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SUMMARY 

 

Adverse Drug Reactions (ADRs) are a main cause of drug attrition and of withdrawal of 

marketed drugs (1, 2). Idiosyncratic adverse drug reactions (IADRs) are rare but very serious 

ADRs, which currently are unpredictable based on pre-clinical and clinical research (3, 4). 

Therefore, there is much interest in better understanding IADRs mechanistically and in the 

development of new approaches and methodologies to help predicting these reactions. Both the 

immune system and covalent protein binding by reactive metabolites (RMs) appear to play an 

important role in the onset of many IADRs (5, 6). Chapter 1 describes the formation of RMs 

by Cytochrome P450s (CYPs) and discusses the detoxification of RMs by glutathione-S-

transferases (GSTs). Furthermore, this chapter provides an overview of the strategies to detect 

and characterize RMs of candidate drugs. While protein modification by RMs appears essential 

in the etiology of IADRs, gross covalent binding cannot distinguish toxic from non-toxic drugs 

(7, 8). Hence, the modification of individual critical proteins may determine whether alkylation 

results in toxicity (9, 10). The second part of chapter 1 focuses on methods to measure 

adduction of individual proteins and on approaches to identify adducted proteins in proteomes. 

Since target proteins critical for specific ADRs and IADRs still remain to be discovered, the 

use of glutathione-S-transferase P1-1 (GST P1-1) as a model target protein for RMs is 

discussed.  

The main aim of this thesis was the development of new methods for the preparation and 

identification of drug-protein adducts resulting from CYP-dependent bioactivation of drugs to 

RMs. When this research started, several drug-metabolizing mutants of cytochrome P450 BM3 

(CYP102A1) had been engineered in our laboratory (11-13). Some of these mutants were 

found to form similar RMs of drugs as human liver microsomes, but with much higher catalytic 

activities (13). Because the highest activity was generally observed for the his-tagged mutant 

CYP102A1M11H, this enzyme was applied for RM production in various studies (14-16). We 

employed CYP102A1M11H as biocatalyst for RM formation in chapter 2-4 of the current 

thesis, whereas GST P1-1 was used as the model target protein. GST P1-1 and other GSTs are 

also known to catalyze GSH conjugation of RMs (17, 18). A second aim of this thesis was 

therefore to investigate the role of all major cytosolic GSTs in the detoxification of RMs of 

drugs associated with IADRs. GST-catalyzed GSH conjugation of RMs is covered in chapter 

5 and chapter 6. 
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In chapter 2 of this thesis, we have described a method to produce and analyze GST P1-1 

adducts resulting from the bioactivation of several drugs by CYP102A1M11H. Because of its 

his-tag, this P450 BM3 mutant could easily be removed from incubations by nickel affinity 

chromatography, which facilitated LC-MS analysis of tryptic peptides of drug-modified GST 

P1-1. By applying this procedure to acetaminophen (APAP), clozapine (CLZ) and troglitazone 

(TGZ) we detected their anticipated adducts to cys-47, which is most reactive of the four 

cysteine residues in GST P1-1 (19). Analysis of tryptic peptides containing the anticipated 

cysteine adducts also resulted in identification of unmodified diagnostic fragments of these 

peptides. These diagnostic MS/MS fragments were subsequently used to identify unexpected 

drug modifications to the cysteine residues of GST P1-1. While screening for diagnostic 

fragment ions of GST P1-1 modified by APAP and CLZ only resulted in the detection of their 

anticipated drug adducts, modifications of unanticipated mass increments were observed to 

tryptic peptides of GST P1-1 modified by TGZ. It is concluded in chapter 2 that application of 

his-tagged drug-metabolizing CYP102A1 mutants in combination with screening for 

diagnostic MS/MS fragments of modified peptides might be a relatively easy and potentially 

generic procedure for the generation and characterization of cys-adducted proteins. 

The methodologies developed in chapter 2 were applied in chapter 3 to investigate protein 

modification by the nonsteroidal anti-inflammatory drug diclofenac (DF). Therapy of patients 

with DF is associated with a low/rare incidence of hepatotoxicity, which may be due to DF 

bioactivation to p-benzoquinone imines, o-imine methides or arene oxides (20-22). In previous 

work, bioactivation of 4’-hydroxydiclofenac (4’-OH-DF) and 5-hydroxydiclofenac (5-OH-DF) 

by CYP102A1M11H resulted in formation of GSH conjugates from their p-benzoquinone 

imines (14). Remarkably, when we used GST P1-1 as a nucleophile, only adducts of the p-

benzoquinone imine of 5-OH-DF were detected after bioactivation by CYP102A1M11H. 

Incubation with DF confirmed these findings and also showed protein modification by DF o-

imine methide. By unbiased screening using diagnostic ions of DF-modified tryptic peptides, 

three unanticipated DF adducts were observed for the first time. Two of these adducts resulted 

from further reaction of the p-benzoquinone imine of 5-OH-DF, whereas the third adduct was 

from protein modification by a previously uncharacterized metabolite of DF. Importantly, since 

none of these adducts was formed in DF incubations of CYP102A1M11H in presence of GSH, 

our results show that adduction of cysteine residues in proteins is not necessarily reflected by 

GSH conjugation. 
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The drug-protein adduct preparation and identification strategy used in the previous chapters 

requires the removal of his-tagged P450 by affinity chromatography. Drug bioactivation can 

therefore not simply be performed with human liver microsomes, which consist of a complex 

mixture of membrane-bound proteins. Chapter 4 describes a procedure for the preparation of 

drug-modified proteins which allows membrane-bound P450s to be used for bioactivation. 

Drug bioactivation was performed in a small container which also contained a mini-dialysis 

tube with the model target protein hGST P1-1. Following drug bioactivation, RMs can 

translocate from the P450 compartment to the GST P1-1 compartment via a semi-permeable 

membrane (6-8 kDa). This novel procedure was evaluated by performing metabolic activation 

with P450 bioactivation systems of different complexity. Bioactivation of drugs by 

CYP102A1M11H showed that some RMs were unable to modify GST P1-1, possibly because 

these intermediates are too short-lived. However, GST P1-1 adducts of DF and mefenamic acid 

were observed in incubations of CYP102A1M11H, and after metabolic activation by 

recombinant human P450s and liver microsomes, respectively. This new approach may prove 

useful for the characterization of drug-protein adducts resulting from bioactivation by human 

liver microsomes and it allows intact drug-modified protein to be analyzed by LC-MS without 

laborious cleanup. 

Cells have developed sophisticated defense mechanisms to prevent the covalent modification 

of proteins. The tripeptide glutathione (GSH) is the major cellular nucleophile available for 

reaction with electrophiles (23). While spontaneous conjugation is presumably dominant at 

high GSH concentration, enzymatic conjugation by cytosolic GSTs may become more 

important when GSH levels are low. Previously, it was found that GSTs played a role in GSH 

conjugation of cytostatic drugs and in the detoxification of the RMs of zileuton and felbamate 

(18, 24, 25). In chapter 5 we investigated whether cytosolic GSTs were involved in GSH 

conjugation of the reactive nitrenium ion of CLZ, which may be responsible for CLZ-induced 

agranulocytosis. Bioactivation of CLZ was performed with CYP102A1M11H and with human 

and rat liver microsomes, while GST A1-1, M1-1, P1-1 and T1-1 were evaluated for their 

ability to catalyze GSH conjugation of the nitrenium ion of CLZ. We generally observed that 

GSTs increased GSH adduct levels and changed the regioselectivity of the GSH conjugation. 

In addition, the formation of two GSH adducts appeared completely GST-dependent. These 

data suggest that GSTs play an important role in detoxification of the CLZ nitrenium ion. 
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Patients with polymorphisms in these enzymes might therefore be at increased risk for 

developing agranulocytosis during CLZ therapy. 

By mass spectrometric analysis of DF-modified proteins formed by CYP-mediated DF 

bioactivation (chapter 2), we identified an unanticipated adduct resulting from substitution of 

the chlorine of DF by a protein thiol. Interestingly, the corresponding GSH conjugate [2’-

(glutathione-S-yl)-deschloro-diclofenac (DDF-SG)] was only formed when GST P1-1 was 

added to DF incubations, suggesting formation of DDF-SG is completely GST-dependent. 

Since none of the previously described RMs of DF (p-benzoquinone imine, arene oxide, o-

imine methide) could explain formation of the chlorine-substituted GSH conjugate of DF (20-

22), the aim of chapter 6 was to investigate which RM of DF was responsible for DDF-SG 

formation. Remarkably, when DF metabolism was evaluated using recombinant CYPs, all 

tested enzymes appeared to form DDF-SG, while the mono-oxidized metabolites of DF were 

only catalyzed by CYP2C9 and CYP3A4. Further mechanistic studies using CYP2C9, 

CYP3A4 and other heme-containing enzymes were subsequently performed under various 

reaction conditions. Our findings showed that formation of DDF-SG resulted from non-

enzymatic heme-dependent bioactivation of DF, presumably to a nitrogen-centered radical 

cation, which then undergoes GST P1-1-catalyzed GSH conjugation. It remains to be 

established whether this bioactivation pathway is relevant to DF-induced hepatotoxicity. 

 

CONCLUSIONS AND PERSPECTIVES 

The occurrence of serious idiosyncratic drug toxicity poses a risk to patient health and it can 

result in withdrawal of a drug that is safe in the majority of the population. An increasing body 

of evidence suggests that drug-modified proteins play an important role in the onset of IADRs 

(26). Therefore, in industry, drug candidates are evaluated for their ability to form RMs by 

screening for GSH conjugates or by measurement of gross covalent protein binding (27, 28). 

Because covalent modification of proteins does not necessarily lead to a toxic response, total 

covalent binding cannot properly distinguish toxic from safe drugs (7, 8). Hence, the selectivity 

of RMs for specific proteins or for amino acids within proteins may be a more important 

determinant of the toxic outcome (10).  
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The main objective of the work described in this thesis was the development of novel strategies 

to prepare and characterize drug adducts to individual proteins. A further objective was to 

evaluate the role of GSTs in catalyzing the GSH conjugation of RMs of drugs associated with 

IADRs. 

 

Application of methodologies for drug-protein adduct formation and characterization 

In the past, drug-modified proteins were prepared by incubation of the protein of interest with 

RMs obtained by organic synthesis (29, 30). More recently, electrochemistry has been utilized 

to prepare drug-protein adducts (31, 32). While these methods are applicable to many drugs, 

they cannot be used as generic approaches for the formation of drug-protein adducts because of 

their inability to form the majority of CYP-bioactivation dependent RMs. In chapter 2 and 

chapter 4, we described two novel methods in which CYP-dependent drug bioactivation was 

applied for drug-protein adduct formation.  

 

The procedure presented in chapter 2 employs a his-tagged P450 BM3 mutant 

(CYP102A1M11H). Although this enzyme appears to have broad substrate specificity and high 

catalytic activity (13, 33), it still may not be the optimal biocatalyst for all drugs. Therefore, 

previously unstudied drugs should first preferably be screened against a library of P450 BM3 

mutants in order to profile the enzymes for their ability to produce human relevant RMs with 

high activity. The ultimate P450 mutants can then be applied for drug-protein adduct 

formation. A very similar approach was previously adopted by Rea et al. (34). Several 

CYP102A1M11H mutants, each with a different amino acid at position 87, were first screened 

for their ability to form RMs of CLZ. A mutant with high selectivity and high activity for CLZ 

bioactivation was subsequently used for the large-scale production of GSH conjugates of CLZ, 

which allowed their structural elucidation by nuclear magnetic resonance spectroscopy (34).  

 

Bioactivation of a single drug often results in multiple RMs. Therefore, it would also be very 

interesting to generate drug-protein adducts using CYP102A1 mutants with selectivity for 

different bioactivation routes. These experiments may be used to investigate the nucleophilic 

selectivity and the adduction kinetics of individual RMs. CYP102A1 mutants that catalyze 

multiple bioactivation routes may subsequently be applied to study the competition of different 

electrophiles for the nucleophilic sites in a single protein. 



Chapter 7      

 

209 

 

 

Chapter 4 describes a drug-protein adduct preparation methodology in which target proteins in 

mini-dialysis tubes are incubated, at a small distance, in phosphate buffer containing the drug 

bioactivation system. In future studies, this system might be applied to parallel synthesis of 

multiple drug-protein adducts by incubating multiple dialysis tubes in equilibrium with a single 

solution of the drug bioactivation system. These experiments can also be performed to study 

the competition of different nucleophilic sites in different proteins for electrophiles or to 

investigate the alkylation of a critical protein in presence of several non-critical proteins. This 

drug-protein adduct formation strategy, however, will be only applicable to RMs with a 

significant half-life in the media, because the RMs must translocate from their site of formation 

to the target protein via a semi-permeable membrane. This strategy might be useful as well to 

identify hepatic RMs with a potential to modify proteins outside their site of production (e.g. 

the liver), which could be relevant to idiosyncratic toxicities observed in distant tissues and 

organs such as blood and skin (4).  

 

The drug-protein adduct formation strategies developed in this thesis were applied to GST P1-

1, which was previously shown to be a good model protein for the characterization of RMs 

(15). Nevertheless, analogous methods may also be used to alkylate different proteins. A start 

would be to prepare reference adducts (e.g. to serum albumin) to support biomonitoring 

studies. Previous work showed that modification of cys-34 of serum albumin can be used to 

monitor in vivo exposure to reactive chemicals such as sulfur mustards (35). More recently, 

several groups have also measured drug-albumin adducts to investigate exposure of animals 

and humans to RMs of drugs associated with ADRs (36-38).  

 

The formation of diclofenac-modified proteins and their potential role in hepatotoxicity 

The nonsteroidal anti-inflammatory drug DF is associated with idiosyncratic liver injury. This 

toxicity might be due to DF-induced mitochondrial injury or to the formation of RMs that 

subsequently adduct to cellular proteins (39). Cytochrome P450 metabolism of DF results in 

formation of p-benzoquinone imines of 4’-OH-DF or 5-OH-DF, arene oxides, and o-imine 

methides, all of which were detected as their corresponding GSH conjugates (20-22). In 

chapter 3, we used mass spectrometry to characterize modification of the model protein GST 

P1-1 by the oxidative RMs of DF. When bioactivation of DF was performed with 
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CYP102A1M11H, which forms human relevant RMs of DF with high activity (13, 14), three 

different protein adducts of the p-benzoquinone imine of 5-OH-DF were detected. 

Interestingly, a recent study showed an increase in covalent binding of 5-OH-DF to hepatic 

tissue of rats that were co-treated with DF and lipopolysaccharide, which activates the immune 

system (40). It would be of interest to investigate whether these protein adducts also consist of 

different mass increments resulting from the p-benzoquinone imine of 5-OH-DF. Formation of 

different type of protein adducts of 5-OH-DF may provide an explanation for its strong 

immune activation in test animals and it could be relevant to idiosyncratic toxicity of DF in 

humans (41).  

 

In addition to p-benzoquinone imine adducts, bioactivation of DF by CYP102A1M11H in 

presence of GST P1-1 also resulted in cysteine adducts of DF o-imine methide and of a 

putative DF radical cation (chapter 3). However, only p-benzoquinone imine adducts were 

detected when GST P1-1 in mini-dialysis tubes was exposed to P450-dependent RMs of DF in 

chapter 4. We concluded that DF o-imine methide and the DF radical cation are presumably 

too short-lived to translocate across the semi-permeable membrane of the dialysis tube. The life 

time of the RMs of DF most-likely also has a strong influence on protein adduction in vivo and 

therefore might be relevant to DF toxicity.  

 

The role of glutathione-S-transferases in catalyzing GSH conjugation of reactive drug 

metabolites 

Human GSTs have been shown to catalyze GSH conjugation of RMs of several drugs (18, 24). 

Patients with polymorphisms in these enzymes may therefore be at increased risk for IADRs. 

In case of tacrine and TGZ, a significant association was observed between the combined GST 

M1 and GST T1 null genotype and susceptibility to (mild) hepatotoxicity (42, 43). The 

importance of GST M1-1 in the detoxification of RMs of TGZ was subsequently shown by 

addition of recombinant cytosolic GSTs to microsomal incubations of TGZ (17). In chapter 5 

of this thesis, we demonstrated that human GST A1-1, M1-1 and P1-1 catalyzed GSH 

conjugation of the nitrenium ion of CLZ and altered the regioselectivity of the GSH 

conjugation. These in vitro experiments suggest that GSTs also play an important role in the 

detoxification of the CLZ nitrenium ion. Future studies may investigate the in vivo relevance of 

these findings by analyzing whether GST polymorphisms are more prevalent in CLZ-treated 
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patients experiencing agranulocytosis than in patients without toxicity.  

 

In chapter 5, only the dominant GST P1-1 variant (ile-104, ala-113) was evaluated for its 

ability to increase GSH conjugation of the CLZ nitrenium ion. Previous work showed that 

polymorphic variants of GST P1-1, which result from amino acid substitutions at position 104 

and 113 (44), have differential catalytic activities toward diol epoxides of polycyclic aromatic 

hydrocarbons (45). Therefore, these polymorphic variants may also be tested for their ability to 

inactivate RMs resulting from the in vitro bioactivation of drugs by cytochrome P450s, which 

may shed light on the potential involvement of GST P1-1 polymorphisms in IADRs.  

While GST P1-1 can be found in many tissues of the human body it is only expressed at low 

level in the liver (46), which is the primary site of drug metabolism and an important target 

organ for IADRs. GST A1-1, A2-2 and M1-1 appear the most abundant GSTs in human liver 

(46, 47). Chapter 5 describes the role of only four cytosolic GSTs (A1-1, M1-1, P1-1 and T1-

1) in catalyzing GSH conjugation of the nitrenium ion of CLZ. Therefore, future studies may 

investigate the involvement of other (abundant) cytosolic GSTs (e.g. GST A2-2) in the 

detoxification of reactive intermediates of drugs associated with IADRs.  

 

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

of DF (DDF-SG). Based on our findings, we proposed that DF is subject to non-enzymatic 

heme-dependent one-electron oxidation. The resulting nitrogen-centered radical cation of DF 

may then undergo a GST P1-1-catalyzed substitution reaction in which one chlorine atom is 

replaced by GSH. However, further studies are needed to obtain unambiguous evidence for the 

involvement of a DF radical cation. A start would be to investigate whether supplementing DF 

incubations with spin traps (e.g. 5,5-dimethylpyrroline N-oxide) decreases formation of DDF-

SG. In previous work, nitrogen centered radicals have also been detected by electron spin 

resonance spectroscopy (48). This approach may also be applied to detect the free radical of 

DF. For this experiment, bioactivation of DF may be performed with horseradish peroxidase, 

since this enzyme showed high activity for the bioactivation route resulting in DDF-SG and it 

does not form other DF metabolites.  

 

In summary, adverse and idiosyncratic adverse drug toxicities are of major concern to the 

pharmaceutical industry because of potentially very serious implications for patients. Covalent 
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modification of proteins by reactive drug metabolites appears to play an important role in the 

onset of many ADRs and IADRs. At present, however, there exist no accepted pre-clinical 

models to predict idiosyncratic toxicity and the biological effects of covalent protein binding 

are still poorly understood. The work described in the present thesis provides various new tools 

both for the formation and the characterization of drug-modified proteins resulting from 

bioactivation by cytochrome P450s. The methodologies presented may be used to investigate 

the nucleophilic selectivity of RMs of drugs, and they might be applicable for the preparation 

of drug-modified proteins in support of biomonitoring or mechanistic studies.  

 

The results described in the present thesis also demonstrate the importance of GSTs in 

catalyzing the GSH conjugation of RMs of drugs associated with ADRs and IADRs. These in 

vitro studies may provide a mechanistic understanding for those drugs for which genetic 

polymorphisms in GSTs have been found to be risk factors for adverse and idiosyncratic 

adverse toxicities. Development and application of new in vitro tools to study covalent binding 

of reactive drug metabolites to small nucleophiles (i.e. GSH) and to proteins, as described in 

the present thesis, will facilitate the selection of drug candidates which are less likely to result 

in adverse and idiosyncratic adverse drug toxicity.   
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