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SUMMARY, CONCLUSIONS AND PERSPECTIVES
Part I: introduction
The occurrence of adverse drug reactions (ADRs) is a major cause of drug failure during drug
development and clinical use (1). Especially rare but severe idiosyncratic adverse drug reactions
(IDRs) are difficult to predict. Formation of chemically reactive metabolites (CRMs) is believed to
play a pivotal role in these ADRs and IDRs (2). The interplay between the formation and possible
bio-inactivation will determine the fate of CRMs: their ability to exert cellular toxicity by covalently
modifying macromolecules such as proteins and nucleic acids (3). Knowledge of the different
pathways involved in drug biotransformation may therefore lead to improved understanding of the
mechanisms underlying these adverse events and possibly aid the prediction of ADRs and IDRs
and the development of personalized medicine (4). The general aim of this thesis was to study the
interplay of phase I and phase II drug metabolizing enzymes and possible subsequent effects on drug
toxicity, both intracellularly (using genetically engineered S.cerevisiae as a cellular model system)
and extracellularly (using isolated, individual drug metabolizing enzymes).
Chapter 1 starts out by briefly describing the current understanding of the involvement of CRM
in ADRs and IDRs. The four phases of drug metabolism and transport are discussed, because their
combined function (e.g. the balance of bioactivation, inactivation and active transport) ultimately
dictates the exposure of the body to CRMs. Three specific enzyme families are described in
more detail: cytochrome P450 (CYP), NADPH:quinone oxidoreductase (NQO) and glutathione
S-transferase (GST). Their possible role(s) in drug bioactivation and/or detoxification, genetic
polymorphisms and subsequent effects on CRM formation are summarized.
To continue, chapter 1 gives an overview of various in vitro systems that may be used to study
drug metabolism and toxicity. As with any model, convenience of the described models usually
come at a price: cellular models that are easily applicable have limited predictability, whereas more
complex systems usually better resemble the in vivo situation. Though human liver tissue would
be ideal in many situations to study the effects of drug metabolism, it is not readily available and
control studies require metabolically incompetent cells or the use of chemical inhibitors of drug
metabolizing enzymes which may also interfere with other cellular processes. Several alternative
in vitro models are presented, including extracellular bioactivation, genetically engineered cells,
and in silico models to extrapolate in vitro data to in vivo exposure of human tissues to CRMs.
Experimental models used to study the interplay between enzymatic bioactivation, detoxification
and transport in drug toxicity are rather limited, but some are described to illustrate the aim of
this thesis: to study the interplay of phase I and phase II drug metabolizing enzymes and possible
subsequent effects on drug toxicity.
Part II: yeast as a cellular model to study drug metabolism and metabolism-related toxicity
In part II of this thesis we set out to develop a simple, genetically modified and cost-effective cellular
model to study metabolism-related drug toxicity, and for several reasons described in chapter 1
the baker’s yeast Saccharomyces cerevisiae was chosen. In chapter 2, we report the galactose154
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inducible expression of mutants of the bacterial CYP BM3 in yeast. The mutant (BM3 M11) was
previously engineered to mimic the human metabolism of a broad range of drugs at high catalytic
rate (5, 6). Diclofenac (DF), a non-steroidal anti-inflammatory drug (NSAID) known to be involved
in hepatotoxicity related to oxidative metabolism by CYP, was chosen as a model drug. Exposure
of yeast cells expressing BM3 M11 to DF yielded the major human-relevant 4’-hydroxydiclofenac.
Toxicity of DF in yeast was assessed by measuring both growth inhibition and the formation of
reactive oxygen species. Both parameters were significantly increased by expression of BM3 M11
compared to the control strain without BM3 M11, indicating that indeed CYP-mediated metabolism
of DF increases cellular toxicity. Later studies showed that mitochondrial dysfunction was involved
in the observed DF-induced ROS formation (7).
Further oxidation of the primary 4’- and 5-hydroxydiclofenac metabolites is known to yield reactive
quinoneimines (QIs) believed to play a crucial role in DF toxicity in man. Interestingly direct
exposure of BM3 M11 expressing yeast to these hydroxydiclofenac metabolites did not result in
toxicity while their cellular uptake was confirmed. This indicates that in yeast other CYP-dependent
reactive metabolites of DF might to be involved in toxicity. However the QI metabolites of DF are
known to form protein adducts which may induce an immune response leading to toxicity (8); such
immune-mediated reactions would not be identified in a yeast model.
In chapter 3, a yeast strain similar to the model described in chapter 2 was developed to coexpress several individual human GSTs in order to study the potential catalytic interplay between
CYP-mediated bioactivation of drugs into CRMs and subsequent GST-catalysed conjugation of the
CRMs to glutathione (GSH). Three human GST isoforms (A1-1, M1-1 and P1-1) were expressed in
yeast, both alone and in combination with the BM3 M11 mutant by using two types of constitutively
active expression vectors with different selective markers. To test this novel yeast model system
clozapine (CLZ), an antipsychotic drug associated with severe ADRs including life-threatening
agranulocytosis, was chosen as a test compound. CLZ is converted by CYP into a stable clozapineN-oxide and N-desmethylclozapine metabolite. Moreover, CYP-dependent formation of a reactive
nitrenium ion intermediate results in various GSH-conjugates. This latter GSH-conjugation yields a
range of regioselective GSH-conjugates depending on the GST isoform present (9).
When exposed to CLZ the yeast strains expressing both BM3 M11 and human GSTA1-1, GSTM11 or P1-1 resulted in the intracellular formation of all expected human-relevant GSH-conjugates
as was confirmed by LC-MS analysis. Treatment of the BM3 M11 control strain without human
GST resulted in a dose-dependent inhibition of growth and increased formation of ROS, both
significantly stronger compared to CLZ treated wild-type cells without BM3 M11. Co-expression of
hGSTP1-1 protected yeast from BM3 M11 induced growth inhibition in presence of CLZ, whereas
similar expression levels of hGSTA1-1 and hGSTM1-1 did not. However ROS formation was not
lowered by hGSTP1-1 co-expression. Although this might suggest that the protection of GSTP1-1
against growth inhibition is unrelated to the amount of intracellular ROS, it does not necessarily
imply that P1-1 has no part in the defence against oxidative stress at all. As described in chapter
1, in response to reactive oxygen and nitrogen species GSTP1-1 has been shown to significantly
155
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enhance S-glutathionylation of proteins, both in vitro as well as in vivo (10). This post-translational
modification of reactive cysteine residues in proteins can protect them from further oxidative damage.
As CLZ is known to cause oxidation of various proteins in mammalian cells (11), S-glutathionylation
could play a role in the protection against CLZ toxicity. Moreover S-glutathionylation of reactive
cysteine residues may possibly reduce covalent binding of the reactive CLZ nitrenium ion. Although
human GSTP1-1 has four known allelic variants, differences in the GSH-conjugation of CLZ are
small (12). Possible in vivo effects of genetic polymorphisms of GSTP1-1 are therefore unlikely to
influence the exposure of the body to the reactive CLZ nitrenium ion, although these polymorphic
forms could perhaps affect protein S-glutathionylation as well.
By using a respiratory deficient yeast strain previously used to identify the source of ROS formation
of DF observed in chapter 2 (7), we showed that CLZ-induced formation of ROS was unrelated
to mitochondrial electron transport chain (mETC) activity. These findings are in line with previous
studies in mammalian cells (13, 14). While oxidative phosphorylation in the mETC is a major
source of ROS in the cell, other potential origins are diverse oxidases such as NADPH oxidase,
5-lipoxygenenase and fatty acid oxidase (15). We hypothesized that peroxisomal beta-oxidation
might be an alternative source of CLZ-induced ROS, and we studied a selected panel of deletion
strains (unpublished results). Preliminary results indicated a role for the Fox1p protein, orthologous
to the human acyl-CoA oxidase 1 (16), and the Pxa1p and Pxa2p subunits, MDR like proteins that
are yeast orthologues of the human Pmp70 and ALDp-like peroxisomal transporters (17). Deletion
of the FOX1, PXA1 and PXA2 genes lead to a clear reduction of ROS, and FOX1 deletion offered
partial protection against CLZ-induced growth inhibition. These investigations point towards a
possible human target involved in CLZ toxicity that can subsequently be studied in more complex
mammalian cell systems, and might even aid the development of patient-tailored pharmacotherapy
to prevent CLZ-associated ADRs.
The yeast model presented in chapter 3 is to our knowledge the first example combining both
CYP bioactivation with human GST catalysed conjugation to study the effects of their catalytic
interplay on the toxicity of drugs known to form electrophilic reactive metabolites. Yeast has little
endogenous drug metabolizing potential as is briefly described in chapter 1. Therefore this model
provides a ‘clean’ metabolic background in which only the metabolic pathways of interest can be
added by expressing combinations of specific drug metabolizing enzymes, making mechanistic
elucidation of effects of an interplay between these enzymatic routes less complex compared to
mammalian cell lines.
In general, complete collections of viable yeast gene-deletion strains are available and may serve as
cost-effective tools for the high-throughput identification of potential off-targets involved in drug
toxicity, especially considering the considerable homology between yeast and human disease genes
(18, 19). Existing gene-deletion strains can easily be exposed to a drug of interest or its stable
metabolites. As for CLZ it would be interesting to see whether the GSH-conjugates themselves
are toxic. Somewhat contrary to expectations based on incubations using isolated enzymes
(9), the expression of human GSTs in yeast did not clearly increase the total amount of cellular
156
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GSH-conjugates. Instead, survival of the GSTP1-1 strain might be the result of the significantly
altered regioselectivity of GSH-conjugation. GSTP1-1 mainly catalyses the formation of the C-8
glutathionyl deschloroclozapine, more readily degraded to the corresponding cysteine conjugate
compared to other spontaneously formed non-dechlorinated GSH-conjugates. Whereas the chemical
synthesis of regioselective GSH-conjugates is difficult, the use of our BM3 M11-GST co-expressing
yeast strains may potentially be used as tools for whole-cell biosynthesis of such complex drug
metabolites (as is described in chapter 6). However CRMs may require intracellular formation in
closer proximity to their cellular target; a BM3 M11 expressing deletion strain collection could be
generated instead by using techniques like synthetic genetic array analysis (20).
Part III: formation and detoxification of (reactive) drug metabolites using recombinant
enzymes
Part III of this thesis focusses on the formation and detoxification of drug metabolites by using
isolated enzymes rather than using yeast cell lines expressing the enzymes intracellularly. Chapter
4 presents an in vitro approach to assess the potential of human NQO1 to detoxify reactive QI drug
metabolites by two-electron reduction. Based on previously reported reduction of NAPQI (21), the
hepatotoxic metabolite of paracetamol (APAP), we hypothesized that secondary QI metabolites of
the NSAIDs DF and mefenamic acid (MFA) could be substrates for NQO1. APAP and the 4’- and
5-hydroxy-metabolites of DF and MFA were incubated with purified recombinant BM3 M11 to
generate their corresponding reactive QI metabolites suspected to play a role in ADRs of these three
drugs. The QI metabolites were trapped by spontaneous conjugation to GSH and analysed by LCMS. Addition of recombinant expressed human NQO1 showed a strong reduction in the formation
of the GSH-conjugates originating from both NSAIDs, reflecting the reduction of the QI metabolites
by NQO1. This effect could be prevented by inhibiting NQO1 with dicoumarol. The effectiveness
of NQO1 reduction was further studied by investigating the interplay with a third enzyme: human
GSTP1-1. GSTP1-1 drastically increased the yield of all GSH-conjugates, but NQO1 could very
effectively compete with this GST-catalysed GSH conjugation.
Using enzyme concentrations estimated to resemble in vivo liver tissue, results from chapter 4
indicate an interplay between GST- and NQO1-catalysed detoxification of the QIs of APAP, DF and
MFA formed by CYP-mediated bioactivation. One of the known polymorphic alleles, NQO1*2,
results virtually in a complete lack of activity and has a high allelic frequency of up to 50% in certain
ethnicities. Such differences in NQO1 activity may predispose individuals with a limited ability
to reduce reactive QI metabolites which may in turn alternatively conjugate to GSH, but could
potentially also adduct to proteins or undergo one-electron reduction to form a semiquinone-type
radical ultimately leading to redox-cycling and ROS production (22). Cellular expression levels of
metabolic enzymes like NQO1 and GSTP1-1 will however most likely not be static during drug
exposure but are dynamically controlled by signalling pathways such as the Nrf2/Keap1 pathway
described in chapter 1 (23). The Nrf2/Keap1 pathway is known to induce the expression of various
detoxifying enzymes, including NQO1 and GSTs, e.g. upon chemical and oxidative stress. Together,
the catalytic activity and dynamic expression levels of these enzymes may significantly influence the
157
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cellular exposure to a CRM, as is depicted in figure 1. Mammalian cellular studies should preferably
be performed to assess the true potency of NQO1 compared to GSH-conjugation in vivo e.g. by
using siRNA methods to study toxicological effects of known NQO1 polymorphisms upon treatment
with APAP, DF and MFA. Moreover, genotyping of patients could reveal if the NQO1*2 allele
correlates to an increased risk in the development of idiosyncratic DF and MFA toxicity.

Figure 1. Interplay between different drug metabolizing enzymes studied in this work (CYP, NQO1 and GST), transport and
the Nrf2-pathway, together believed to determine the fate of CRMs in the cell. The intracellular drug concentration depends
on passive diffusion and possibly active transport. Once inside, the drug may undergo CYP-mediated bioactivation towards
the CRM, or possibly form stable sulfate- or glucuronide-conjugates. Cellular exposure to CRMs, and therefore the risk of
ADRs and IDRs, will depend on the balance between CYP bioactivation, NQO1-catalysed reduction and GST-mediated
conjugation to GSH. CRMs are likely to induce the Nrf2 signalling pathway, in turn resulting in increased expression of many
detoxifying proteins. CRM, chemically reactive metabolite; CYP, cytochrome P450; SULT, sulfotransferase; UGT, uridine
5’-triphosphate glucuronosyltransferases; NQO1, NADPH:quinone oxidoreductase; GST, glutathione S-transferase; Transp.,
transporter protein (e.g. ABC- or SLC-proteins); MRP, multidrug resistance protein (ABC-transporter).
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Interestingly, previously the Lot6 quinone reductase protein was identified in yeast as an orthologue
to human NQO1 (24). It might thus be worthwhile to transform the yeast BM3 M11–GST coexpression system described in chapter 3 in a LOT6 deletion strain and test whether toxicity by
reactive QI metabolites formed by BM3 M11 is indeed increased in absence of this NQO1-like
enzyme, especially since direct exposure of yeast to 4’- and 5-hydroxydiclofenac does not inhibit
growth or induce ROS production (chapter 2), which might be due to efficient cellular protection
towards the QI metabolites by the endogenous Lot6 quinone reductase.
Previously, enzyme kinetic parameters of APAP bioactivation by human CYPs and of NAPQI GSHconjugation by human GSTs were determined. These were used to build an intracellular toxicokinetic
model within the Dutch Assuring Safety without Animal Testing (ASAT) program. Preliminary
results of this in silico model combining literature data with experimentally determined kinetic
parameters of the major metabolic pathways of APAP did however result in the over-prediction
of NAPQI-derived GSH-conjugates compared to concentrations reported in vivo (Proost et al.,
unpublished results; 25). The model may be refined by introducing the NQO1 pathway, which would
lead to a decrease of free NAPQI available for GSH conjugation. However, this would also require
the experimental determination of kinetic parameters for the NQO1 catalysed reduction of NAPQI.
In chapter 5 we screened a library of 39 bacterial CYP BM3 mutants, designed to metabolize drugs
at high catalytic rate, for their ability to bioactivate the anticancer drugs cyclophosphamide (CPA)
and ifosfamide (IFA). While 4-hydroxylation of these drugs yields DNA-alkylating and cytotoxic
metabolites crucial for the pharmacotherapeutic effect, N-dechloroethylation results in the formation
of neuro- and nephrotoxic byproducts (26). We identified two BM3 mutants (M11 and M11 L437S)
that showed very high 4-hydroxylation activity and only minimal N-dechloroethylation. However,
after a high initial 4-hydroxylation activity, a second much slower linear phase of product formation
was observed. This biphasic behaviour should be further studied in (mammalian) cells in order
to assess whether this is still observed in a cellular model. Remarkably, during the initial rapid
bioactivation the catalytic efficiency (Vmax/KM) was up to 280-fold higher compared to hCYP2B6
mainly responsible CPA and IFA bioactivation in vivo, the highest rate reported to date for this
reaction. We therefore propose these BM3 mutants to be tested in a CYP-based gene-directed
enzyme prodrug therapy (GDEPT) ensuring highly efficient, local bioactivation of CPA and IFA in
targeted tissues with minimal N-dechloroethylation, thereby minimizing ADRs in healthy tissue. In
addition, we showed the potential of isolated bacterial CYP BM3 mutants as a tool for extracellular
bioactivation in drug toxicity studies. Bioactivation of CPA and IFA by purified BM3 mutants in
the culture medium of U2OS cells lead to a dose-dependent increase in cytotoxicity. This novel use
of CYP BM3 serves as a clean and catalytically efficient alternative to crude mixtures of metabolic
enzymes such as the frequently used liver S9 fraction in studying CYP-dependent drug toxicity.
Amongst the various human-relevant metabolites formed by incubation of CPA with BM3 M11
and BM3 M11 L437S, a GSH-conjugate was detected. The role of human GSTs in the formation of
CPA-derived GSH-conjugates has previously been studied (27). Since a highly active bioactivation
procedure for CPA and IFA is now readily available, this may aid the further investigation of possible
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interplay with subsequent GST-catalysed GSH conjugation, and possibly the effect of genetic
polymorphisms of human GSTs herein.
In chapter 6, we evaluated the use of yeast and bacterial Escherichia coli cells expressing CYP BM3
mutants for whole-cell biosynthesis of drug metabolites. First, a panel of drug metabolizing BM3
mutants was screened for their stereoselective hydroxylation of the steroid norethisterone (NET).
Both resting cells and growing cultures expressing a selected mutant (BM3 M02) were incubated
with NET, and the metabolites were extracted from the cells over time during the incubation. We
showed that yeast could successfully be used for whole-cell biosynthesis of NET metabolites (up
to 10% substrate conversion), although resting E.coli cells were more efficient due to much higher
expression levels of CYP BM3 resulting in high product yields (0.3 g/L 15β-hydroxy-NET and 0.16
g/L 16β-hydroxy-NET) in a laboratory-scale fermentor.
Chemical synthesis of stereo- and regioselective drug metabolites is often difficult and costly. The
whole-cell biosynthesis approach presented in chapter 6 does not require the addition of expensive
cofactors as these are endogenously available, which is a significant benefit compared to the use
of isolated enzymes. The method could be used to generate complex stable metabolites and to
study their cellular toxicity by administering them directly into the culture medium. As described
in chapter 3, we developed yeast strains co-expressing BM3 M11 (able to bioactivate a range of
structurally diverse drugs at high catalytic rate) with three human GST isoforms. These strains may
potentially be used as whole-cell bioreactors for the generation of regioselective GSH-conjugates
derived from CRMs such as the CLZ nitrenium ion. In addition large-scale synthesis of such special
metabolites may aid their structural elucidation and serve as analytical standards in drug toxicity
studies or can be used as novel lead compounds during the drug discovery and development process.

FINAL CONCLUSIONS AND PERSPECTIVES
ADRs and IDRs are an important cause of drug failure during discovery and development and in
the clinic, and are often believed to be the result of drug metabolism leading to CRMs. The balance
between bioactivation, detoxification and active transport of such CRMs will ultimately define the
toxicological outcome in vivo. The general objective of this thesis was to study the interplay of phase
I and phase II drug metabolizing enzymes and possible subsequent effects on drug toxicity. Firstly,
we set out to genetically engineer the yeast S.cerevisiae as a cellular model system to study P450mediated bioactivation of drugs into CRMs, either alone or combined with subsequent protective
GST-catalysed detoxification, both intracellularly. Secondly, we were to use isolated enzymes to
study drug bioactivation and inactivation pathways and their possible interplay outside of the cell,
i.e. extracellularly.
Though human liver tissue would be ideal it is still not readily available for research purposes.
Immortalized cell lines offer an alternative, but the expression of drug metabolizing enzymes is
usually low and poorly characterized and readily declines in culture. Hepatocyte-like cells derived
from human stem cells offer several opportunities in drug toxicity testing, but their ability to
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metabolize drugs does generally not reflect that of adult human hepatocytes and they lack phenotypic
stability in culture (28, 29).
After a general introduction in part I of this thesis, part II describes the creation of a cellular yeast
model reconstituting CYP and GST metabolism. Using this model we were able to successfully mimic
CLZ metabolism in yeast and to study the effects of the interplay between CYP-mediated formation
of the reactive CLZ nitrenium ion and subsequent regioselective GSH-conjugation catalysed by
human GST isoforms. Combining this co-expression system with a yeast deletion strain collection
potentially would provide a cost-effective and unique tool suitable for the high-throughput screening
of possible off-targets involved in the toxicity due to CRMs of drugs, revealing possible mechanisms
of drug toxicity. NSAIDs, widely used in the treatment of pain and inflammation but associated with
serious ADRs, are a particularly interesting class of drugs to study in more detail in this in vitro yeast
system because these drugs are known to induce metabolism-related toxicity in yeast (30). In all, our
co-expression yeast model system may be an interesting and useful additional tool in studying drug
metabolism and drug toxicity, although results always remain to be validated in mammalian cells in
a later stage when human relevance is aimed at.
Part III focussed on studying the catalytic role of multiple drug metabolizing enzymes in the
formation and detoxification of chemically reactive drug metabolites. We have identified a
novel human NQO1-mediated reduction pathway of QI intermediates derived by CYP-mediated
metabolism of hydroxylated NSAID metabolites, and confirmed a catalytic role of NQO1. We also
showed that this NQO1-mediated reduction was very effective, even compared to GST-catalysed
GSH-conjugation of the QI metabolites derived from these NSAIDs. Considering the high frequency
of the almost completely inactive NQO1*2 allele, these results could imply that individuals carrying
the *2 allele are predisposed to increased exposure to toxic QI drug metabolites. Moreover, we have
identified highly active BM3 mutants for the bioactivation of CPA and IFA, which may be used
to develop improved GDEPT strategies with decreased ADRs. Since these mutants can be used
for a highly active bioactivation procedure for CPA and IFA, this may also aid the investigation
of possible interplay with detoxification pathways that may lead to drug resistance (such as GSTcatalysed GSH conjugation), a commonly encountered problem in anticancer therapy.
Throughout this thesis, we have used bacterial CYP BM3 mutants as a versatile model CYP in the
bioactivation of structurally diverse drugs into their corresponding reactive metabolites, both as
isolated enzymes and as intracellularly expressed enzymes. In addition, we illustrated the use of
purified BM3 protein as a novel enzyme source for extracellular bioactivation in cell culture studies,
alternative to e.g. liver S9 mixtures that show a lot of interfering metabolic background activity.
Cells expressing these BM3 mutants, either alone or in combination with other drug metabolizing
enzymes such as GSTs, can be used as a tool for the efficient whole-cell biosynthesis of complex
drug metabolites (such as GSH-conjugates) that are valuable in the drug discovery process as lead
compounds or reference standards, but can also be used to study their cellular toxicity. Whether
formed by extracellular bioactivation by BM3, or formed by whole-cell biosynthesis, exposure of
cell lines to these metabolites could be very useful in signalling their potential toxicity or in the
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elucidation of the mechanisms involved in toxicity of these metabolites.
The in vitro approaches described in this thesis can help to identify enzymes that are able to modulate
the formation or detoxification of reactive metabolites. Genetic polymorphisms of those enzymes,
especially phenotypes with a severely altered activity (e.g. NQO1*2 allele or the GSTM1 and
GSTT1 null mutations), will lead to interindividual differences in exposure to reactive metabolites
and the subsequent toxicological outcome. Such knowledge facilitates the identification of increased
risk factors for ADRs and IDRs, and allows pharmacotherapy to be tailored to the individual patient,
i.e. personalized medicine.
In summary, we have developed several in vitro approaches to study the CYP-catalysed formation
of chemically reactive drug metabolites and their subsequent role in drug toxicity: e.g. the induction
of cellular toxicity, or the detoxification by secondary enzymes such as human GSTs and NQO1.
Our results show that the catalytic interplay between phase I and phase II biotransformation may
significantly influence the potential exposure of cell systems to reactive drug metabolites, and thus
the risk of ADRs and IDRs. Moreover, the strategies we developed, both based on cellular systems
and on individual isolated enzymes, are highly efficient and useful to elucidate the underlying
mechanisms of bioactivation and bioinactivation and the possible toxicological consequences.
Although the in vivo relevance should always be further investigated in more complex cellular
model systems, these new in vitro approaches may aid the understanding and prediction of the fate
of chemically reactive drug metabolites in the human body.
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