
VU Research Portal

Glutathione-S-transferases: tools and targets for characterization of chemically
reactive drug metabolites
Boerma, J.S.

2013

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Boerma, J. S. (2013). Glutathione-S-transferases: tools and targets for characterization of chemically reactive
drug metabolites. [PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/827eb358-9ada-4993-91d7-9593cd87e9c2


      

 

121 

 

 

Chapter 4 

 

Mini-dialysis tubes as tools to prepare drug-protein adducts 

of cytochrome P450-dependent reactive drug metabolites 

 

 

 

 

Adapted from: Mini-dialysis tubes as tools to prepare drug-protein adducts of 

cytochrome P450-dependent reactive drug metabolites 

Jan Simon Boerma, Naura Elias, Nico P.E. Vermeulen and Jan 

N.M. Commandeur 

Manuscript to be submitted 

 

 

 

 



Chapter 4      

 

122 

 

ABSTRACT 

The modification of critical cellular proteins by reactive metabolites (RMs) resulting from 

P450-dependent drug bioactivation is considered essential to the onset of many idiosyncratic 

drug reactions. In this study, we report a novel method that can be used to prepare and study 

drug-protein adducts. Drug bioactivation by P450s was performed in a small container 

containing a mini-dialysis tube with the model target protein human glutathione-S-transferase 

P1-1 (hGST P1-1), allowing RMs to translocate from P450 to hGST P1-1 via a semi-permeable 

membrane (6-8 kDa). GST P1-1 modification was evaluated by LC-MS analysis of intact 

protein adducts and following digestion of protein with trypsin. As proof of principle, the 

described methodology was first applied to the direct electrophile monochlorobimane. A highly 

active P450 BM3 mutant (CYP102A1M11H) was subsequently used for bioactivation of 

acetaminophen, clozapine, diclofenac (DF) and mefenamic acid (MFA), but hGST P1-1 

adducts were only observed for the latter two drugs. CYP2C9 and CYP3A4, which metabolize 

DF to p-benzoquinone imines, were tested to investigate the applicability of human P450s. 

Finally, it was evaluated whether bioactivation of MFA by human and rat liver microsomes 

resulted in modification of hGST P1-1. The results show that our adduct preparation method 

can be used in combination with membrane-bound P450 bioactivation systems, as long as 

formed RMs have sufficient life-time to reach hGST P1-1 inside the dialysis tube. 

 

INTRODUCTION 

Idiosyncratic adverse drug reactions (IADRs) are rare but very serious adverse reactions that 

have resulted in withdrawal of several marketed drugs. The mechanisms leading to IADRs are 

largely unknown, but bioactivation of drugs to reactive metabolites (RMs) and subsequent 

covalent modification of proteins appear important events in the onset of many IADRs (1). To 

identify compounds with IADR potential, pharmaceutical companies typically evaluate total 

covalent binding to biological material by radiolabeled drug candidates (2). However, total 

covalent binding alone cannot properly distinguish toxic from non-toxic drugs, because high 

levels of covalent binding are also observed for safe drugs (3-5). Therefore, alkylation of 

individual critical proteins by reactive intermediates may be important for toxicity (6). In this 
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respect, it is essential to develop methodologies to evaluate the selectivity of modification of 

individual proteins and to prepare drug-protein adducts for further mechanistic studies. 

Different methods have been applied to prepare drug-protein conjugates. The RMs of some 

drugs can be obtained by a chemical synthesis, which allows incubation of the pure RM with 

the protein of interest. Electrochemistry has also been employed to mimic oxidative drug 

metabolism and prepare drug-modified proteins in absence of biological matrices (7, 8). 

Although high amounts of drug-protein conjugates were generated of drugs activated by 

dehydrogenation (8), electrochemical oxidation cannot mimic all P450 reactions because it 

lacks steric control.  

Therefore, there is a need for approaches that use P450 enzymes to prepare drug-protein 

adducts. Because human P450s have relatively low activity, cytochrome P450 BM3 

(CYP102A1) from Bacillus Megaterium has gained interest as an alternative biocatalyst. 

CYP102A1 is soluble, self-sufficient due a fusion between its reductase and catalytic domain, 

and has the highest activity ever recorded for a P450 (9). By rational and random mutagenesis 

of CYP102A1, drug-metabolizing mutants have been engineered that form human relevant 

RMs in higher amounts than human liver microsomes (HLMs) (10). Purified mutant 

CYP102A1M11H was previously used to prepare protein-adducts of acetaminophen (APAP), 

clozapine (CLZ) and diclofenac (DF) (11, 12). Because this CYP102A1 mutant is his-tagged, 

the P450 can be easily separated from the drug-modified protein by affinity chromatography. 

However, this procedure is not applicable to human P450s, which consist of a complex mixture 

of membrane-bound enzymes. 

Yukinaga and co-workers recently detected APAP and raloxifene protein adducts resulting 

from bioactivation by HLMs and CYP3A4-expressing microsomes (13). Fractionation by 

HPLC was used to isolate the (modified) target protein from the mixture of microsomal 

proteins. Although this procedure significantly improved detection of drug-adducts, 

fractionation by HPLC is time-consuming and the collected target protein might be 

contaminated with co-eluting microsomal proteins.  
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In the present paper, we report an alternative procedure for the preparation of drug-protein 

adducts. The target protein was added to mini-dialysis tubes which were then incubated in 

buffer solution containing drug bioactivation system (Figure 1). Because the dialysis 

membrane (6-8 kDa cut-off) provides a physical barrier between the bioactivation system and 

the target protein, microsomal preparations may be used for bioactivation and target protein 

does not require cleanup post-modification. Human glutathione-S-transferase P1-1 (hGST P1-

1) was selected as model target protein to evaluate this alkylation procedure. Covalent 

modification of the cysteine residues in hGST P1-1 (cys-14, cys-47, cys-101 and cys-169) was 

investigated by analysis of intact and of trypsin digested hGST P1-1 by mass spectrometry. 

Initially, we demonstrated the concept of our method by incubating hGST P1-1 with the direct 

electrophile monochlorobimane (MCB) (Figure 2). It was then determined whether 

bioactivation of APAP, CLZ and DF by CYP102A1M11H resulted in formation of adducts to 

hGST P1-1 in dialysis tubes. CYP2C9 and CYP3A4 catalyze formation of p-benzoquinone 

imines of DF resulting from 4’-hydroxydiclofenac (4’-OH-DF) and 5-hydroxydiclofenac (5-

OH-DF), respectively (14). These enzymes were therefore used to evaluate whether human 

P450s could be used to prepare hGST P1-1 adducts. Finally, it was investigated whether hGST 

P1-1 adducts could be detected in incubations of CYP102A1M11H and liver microsomes with 

mefenamic acid (MFA), a nonsteroidal anti-inflammatory drug which is associated with liver 

and renal injury (15, 16). Previously, GSH conjugates resulting from oxidative metabolism of 

MFA have been observed (17, 18). Corresponding protein adducts have not yet been studied. 

 

 

 

 

 

Figure 1: Schematic representation of the protein alkylation procedure applied in the present 

study. A dialysis tube with the target protein is incubated in a solution of drug and the P450 

bioactivation system. Reactive metabolites can migrate freely through the semi-permeable 

membrane (6-8 kDa MWCO) to form adducts to the target protein. 
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Figure 2: Structure of the electrophile monochlorobimane and of all drugs used in the present 

study. Ring numbers are shown for diclofenac and mefenamic acid. 

 

 

MATERIALS AND METHODS 

Materials 

Mini dialysis tubes (GeBAflex; volume 250 µL) were obtained from Generon (Maidenhead, 

UK). 4’-OH-DF and 5-OH-DF were from Toronto Research Chemicals (North York, Canada). 

The compounds MCB, APAP, DF (sodium salt), and MFA were bought from Sigma 

(Steinheim, Germany), whereas CLZ was from Duchefa Farma (Haarlem, The Netherlands). 

Sequencing grade modified trypsin was from Promega (Madison, USA). All other reagents 

were from standard suppliers and of analytical grade. 



Chapter 4      

 

126 

 

Enzyme expression 

The expression of hGST P1-1 and its purification by GSH-affinity chromatography was 

performed as described previously (19). Recombinant human CYP3A4 and CYP2C9 were co-

expressed with human NADPH cytochrome P450 reductase in E. coli DH5α cells. Isolation of 

membranes was conducted according a previously described procedure (20). CYP102A1M11H 

was expressed and purified by nickel affinity chromatography as reported elsewhere (10).  

 

Modification of human glutathione-S-transferase P1-1 by monochlorobimane 

Incubations were conducted in glass scintillation vials containing 10 mL 0.1 M potassium 

phosphate (KPi) buffer at pH 7.4. MCB was added to a final concentration of 250 µM.  After 

washing mini-dialysis according to the manufacturer’s guidelines, tubes were filled with 180 

µL 35 µM hGST P1-1 and placed in the incubation mixture. Reactions were performed in the 

dark on a magnetic stirring plate at room temperature and quenched after 18 h by addition of 4 

mM GSH. Samples were analyzed directly by LC-MS (TOF) or digested with trypsin prior to 

LC-MS/MS (Q-TOF) analysis. 

 

Bioactivation of drugs by cytochrome P450 enzymes in presence of human glutathione-S-

transferase P1-1 

Reactions (10-mL) were performed in glass scintillation vials in 0.1 M KPi buffer at pH 7.4. 

APAP, CLZ and DF were incubated at 1 mM final concentration. MFA and the 

monohydroxylated DF metabolites were incubated at 500 µM and 50 µM, respectively. All 

incubations were conducted with 250 nM P450 or with 2 mg/mL microsomes. In case of 

incubations of DF or its monohydroxylated metabolites with CYP102A1M11H, superoxide 

dismutase (10 U/mL) was added to prevent further oxygenation of protein adducts by reactive 

oxygen species (12). Reactions were started by the addition of NADPH regenerating system 

(final concentration: 50 µM NADPH, 2.5 mM glucose-6-phosphate, 0.5 U/mL glucose-6-

phosphate dehydrogenase). Mini dialysis tubes, pre-rinsed according the manufacturer’s 

instructions, were filled with 180 µL 35 µM hGST P1-1 and placed in the incubation mixtures 

(Figure 1). Reactions of CYP102A1M11H were performed on magnetic stirring plates 

incubated at room temperature, whereas hCYPs were incubated in water baths at 37 °C. 

Incubations were terminated after 18 h. In case samples were subsequently subjected to tryptic 

digestion, reactions were quenched with 4 mM GSH and incubated for 15 min.  
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GST P1-1 was then removed from the dialysis tubes and prepared for LC-MS/MS (Q-TOF) 

analysis as described below. In case of intact protein analysis by LC-MS (TOF), quenching of 

reactions with GSH resulted in strong signals corresponding to GSH-modified hGST P1-1. 

Because of interference of these signals (+305.3 Da) with that of drug-modified hGST P1-1 

(i.e. +310.1 Da), reactions were terminated by addition of 15 mM ascorbic acid and subsequent 

incubation for 15 min.  

 

To investigate why the CYP102A1M11H-catalyzed p-benzoquinone imine of 4’-OH-DF 

readily adducts to GSH but does not show detectable hGST P1-1 modification, protein 

alkylation experiments were also performed using a previously reported adduct preparation 

procedure (12). Incubations were performed in presence of superoxide dismutase (100 U/mL) 

and allowed to proceed for 20 h. Following removal of CYP102A1M11H by affinity 

chromatography, samples were incubated with 15 mM ascorbic acid for 15 min and analyzed 

by LC-MS (TOF). 

 

Preparation of tryptic digests of covalently modified human glutathione-S-transferase 

P1-1  

To prevent autoxidation during sample work-up, drug-modified hGST P1-1 was incubated with 

4 mM ascorbic acid at room temperature for 15 min. Protein solutions were dried by vacuum 

centrifugation (SpeedVac) and subsequently reconstituted in 200 µL 6 M guanidine-HCL, 3 

mM DTT and 50 mM Tris at pH 8.0. GST P1-1 was denatured for 1 h at 60 °C and then 

incubated in the dark with iodoacetamide (10 mM) for 30 min at room temperature. Salts were 

subsequently removed by gelfiltration using PD MiniTrap G-25 columns (GE healthcare, 

Buckinghamshire, UK). Desalted proteins were dried by centrifugation (SpeedVac) and 

reconstituted in 200 µL 50 mM degassed ammonium bicarbonate containing 5 mM ascorbic 

acid. Due to the strong oxidative properties of MFA adducts, ammonium bicarbonate was 

supplemented with 15 mM ascorbic acid in case of MFA-modified hGST P1-1 samples. 

Tryptic digestion was conducted at 37 °C for 24 h at a ratio of one equivalent of trypsin to 50 

equivalents of hGST P1-1. Digested samples were filtered with 0.2 µM regenerated cellulose 

filters (Phenomenex) and analyzed by LC-MS/MS. 
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LC-MS/MS analysis of tryptic digests of human glutathione-S-transferase P1-1 

Protein digests were analyzed on an Agilent 1200 Series Rapid resolution LC equipped with a 

hybrid Quadrupole-Time-Of-Flight (Q-TOF) Agilent 6520 mass spectrometer (Agilent 

technologies, Waldbronn, Germany). Tryptic peptides were detected by UV at 214 nm and 

subsequently ionized by electrospray ionization. The Q-TOF was operated at a capillary 

voltage of 3500 V with nitrogen as drying gas (10 L/min) and nebulizer gas (pressure 50 psig). 

The gas temperature was 350 °C during operation. MS/MS analysis of peptides was conducted 

at a collision energy voltage of 20 V using nitrogen as the collision gas. Samples (10 µL) were 

chromatographed on a Vydac 218TP54 column (C18, 5 µm, 4.6 mm i.d. x 250 mm) at a flow 

rate of 400 µL/min. The binary gradient consisted of solvent A (98.9% water/1% 

acetonitrile/0.1% formic acid) and solvent B (98.9% acetonitrile/1% water/0.1% formic acid). 

The following gradient was used: a linear increase from 5 - 70% B between 0 and 100 min, 

followed by a further increase to 100% B at 105 min. A plateau at 100% B was maintained till 

110 min. After a rapid decrease to 5% B, the column was allowed to re-equilibrate until 120 

min. Agilent Mass Hunter Workstation software (version B.02.00) was used for data 

acquisition. The mass spectrometer was operated in the positive mode. Data acquisition was 

performed by automated MS/MS analysis. In each cycle, one MS
1
 scan (m/z 100 – 3000) was 

recorded, followed by fragmentation of the three most abundant ions. Only ions with a charge 

of at least +2 were considered for MS
2
 analysis. To increase the probability of fragmentation of 

low abundant peptides, ions selected for MS/MS analysis were excluded for 0.5 min after three 

fragmentation spectra. All obtained MS data was analyzed with the Mass Hunter Qualitative 

Analysis software package (version B.01.03). 

 

Analysis of intact human glutathione-S-transferase P1-1 by LC-MS 

To evaluate adduct formation to undigested hGST P1-1, measurements were conducted on an 

Agilent 1200 series rapid resolution LC equipped with a TOF Agilent 6230 mass spectrometer 

(Agilent technologies, Waldbronn, Germany). Proteins were first analyzed by UV (220 nm) 

and then ionized by electrospray ionization. The mass spectrometer was used at a capillary 

voltage of 3500 V. Nitrogen was utilized as drying gas (12 L/min) and nebulizer gas (pressure 

60 psig). The temperature of the gas was 350 °C during operation. After injection of 25 µL of 

the sample, hGST P1-1 was separated from other analytes on a Vydac 218TP54 column (C18, 
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5 µm, 4.6 mm i.d. x 250 mm). Chromatography was performed at a flow rate of 600 µL/min 

using a gradient composed of solvent A (98% water/1% acetonitrile/1% acetic acid/0.02% 

trifluoroacetic acid) and solvent B (98% acetonitrile/1% water/1% acetic acid/0.02% 

trifluoroacetic acid). The gradient was as follows: from 0 till 18 min a linear increase from 35 – 

45% B, followed by a further increase to 55% B at 23 min. After a plateau at 55% till 30 min, 

solvent B was increased to 65% B at 35 min and then to 90% at 40 min. Following a plateau of 

90% B till 45 min, and rapid decrease to 35% B, the column was allowed to re-equilibrate for 

the next run until 60 min. LC-MS data acquisition was performed with the Mass Hunter 

workstation software (version B.05.01). The mass spectrometer was operated in the positive 

mode and ions of m/z 100 – 3200 were recorded. Data processing and deconvolution by the 

maximum entropy algorithm was performed with the Mass Hunter Qualitative Analysis 

software package (version B.06.00).  

 

RESULTS 

 

Modification of hGST P1-1 by monochlorobimane 

As a positive control for the novel alkylation procedure (Figure 1), dialysis tubes containing 

hGST P1-1 were incubated in phosphate buffer supplemented with the direct electrophile 

MCB. After termination of reactions, MCB-modified hGST P1-1 and non-modified controls 

were directly analyzed by LC-MS. Deconvoluted mass spectra of unmodified hGST P1-1 

showed two peaks with molecular weight of 23356 Da and 23225 Da (Figure 3A). These 

masses correspond to that calculated for wild-type hGST P1-1 with and without the N-terminal 

methionine residue, respectively (21). Complete modification was observed in samples of 

MCB-exposed hGST P1-1 (Figure 3B). The major peak (23927 Da) in these incubations 

represents a trialkylated form of hGST P1-1 containing the initiator methionine (23356 + 3x 

190.2 Da). A minor mass peak (23795 Da) results from three bimane modifications to wild-

type hGST P1-1 (23225 + 3x 190.2 Da).  

 

MCB-modified hGST P1-1 was also digested with trypsin and analyzed by LC-MS/MS. Three 

MCB-adducts to tryptic peptides of hGST P1-1 were identified in LC-UV chromatograms at 

382 nm, which is at the absorption maximum of bimane-thiol conjugates (Supporting 

information Figure S1A) (22). The peptide adducts eluted at 13.5, 27.6 and 39.9 min and 
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appeared to correspond to MCB-modified peptides 101-102, 14-18 and 45-54, respectively. 

Mass spectrometric analysis of MCB-adducted peptide 45-54 showed b-ions consistent with 

cys-47 modification (Figure S1B). MS/MS analysis of the peptide 14-18 and peptide 101-102 

adducts indicated that cys-14 and cys-101 were modified, because the fragment of m/z 223.05 

corresponds to the MCB adduct obtained by cleavage at the thioether linkage [MCB+S-Cl]
+
 

(Figure S1C-D). 

 

 

 

 

 

 

 

 

  

  

Figure 3: Deconvoluted mass spectra of intact GST P1-1 after LC-MS analysis in the positive 

ion mode. Panel A: unmodified GST P1-1. Panel B: GST P1-1 after exposure to 

monochlorobimane. 

 

Bioactivation of acetaminophen, clozapine and diclofenac by CYP102A1M11H in 

presence of hGST P1-1 

Subsequently, it was investigated whether hGST P1-1 inside dialysis tubes was modified when 

reactive drug metabolites were produced by P450s in the surrounding buffer solution. 

Previously, bioactivation of APAP and CLZ by CYP102A1M11H in presence of hGST P1-1 

resulted in adduction of cys-47 of hGST P1-1 by N-acetyl-p-benzoquinone imine and the CLZ 

nitrenium ion, respectively (11, 23). However, no APAP and CLZ adducts to cys-47 of hGST 

P1-1 were detected when these drugs were tested in the current alkylation procedure. 
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Apparently, the RMs of APAP and CLZ are too short-lived to allow for significant 

modification of hGST P1-1 inside the dialysis tube. After exposure of hGST P1-1 to RMs of 

DF resulting from bioactivation by CYP102A1M11H, the intact hGST P1-1 was analyzed by 

mass spectrometry to investigate formation of DF-modified enzyme (Figure S2). By 

comparison of the deconvoluted mass spectra of DF-modified with that of unmodified hGST 

P1-1, a low abundant peak at 23665 Da was identified as DF-modified protein. This mass peak 

can be rationalized as hGST P1-1 (23356 Da) alkylated by a p-benzoquinone imine of DF 

(+310.1 Da). No other protein adducts of significant intensity were observed.  

 

To further evaluate adduct formation to hGST P1-1, trypsin digests of DF-adducted protein 

were prepared and analyzed by LC-MS/MS. Table 1 shows that in total 7 adducts of DF were 

observed to tryptic GST P1-1 peptides. These peptide adducts were not observed in control 

incubations performed in absence of NADPH regenerating system or in reactions to which 

hGST P1-1 was added after quenching of RMs with GSH.  

 

Table 1: Summary of the tryptic peptides of GST P1-1 modified by quinone imines of 

diclofenac 

 a
Retention time (Rt). 

b
Possible artefacts formed during tryptic digestion of GST P1-1 adducts 

of diclofenac p-benzoquinone imine. 
c
Not determined (ND). The presence (+) or absence (-) of 

each of the peptide adducts is indicated. 

Peptide adduct characteristics  Compound 

Rt
a (min) Charge, m/z Mass shift 

(Da) 

Adducted 

Peptide 

 DF 5-OH-DF 4’-OH-DF 

CYP102A1M11H       

60.0 2+, 421.65 +309.0 14-18  + + - 

61.0 2+, 694.78 +309.0 45-54  + + - 
65.0 2+, 694.78 +309.0 45-54  + + - 

65.9b 1+, 539.10 +289.0 101-102  + + - 

70.7b 2+, 411.63 +289.0 14-18  + + - 
71.9b 2+, 411.63 +289.0 14-18  + + - 

75.0b 2+, 411.63 +289.0 14-18  + + - 
        

CYP2C9        

56.5 2+, 404.67 +275.0 14-18  +  NDc + 

60.5 2+, 677.80 +275.0 45-54  + ND + 
61.5 2+, 694.78 +309.0 45-54  + ND + 
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Three adducts of the p-benzoquinone imines of DF (+309.0 Da) were observed to tryptic 

peptides of hGST P1-1. Two of these adducts were located to peptide 45-54 (2+, m/z 694.78) 

and eluted at retention time 61.0 and 65.0 min (Figure 4A). A further adduct with mass 

increment of 309.0 Da was located to peptide 14-18 and eluted as doubly charged ion of m/z 

421.65 at 60.0 min. Consistent with previous findings (12), fragmentation of the peptide 14-18 

and peptide 45-54 adducts with mass shift of +309.0 Da showed that the modified residues 

were cys-14 and cys-47, respectively (data not shown). Several peptide adducts of DF with 

mass increment of 289.0 Da were also observed (Table 1). These adducts were found to result 

from further oxidation of p-benzoquinone imine adducts (+309.0 Da) during tryptic digestion 

and were therefore not further investigated (12). To evaluate whether the observed p-

benzoquinone imine adducts resulted via metabolic activation of 4’-OH-DF or 5-OH-DF, 

incubations of CYP102A1M11H were also performed with both monohydroxylated DF 

metabolites individually. In line with previous findings (12), the DF-modified peptides with 

mass increments of 289.0 and 309.0 Da result from the quinone imine from 5-OH-DF (Figure 

4B, Table 1).  

 

 

 

 

 

 

 

Figure 4: Overlay of ion traces of peptide 45-54 of GST P1-1 with mass increment of 309.0 

Da from incubations of CYP102A1M11H with DF (panel A) and its monohydroxylated 

metabolites (panel B). Panel A: Shown ion traces are from full DF incubations (trace 1), 

reactions in which NADPH regenerating system was omitted (trace 2) and from incubations to 

which GST P1-1 was added after quenching with GSH (trace 3). Panel B: Ion traces from 

incubations with 5-OH-DF (trace 1), 4’-OH-DF (trace 2) and DMSO (trace 3). 
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Bioactivation of diclofenac by recombinant human P450s in presence of hGST P1-1 

Metabolic activation of DF was also conducted with recombinant CYP2C9 and CYP3A4 

which were previously found to form p-benzoquinone imines of 4’-OH-DF and 5-OH-DF, 

respectively (14). No hGST P1-1 adducts of p-benzoquinone imines were found in reactions 

performed with CYP3A4. This might be due to the low activity of this enzyme. When DF 

incubations were performed with CYP2C9, three hGST P1-1 adducts resulting from alkylation 

by RMs of DF were identified (Table 1). Peptide 45-54 with mass shift of +309.0 Da was 

observed as doubly charged ion of m/z 694.78 at 61.5 min. MS/MS analysis showed that the y-

ion series was unmodified till y7 and that y8 was shifted by 309 Da (m/z 1230.49), indicating 

cys-47 is modified. This assignment was confirmed by analysis of b-ions (Figure 5A).  

 

 

 

 

 

 

 

 

 

 

Figure 5: MS/MS analysis of diclofenac adducts to peptide 45-54 of GST P1-1 with mass 

increments of 309.0 Da (panel A) and 275.0 Da  (panel B). Shown GST P1-1 adducts result 

from bioactivation of diclofenac by CYP2C9. 

The two remaining CYP2C9-dependent peptide adducts eluted at 56.5 and 60.5 min and 

corresponded to peptide 14-18 (2+, m/z 404.67) and peptide 45-54 (2+, m/z 677.80) with mass 

increment of 275.0 Da, respectively. This mass shift corresponds to substitution of one of the 

chlorine atoms of DF p-benzoquinone imine and subsequent reduction. Collision-induced 
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fragmentation of m/z 677.80 demonstrated that the modification to peptide 45-54 was located 

at cys-47, because ions corresponding to b3 and y8 were shifted by 275.0 Da (Figure 5B). 

MS/MS analysis of the peptide 14-18 adduct (m/z 404.67) showed that y1 to y4 were 

unmodified, suggesting cys-14 is the alkylated residue. The fragment ion of m/z 290.00 

corresponds to [DF+O+S-Cl]
+
, which provides unambiguous evidence for cys-14 modification 

(Figure S3). 

When reactions of CYP2C9 were performed with 4’-OH-DF, a single peptide 45-54 adduct 

with mass shift of +309.0 Da was observed. The retention time and fragmentation spectrum of 

the modified peptide were identical to that obtained by incubation with DF (Figure 6A), which 

shows that cys-47 alkylation in these reactions results from the p-benzoquinone imine of 4’-

OH-DF. Peptide adducts with mass increment of 275.0 Da may result from chlorine-

substitution to the p-benzoquinone imine of 4’-OH-DF, as was previously shown by GSH 

conjugation (24). Consistent with this, peptide 14-18 and peptide 45-54 adducts with mass shift 

of +275.0 Da were also observed when reactions of CYP2C9 were performed with 4’-OH-DF 

(Figure 6B). 

 

 

 

 

 

 

 

 

Figure 6: Ion traces of peptide 45-54 of GST P1-1 with mass increment of 309.0 Da (Panel A) 

and 275.0 Da (Panel B). Shown traces are from CYP2C9 incubations with diclofenac (trace 1) 

or with 4’-OH-DF (trace 2).   
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Bioactivation of mefenamic acid by CYP102A1 M11H in presence of hGST P1-1 

Recently, we observed that both HLMs and CYP102A1M11H metabolize MFA to 4’-OH-

MFA, which undergoes further activation to a quinone imine metabolite that adducts to GSH 

(Venkataraman et al., manuscript in preparation). Therefore, it was also investigated whether 

hGST P1-1 in dialysis tubes was covalently modified by incubation of MFA with 

CYP102A1M11H. While LC-MS analysis of undigested control samples showed a mass peak 

corresponding to unmodified hGST P1-1 (23355 Da), this peak was strongly decreased in 

hGST P1-1 samples exposed to RMs of MFA (Figure 7). Deconvoluted mass spectra of MFA-

modified hGST P1-1 consisted of a major peak (23610 Da), which results from a single 

modification of a MFA quinone imine (+255.3 Da) to hGST P1-1 (23356 Da). Further mass 

peaks of 23866 Da and 24122 Da most likely correspond to di- and trialkylated hGST P1-1, 

respectively. Although unmodified wild-type hGST P1-1 of 23225 Da was not detected, 

adducted forms of this enzyme were observed in MFA-exposed samples (Figure 7B). The 

peaks of 23478 Da and 23989 Da presumably result from incorporation of respectively one and 

three MFA moieties (+255.3 Da) per enzyme subunit (23225 Da). 

 

 

 

 

 

 

 

 

 

Figure 7: Deconvoluted electrospray ionization mass spectra of GST P1-1 from 

CYP102A1M11H incubations with DMSO (Panel A) and mefenamic acid (Panel B). 
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MFA-modified hGST P1-1 was subsequently digested with trypsin to identify the amino acids 

adducted by p-benzoquinone imine of MFA. In total three MFA adducts with mass shift of 

+255.1 Da were observed, which were located to peptide 14-18, 45-54 and 101-102 of hGST 

P1-1. None of the MFA-peptide adducts was detected when reactions were conducted in 

absence of NADPH regenerating system or when hGST P1-1 was added after termination of 

the incubations with GSH (Figure 8). 

 

In LC-MS/MS, the peptide 45-54 adduct of MFA with mass increment of 255.1 Da was 

detected at 64.3 min as singly, doubly and triply charged ion with m/z value of 1334.64, 667.83 

and 445.55, respectively (Figure 8A). Collision-induced fragmentation of m/z 667.83 showed 

that the y-ion series was unmodified till y7. Because y8 (m/z 921.49) was not observed and 

y8+255.1 Da was detected (m/z 1176.58), the MFA adduct is located to cys-47. This 

assignment was confirmed by analysis of the b-ion series, which showed unmodified b2 and 

modified b3 (m/z 517.17) (Figure 8B).  

 

A MFA-modified peptide (2+, m/z 394.69) eluting at 62.6 min corresponded to peptide 14-18 

of hGST P1-1 with mass increment of 255.1 Da (Figure 8C). MS/MS analysis showed that y1 

to y4 were unmodified, suggesting modification of cys-14 (Figure 8D). Direct evidence for 

modification of cys-14 was obtained from fragments of m/z 288.07 and m/z 272.07, which 

result from cleavage adjacent to the thioether and charge retention on the MFA adduct 

[MFA+O+S-H]
+
 and loss of oxygen from this fragment, respectively. A further MFA-

dependent ion of m/z 256.10 represents the protonated MFA moiety cleaved off from the 

peptide 14-18 adduct. Loss of water from this MFA fragment may account for m/z 238.09. 

 

Peptide 101-102 with mass shift of +255.1 Da was observed as singly and doubly charged ion 

of m/z 505.21 and m/z 253.11, respectively, at a retention time of 54.1 min (Figure 8E). 

Fragmentation of m/z 253.11 provided little information on the dipeptide, but resulted in 

several MFA-specific ions (Figure 8F). The ion of m/z 270.06 is formed by loss of water from 

[MFA+O+S-H]
+
 (m/z 288.07), indicating that cys-101 is the adducted residue. This assignment 

is supported by the finding that y1 (m/z 147.11) is unmodified. 
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Figure 8: Ion traces and MS/MS spectra of p-benzoquinone imine adducts (+255.1 Da) of 

mefenamic acid to tryptic peptides of GST P1-1. Panel A, C and E show ion traces of peptide 

45-54, 14-18 and 101-102, respectively, modified by +255.1 Da. Traces from complete 

reactions of CYP102A1M11H (trace 1), incubations performed in absence of NADPH 

regenerating system (trace 2) and reactions to which GST P1-1 is added after quenching with 

GSH (trace 3) are shown. Panel B, D and F correspond to MS/MS spectra of mefenamic acid 

adducts (+255.1 Da) to peptide 45-54, 14-18 and 101-102, respectively. MFA-dependent 

fragments are underlined. 

 

Bioactivation of mefenamic acid by liver microsomes in presence of hGST P1-1 

It was next investigated whether MFA adducts to hGST P1-1 could also be detected when 

bioactivation was performed with human and rat liver microsomes. LC-MS/MS analysis of 

tryptic digests of hGST P1-1 from microsomal incubations revealed the presence of three 

peptide adducts resulting from alkylation by the p-benzoquinone imine of MFA (+255.1 Da). 
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These adducts were located to peptide 45-54, 14-18 and 101-102 of hGST P1-1 (Figure 9). The 

retention times and fragmentation patterns of the MFA-peptide adducts were identical to that 

obtained by bioactivation with CYP102A1M11H. Nevertheless, the intensity of the MFA-

adducted peptides was significantly lower in comparison to MFA adducts obtained from 

incubations with CYP102A1M11H. MFA-modified peptides were not observed in incubations 

in which microsomes were omitted (Figure 9: trace 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Ion traces of peptide 45-54 (panel A), peptide 14-18 (panel B) and peptide 101-102 

(panel C) of GST P1-1 modified by a p-benzoquinone imine of mefenamic acid. Traces are 

from MFA bioactivation by rat liver microsomes (trace 1), human liver microsomes (trace 2) 

and from incubations conducted in absence of microsomes (trace 3). 
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DISCUSSION 

It is widely accepted that drug-protein adduct formation is an important step in the onset of 

many IADRS (1). However, modification of individual critical proteins may be more important 

for risk assessment than evaluation of the total covalent binding, because many safe drugs also 

form high levels of adducts (3-5). Therefore, it is important to develop methodologies that can 

be used to investigate whether drugs form adducts to individual proteins. Recently, a procedure 

was reported in which HLMs were used to prepare adducts to a model protein (13). However, 

separation of the adducted target protein from microsomal proteins required fractionation by 

HPLC. In the current paper, we present an alternative method for drug-protein conjugate 

formation in which the P450 bioactivation systems is separated from the target protein by a 

semi-permeable membrane. This procedure can also be applied to drug bioactivation by 

membrane-bound P450s and allows for analysis of intact drug-modified protein by LC-MS 

without laborious workup. To evaluate our method, we have used various bioactivation 

systems to metabolize drugs which are known to cause serious adverse reactions and for which 

RMs are implicated in the toxicity. Because critical protein targets remain to be elucidated, the 

developed methodology has been applied to the model protein hGST P1-1. 

 

GST P1-1 contains four cysteines which are located at position 14, 47, 101 and 169. When 

MCB- and MFA-modified hGST P1-1 were analyzed by LC-MS however, a maximum of three 

modifications per enzyme was observed (Figure 3 and 7). Subsequent tryptic digestion showed 

that only cys-14, cys-47 and cys-101 were alkylated (Figure S1 and 8). The absence of adducts 

to cys-169 may indicate that this cysteine is not accessible to RMs. In line with these findings, 

when tryptic digests of hGST P1-1 modified by the quinone methide of a food preservative 

were analyzed by LC-MS/MS, all cysteines except for cys-169 were found to be adducted (25). 

Similar results were obtained by mass spectrometric analysis of bromobimane adducts to 

porcine GST P1-1, which contains the corresponding four cysteine residues (26).  The 

resistance of cys-169 to alkylation was confirmed in experiments in which ortho-quinones of 

estrogens were reacted with cysteine mutants of hGST P1-1 (27). Cys-47 and cys-101 are 

accessible because these residues are located close to the GSH-binding site and at the surface 

of the dimeric protein (28, 29), respectively, whereas cys-14 is considered somewhat less 

accessible due its presence in a hydrophobic region of the protein (25). Modification of these 

cysteines was observed by reactive intermediates of MFA and the electrophile MCB in this 
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work, and by a wide variety of chemically reactive compounds in other studies (11, 12, 23, 25-

28, 30-32). 

 

Bioactivation of APAP by CYP102A1M11H or HLMs was reported to result in modification 

of cys-47 of hGST P1-1 (11, 13, 23). Remarkably, however, hGST P1-1 in dialysis tubes was 

not modified at cys-47 when APAP was incubated with CYP102A1M11H. The semi-

permeable membrane of the dialysis tube may prevent RMs from a rapid translocation to the 

compartment with target protein (Figure 1), which presumably affects alkylation by RMs of 

short half-life. Madsen and co-workers formed the reactive intermediate of APAP (N-acetyl-p-

benzoquinone imine) by electrochemical oxidation and reported a half-life of 47 min in 0.1 M 

phosphate buffer (pH 7.4) in the absence of biological material (33). However, N-acetyl-p-

benzoquinone imine was found to have a half-life of less than 10 seconds in presence of 

microsomes (34), which may explain the absence of hGST P1-1 adducts of APAP in the 

current study. Similarly, the previously observed hGST P1-1 adducts of the CLZ nitrenium ion 

were not detected upon CLZ bioactivation in the present work (11). The CLZ nitrenium ion 

was reported to be unstable in phosphate buffer (half-life < 1 min) and only reacted with GSH 

when this nucleophile was present during the electrochemical oxidation of CLZ (33, 35). 

Unlike the short half-lives of RMs of APAP and CLZ, the p-benzoquinone imine resulting 

from oxidation of 5-OH-DF was found to be relatively stable because the intermediate was 

detectable by HPLC and could be analyzed by 
1
H-NMR (36, 37). In line with our previous 

findings (12), adducts of the quinone imine of 5-OH-DF were found to cys-14 and cys-47 of 

hGST P1-1 when bioactivation of DF was performed by CYP102A1M11H (Figure 4). The 

absence of the previously observed hGST P1-1 adducts resulting from DF decarboxylation 

(+249 Da) and from one-electron oxidation (+259 Da) indicates that other RMs of DF are 

presumably too short-lived to allow for significant protein modification (12). Collectively, 

these findings suggest that the current protein-adduct preparation method is only applicable to 

RMs of significant half-life.  

 

Metabolic activation of 4’-OH-DF and 5-OH-DF by HLMs and CYP102A1M11H results in p-

benzoquinone imines that can be trapped by GSH (14, 38). However, only the quinone imine of 

5-OH-DF was previously found to contribute to the in vitro covalent binding of DF to HLMs 

(36). In line with our previous findings (12), bioactivation of DF by CYP102A1M11H only 
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resulted in cys-47 adducts of hGST P1-1 from the p-benzoquinone imine of 5-OH-DF (Table 

1). However, when CYP2C9 was used for bioactivation of DF, adduction of 4’-OH-DF p-

benzoquinone imine to cys-47 of hGST P1-1 was observed (Figure 5 and 6). To better 

understand the absence of hGST P1-1 adducts of 4’-OH-DF in CYP102A1M11H incubations, 

alkylation experiments were repeated in absence of dialysis tubes and intact hGST P1-1 

adducts were analyzed by LC-MS (Figure S4). DF incubations contained two peaks of 

unmodified hGST P1-1 (23223 Da and 23354 Da) and mass peaks corresponding to 

modification by one (23534 Da and 23665 Da) and two (23844 Da and 23976 Da) equivalents 

of p-benzoquinone imine (Figure S4B). Remarkably, although incubations of 4’-OH-DF only 

contained low amounts of unmodified hGST P1-1, deconvoluted mass spectra did not show 

clear peaks of drug-modified hGST P1-1 (Figure S4C). Instead, a very large number of mass 

peaks of low abundance was observed within the mass range (23500 – 23900 Da) expected for 

quinone imine modifications to hGST P1-1. One explanation for the obtained results might be 

a further reaction of initial hGST P1-1 adducts of 4’-OH-DF quinone imine with reactive 

oxygen species resulting from uncoupling by CYP102A1M11H, as was previously proposed to 

rationalize the oxygenation of troglitazone adducts (11).   

 

Therapy with MFA is associated with cases of liver and renal injury that may result from 

formation of RMs and subsequent covalent modification of proteins (15, 16, 39). MFA is 

metabolized in humans to reactive acylglucuronides (40), which were found to irreversibly 

modify human serum albumin and to bind to cellular proteins (41). GSH screening methods 

using human and rat liver microsomes have shown that MFA also undergoes bioactivation to a 

reactive quinone imine (17, 18). This quinone imine was also formed by CYP102A1M11H and 

was found to result from further activation of 4’-OH-MFA (Venkataraman et al., manuscript in 

preparation). In this study, bioactivation of MFA by CYP102A1M11H and by liver 

microsomes resulted in adducts of 4’-OH-MFA quinone imine to cys-14, cys-47 and cys-101 

of hGST P1-1 (Figure 8 and 9). To our knowledge, this is the first time that protein adducts of 

oxidative MFA metabolites were reported. Previously, arene oxides intermediates of MFA 

were also detected after conjugation to GSH (17). However, GSH conjugates and hGST P1-1 

adducts of these RMs were not observed following metabolic activation of MFA by human and 

rat liver microsomes or by CYP102A1M11H. Importantly, the finding that p-benzoquinone 

imine of 4’-OH-MFA was able to modify hGST P1-1 in the dialysis tubes suggests that this 
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RM is relatively stable. Therefore, this quinone imine may not only be relevant with respect to 

MFA-induced liver injury but might also contribute to renal toxicity associated with MFA 

treatment.  

 

In conclusion, the present study shows that mini-dialysis tubes can be used to prepare drug-

protein adducts. The semi-permeable membrane allows P450-dependent RMs to translocate 

from their site of formation to the target protein inside the dialysis tube. Because of the 

separation between P450s and target protein, drug bioactivation can be performed with HLMs, 

which are widely used in drug biotransformation studies. The very clean samples of drug-

modified protein prepared by our procedure can be analyzed directly by LC-MS and might be 

used to raise antibodies in test animals. In addition, because each dialysis tube contains a single 

protein, use of multiple dialysis tubes containing different proteins might allow for the parallel 

synthesis of drug-protein adducts. Finally, since protein alkylation appeared to be limited to 

RMs of significant life-time, our method may be used to characterize alkylation by RMs that 

have potential to adduct macromolecules outside of the liver, and which thereby might cause 

IADRs in other organs. 
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SUPPORTING INFORMATION 

 

Figure S1: LC-UV chromatogram and 

fragmentation spectra of 

monochlorobimane-modified tryptic 

peptides of GST P1-1. Panel A, LC-UV 

chromatogram (382 nm) of tryptic GST 

P1-1 digests from incubations performed 

in presence (trace 1) and absence (trace 2) 

of monochlorobimane. Peptide adducts are 

indicated by an asterisk “*”. Panel B-D, 

MS/MS spectra of monochlorobimane 

adducts to peptide 45-54, 14-18 and 101-

102, respectively. 
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Figure S2: Deconvoluted mass spectra of diclofenac-modified GST P1-1 from incubations 

performed with CYP102A1M11H. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3: Fragmentation spectrum of peptide 14-18 of GST P1-1 with mass shift of 275.0 Da 

(2+, m/z 404.67) resulting from diclofenac incubations of CYP2C9. 
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Figure S4: Deconvoluted mass spectra of GST P1-1 from CYP102A1M11H incubations with 

DMSO (panel A), diclofenac (panel B) and 4’-hydroxydiclofenac (panel C). Protein alkylation 

experiments were conducted without dialysis tubes as described in the material and methods.  
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