human Cys Mutagenesis 

 

Yes (155) 

p-phenylene 

diamine 

Auto-oxidation Quinone diimine Test tube Human Cys-47 -Radiometric analysis 

-LC-MS/MS 

ND (167) 

2,5-dimethyl-1,4-

benzoquinone 

Diamine 

Auto-oxidation Quinone diimine Test tube Human Cys-47 LC-MS/MS ND (167) 

BITC - Isothiocyanate Test tube Human Cys-47, 
Tyr-103 

-ESI-MS (digest) 
-Mutagenesis 

Yes (168) 

BITC-SG - Dithiocarbamate Test tube Human Cys-47, 

Cys-101 

-ESI-MS 

(intact protein) 
-mutagenesis 

ND (169) 

15d-PGJ2
 - α, β-unsaturated 

carbonyl 

Test tube Human Cys-47, Cys101 MALDI-MS (intact/digest) Yes (170) 

15d-PGJ2-B
 - α, β-unsaturated 

carbonyl 

Jurkat cells Human ND Western blot Yes (138, 

170) 
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Table 8: Covalent modification of glutathione-S-transferase P1-1 by reactive drugs or reactive drug metabolites 

aEnzyme activity determined using CDNB as a substrate (158). bND, Not determined. Abbreviations: 4-OHEN, 4-hydroxyequilenin; 4-OQE, 4-hydroxyestrone-o-quinone; 

APAP, Acetaminophen; CYP, Cytochrome P450; EA, Ethacrynic acid; HLM, Human liver microsomes; NAPQI, N-acetyl-p-benzoquinone imine; Raloxifene-COATag, 6-

Methoxy-2-(4-methoxyphenyl)benzo[b]thien-3-yl 4-[2-(1-Biotinyl-aminocaproyl-ethoxy)phenyl]methanone; SMX-NO, Sulfamethoxazole nitroso. 

Compound Route of 

activation 

Reactive group System GSTP 

origin 

Amino acid 

adducts 

Technique Enzyme 

inactivationa 

Ref 

[14C]-EA - α, β-unsaturated 

carbonyl 

Test tube Rat NDb Radiometric analysis Yes (153) 

[14C]-EA - α, β-unsaturated 

carbonyl 

Test tube Human Cys-47 - Radiometric analysis 

- Edman degradation 

Yes (153, 

171) 

EA - α, β-unsaturated 
carbonyl 

Test tube Human Cys-47, 
Cys101 

- ESI-MS 
- Mutagenesis 

Yes (108) 

EA - α, β-unsaturated 

carbonyl 

Test tube Human Cys-47 - Mutagenesis 

- Back titration with [14C]-EA 

Yes (156) 

Chlorambucil - Alkylhalide Test tube Human Cys-47, Cys-

101 

- MALDI-MS (intact/digest) 

- ESI MS/MS 

Yes (172) 

4-OHEN Auto-
oxidation 

o-quinone Test tube Human Cys-14, Cys-47, 
Cys-101 

- ESI-MS 
- mutagenesis 

Yes (173) 

Raloxifene-

COATag 

Mushroom 

tyrosinase 

Diquinone methide Test tube Human Cys-47 LC-MS/MS ND (129) 

4-OQE - Quinone Test tube Human ND LC-MS (intact protein) ND (174) 

NAPQI - Quinone imine Test tube Human Cys-47, 

Cys-101 

- MALDI-MS (intact protein) 

- LC-MS/MS 

Yes (107) 

NAPQI - Quinone imine HepG2-

GSTP cells 

Human Cys-47 LC-MS/MS Yes (107) 

APAP CYP102A1 
M11H 

Quinone imine Test tube Human Cys-47 LC-MS/MS Yes (107) 

SMX-NO - Nitroso group Test tube Human Cys-47 Western blot / ELISA / LC-MS/MS ND (175) 

NAPQI - Quinone imine Test tube Human Cys-47 LC-MS/MS ND (157) 
APAP HLM Quinone imine Test tube Human Cys-47 LC-MS/MS ND (157) 

Raloxifene HLM / 

CYP3A4 

Diquinone methide Test tube Human Cys-47 LC-MS/MS ND (157) 

12-sulfoxyl-

nevirapine 

Sulfoxyl 

elimination 

Quinone methide Test tube Human Cys-47 LC-MS/MS ND (121) 
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The cysteine residues of glutathione-S-transferase P1-1: reactivity and accessibility 

Cysteine is often targeted by electrophiles because it is the most intrinsically nucleophilic 

amino acid in proteins. Human GST P1-1 contains cysteine residues at position 14, 47, 101 and 

169 of each of its subunits (176). Except for cys-101, which is absent in mouse GST P1-1 

(177), cysteine residues in GST P1-1 are conserved in mammalian species (178), which might 

indicate that these residues are important for catalytic activity. However, several studies 

demonstrated that replacement of cysteine by serine or alanine did not abolish GST P1-1 

activity (162, 173, 179, 180), suggesting none of these residues is essential for catalytic 

activity. 

 

Early studies reported that incubation of hGST P1-1 with thiol-modifiers resulted in a marked 

decrease in enzymatic activity (159, 181), as measured by 1-chloro-2,4-dinitrobenzene 

(CDNB) conjugation according the method of Habig (158). Ricci and co-workers showed that 

GST P1-1 contains two reactive cysteine residues per enzyme dimer (182). Subsequent work 

identified cys-47 as most reactive residue, because it rapidly reacted with CDNB and with 

colored and fluorescent maleimide compounds (148, 159, 161). Since modification of cys-47 

was accompanied by a strong decrease in enzymatic activity (148, 159, 161), it was initially 

suggested that this residue may be located within the active site (159). However, crystal 

structures of GST P1-1 from different species show that cys-47 is not positioned within the 

GSH-binding site but is located near this site (163, 183-185). Cys-47 is presumably important 

for the correct arrangement of the G-site (186). In this respect, it is not surprising that 

alkylation of this residue results in a higher Km value for GSH (163). The relationship between 

cys-47 modification and loss of enzymatic activity has been studied more thoroughly by 

Nishihira and co-workers, who observed that only bulky adducts to cys-47 compromised GST 

P1-1 activity (162). Apart from its accessibility, resulting from localization of cys-47 at the end 

of the G-site, the reactivity of cys-47 may be explained by its low pKa value (4.2), which is 

due to deprotonation by lys-54 (187, 188). The fact that the sulfhydryl group of cys-47 exists as 

a highly nucleophilic thiolate in the physiological environment may explain why most 

electrophiles have been found to alkylate this residue (Table 6-8).  

 

The pKa values of cys-14, cys-101 and cys-169 were estimated to be 10.2, 12.7 and 9.1, 

respectively, indicating that these residues intrinsically have lower reactivity than cys-47 (164, 



Chapter 1      

 

35 

 

189). Nevertheless, in addition to the highly reactive cys-47, evidence from thiol titration 

experiments suggests that cys-101 is also among the fast-reacting cysteine residues in GST P1-

1 (169, 190). The rapid reaction of cys-101 may be explained by the localization of this residue 

at the dimer interface (166, 169). Although cys-47 is usually modified first (107, 108, 172), the 

quinone methide of a food preservative preferentially reacted with cys-101 of hGST P1-1 

(166). Unlike adduction of cys-47, however, the covalent modification of cys-101 apparently 

does not affect the activity of GST P1-1 (162, 166).  

The cysteine residue at position 14 is considered less accessible for electrophiles. For instance, 

it was found that biotinylated iodoacetamide adducted to cys-47 and cys-101, whereas cys-14 

was only modified after prolonged incubation or by use of higher concentrations of electrophile 

(129). Orton and Liebler provided quantitative evidence for the lower reactivity of cys-14. 

When hGST P1-1 was reacted with model electrophiles containing maleimide or alkylhalide 

groups, the rate of cys-14 alkylation was 2-3-fold lower than that of cys-47 modification (164). 

Cys-14 is located in the interior of the protein in a relatively hydrophobic region, which may 

explain its lower modification rate (162, 166). Despite its compromised accessibility, studies 

have shown that this residue can be adducted by different types of electrophiles (149, 164, 166, 

173). Furthermore, modification of cys-14 appears to decrease enzyme activity, possibly due to 

a change in protein secondary structure (166).  

Cys-169 is the only cysteine in GST P1-1 which has not been found to be modified by 

electrophiles (Table 6-8). Early work on the reactivity of cysteine residues in GST P1-1 

concluded that this residue is presumably buried inside the protein, because it could only be 

modified after the enzyme was incubated with 0.2% SDS (162). Cys-169 was not alkylated 

even when all other cysteines in GST P1-1 were replaced by alanine, which was interpreted as 

evidence that this residue is resistant to modification (173). Based on the crystal structure of 

GST P1-1, Lemercier and co-workers concluded that this residue is embedded in a 

predominantly hydrophilic region in the protein interior (166). Mutagenesis of cys-169 

suggested that this cysteine residue may be important for maintaining a stable GST P1-1 

conformation (191). 
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Glutathione-S-transferase P1-1 as a model protein for reactive drug metabolites 

A number of characteristics make GST P1-1 a good model target protein to study covalent 

binding by electrophilic compounds. First of all, GST P1-1 can easily be expressed as native or 

his-tagged recombinant protein in E. coli (192, 193). Purification of recombinant enzyme by 

GSH-affinity chromatography is straightforward and results in a virtually pure preparation of 

GST P1-1, as judged by SDS-PAGE and HPLC analysis (192). The protein is also well-

characterized because GST P1-1 crystal structures from different species, and in presence of 

various ligands, have been published (163, 183-185, 194). Furthermore, as explained in the 

previous section, GST P1-1 is endowed with four cysteine residues (position 14, 47, 101 and 

169) with different reactivity (pKa 4.2 – 12.7) and accessibility (164, 166). These cysteine 

residues might reflect the different microenvironments encountered in other cellular proteins. 

In addition, the activity of GST P1-1 can easily be measured by a colorimetric or fluorescence 

activity assay (158, 195). Because modification of highly reactive cys-47 reduces GST P1-1 

activity, the loss of GST P1-1 activity observed after exposure to electrophiles may reflect 

alkylation of the protein at this residue (148, 159, 161). Further evidence for covalent 

modification can be obtained by mass spectrometric analysis of GST P1-1. Since each enzyme 

subunit is about 23 kDa, modifications to GST P1-1 can be evaluated by analysis of intact 

protein by ESI-MS or by MALDI-MS (107, 108, 166, 169, 173, 174). Another advantage of 

the small size of GST P1-1 is that it results in relatively few peptide fragments when digested 

with proteases, which facilitates analysis by LC-MS/MS. Because of the many advantages of 

GST P1-1, this protein has been proposed as a model protein to study covalent binding by 

reactive drug metabolites (107). In subsequent studies, and in chapter 2-4 of this thesis, 

modification of GST P1-1 by reactive intermediates of several drugs has been reported (Table 

8) (121, 157, 175). 
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METHODOLOGIES TO GENERATE P450-DEPENDENT REACTIVE DRUG 

METABOLITES 

The study of RMs is complicated by the fact that these metabolites are very unstable and are 

often formed in low quantities in preparations of liver microsomes. Furthermore, microsomes 

are expensive to use, especially when reactions need to be scaled-up. Therefore, various 

alternative approaches have been adopted to prepare sufficient quantities of RMs in order to 

characterize their covalent binding to GSH or proteins (Table 9). While some RMs can be 

obtained by organic synthesis (196, 197), appropriate synthetic routes may be unavailable in 

other cases. In addition, because of their reactivity RMs must often be generated in situ, which 

may be incompatible with synthetic procedures. 

Electrochemistry has widely been applied for the generation of RMs (198). For instance, 

Madsen and co-workers have described an electrochemical method for the preparation of GSH 

conjugates of several drugs, including amodiaquine, trimethoprim and CLZ (199). The group 

of Karst reported the formation of protein adducts following electrochemical oxidation of 

several drugs (e.g. DF) and other chemicals (e.g. aniline) (200-203). The main advantage of 

electrochemistry is its ability to generate RMs in absence of biological matrices. However, 

electrochemical oxidation cannot mimic CYP reactions that proceed through direct hydrogen 

atom abstraction and lacks steric control over substrate oxidation (198, 204). The bacterial 

cytochrome P450 BM3 (CYP102A1) enzyme gained considerable interest as a biocatalyst for 

the generation of RMs (Table 9). Contrary to the membrane-bound human P450s, the soluble 

CYP102A1 enzyme is easily expressed in E. coli and is relatively stable. Furthermore, due to 

the fusion between CYP102A1’s reductase and catalytic domain, very high turnover of its fatty 

acid substrates has been reported (205). By site directed and random mutagenesis, drug-

metabolizing mutants of CYP102A1 have been engineered (206-210). Damsten and co-

workers showed that some of these mutants could also be applied to form RMs of APAP, CLZ 

and DF. Interestingly, CYP102A1 mutants formed significantly higher levels of RMs than 

human liver microsomes (211). Subsequently, it was shown that CYP102A1 mutants could 

produce sufficient levels of the nitrenium ion of CLZ to allow structural characterization of all 

its GSH conjugates by nuclear magnetic resonance spectroscopy (209). In the current thesis, 

the drug-metabolizing mutant CYP102A1M11H was used to perform bioactivation of several 

drugs. 
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Table 9: Overview of systems used to generate P450-dependent reactive drug metabolites 

Main advantages (+) and disadvantages (-) of each of the techniques are indicated. 

 

System Remarks Examples drugs References 

 

Organic synthesis 

 

- Laborious 
- Time-consuming 

 

 

- Acetaminophen 
- Clozapine 

- Nevirapine 

 

 

(196, 197, 212) 

Electrochemistry + Absence of biological matrices 

+ Rapid procedure 

- Cannot mimic all CYP-mediated 
reactions (e.g. epoxidation) 

- Lack of steric control 

- Reaction mechanism can be different 
from CYP 

 

- Diclofenac 

- Troglitazone 

- Amodiaquine 

(199, 203, 213) 

 

 

CYP102A1 mutants + Can be easily engineered to alter 
substrate specificity 

+ His-tag purification 

+ High activity compared to human CYPs 

- Formation of non-relevant RMs 

 

- Clozapine  
- Diclofenac 

- Trimethoprim  

 

 

(211, 214, 215) 
 

Microsomal P450s + Best reflects in vivo situation 
- Complex biological matrix 

- Low catalytic activity  

- Expensive 

- Acetaminophen  
- Troglitazone 

- Trazodone 

(157, 216, 217) 
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AIMS AND OUTLINE OF THE THESIS 

Aims of the thesis  

Idiosyncratic drug toxicity remains a significant, as yet unresolved, problem because it may 

result in withdrawal of successful drugs and cause patient morbidity and mortality. In the past 

decade, however, our understanding of these adverse reactions has increased significantly. It is 

now widely accepted that both the immune system and RMs play an important role in the onset 

of many IADRs (10, 73). Despite these advances, predictive screens and biomarkers for IADRs 

have not yet been developed. 

In 2008, a consortium of five academic and seven industrial partners was formed with the 

ultimate aim of developing predictive tools for IADRs. The project (D3-201), entitled 

‘Towards novel translational safety biomarkers for adverse drug toxicity’, was financed by the 

Dutch Top Institute Pharma. The basic concept of this multidisciplinary project is illustrated in 

Figure 7. For this project, several drugs associated with the formation of RMs and IADRs were 

studied on the molecular and cellular level as well as in animal and human models. The work 

in the current thesis involves the study of these drugs at the molecular level, notably focusing 

at the formation of chemically reactive metabolites and the identification of human relevant 

protein adducts. 

 

The general objectives of the work presented in this thesis are concerned with: 

1. Developing novel methods for the preparation, identification and analysis of drug-

protein adducts resulting from CYP-dependent bioactivation to chemically reactive 

drug metabolites. 

2. Investigating the role of human cytosolic GSTs in the detoxification of reactive 

metabolites of drugs associated with idiosyncratic toxicities. 
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Figure 7: Schematic representation of the integration of different disciplines in Top Institute 

Pharma project D3-201. The work described in the present thesis is part of the ‘drug 

metabolism’ section. 

 

Outline of the thesis  

A general introduction to the work described in the current thesis is presented in chapter 1.  

The formation of RMs, their relationship to IADRs and strategies for the detection of RMs are 

discussed. Additionally, methodologies to evaluate protein modification are described and a 

comprehensive literature overview of the modification of GST P1-1 presented.  

In chapter 2, we report the development of a potentially generic strategy to prepare drug-

protein adducts. A highly active his-tagged P450 (CYP102A1M11H) was used for drug 

bioactivation and formed RMs were trapped with GST P1-1. Mass spectrometry was used to 

identify anticipated peptide adducts. Identification of diagnostic MS/MS fragments of modified 

peptides allowed for detection of unanticipated drug-adducts. 
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The nonsteroidal anti-inflammatory drug diclofenac (DF) is associated with serious IADRs. 

While many DF-adducted proteins have been identified, the structure of these adducts has not 

been characterized by LC-MS. Therefore, chapter 3 describes the application of the developed 

adduct preparation strategy to DF. The reactive intermediates of DF differentially modified 

GST P1-1 and several unexpected peptide adducts were identified. Differences between protein 

adduction and GSH conjugation were observed. 

In chapter 4, the use of mini-dialysis tubes for the preparation of drug-modified proteins is 

investigated. Drug bioactivation by CYPs was conducted in a small container containing a 

dialysis tube with the target protein GST P1-1. The applicability of this procedure was 

evaluated with different drugs and by use of membrane-bound P450s for bioactivation. 

While cytosolic GSTs may be targeted by RMs in absence of GSH, these enzymes can catalyze 

GSH conjugation reactions in presence of this nucleophile. The role of cytosolic GSTs in the 

detoxification of reactive intermediates of CLZ was investigated in chapter 5. Addition of 

GSTs was found to have profound effects on the regioselectivity of GSH conjugation and 

resulted in formation of two GST-dependent conjugates.  

In chapter 6, we investigated the mechanism by which a GST-dependent GSH conjugate of 

DF, resulting from chlorine substitution, is formed. The role of recombinant CYPs and of other 

enzymes in the formation of this conjugate was evaluated. A bioactivation mechanism 

explaining the formation of the chlorine-substituted GSH conjugate of DF is proposed.  

Finally, in chapter 7, a summary and the conclusions of the work conducted in the present 

thesis are provided. Furthermore, this chapter discusses the implications of the results of this 

work and it provides directions for future research. 
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