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Abstract 

The multidrug resistance protein 1 (MRP1) and MRP2 mediate the ATP-

dependent cellular efflux of a diverse set of organic molecules including many 

glutathione (GSH) conjugates.  In the present study, a series of GSH conjugated quinones 

(some of which have been shown to be toxic) were investigated for their ability to interact 

with human MRP1 and MRP2 using membrane vesicles enriched for these transporters.  

Several structurally and biologically distinct classes of endogenous (e.g. estradiol) and 

exogenous (e.g. hydroquinone (HQ), N-methyl-α-methyldopamine (N-Me-α-MeDA), and 

caffeic acid (CA)) GSH conjugated metabolites inhibited both MRP1- and MRP2-

mediated vesicular transport of the prototypic MRP substrate (17β-estradiol-17β-D-

glucuronide (E217βG)).  The relative inhibitory potencies of the metabolites with respect 

to MRP1 versus MRP2 differed by approximately 10-fold, with the exception of 4-

hydroxy-2-(glutathion-S-yl)-17β-estradiol (4-OH-2-GS-E2), which differed by 300-fold.  

The catechol estradiols, N-Me-α-MeDA, and CA metabolites competitively inhibited 

MRP1-mediated E217βG transport and thus, are potential substrates for this transporter.  

The estradiol metabolites 2-hydroxy-1-(glutathion-S-yl)-17β-estradiol (2-OH-1-GS-E2) 

and 4-OH-2-GS-E2 were both subsequently shown to be substrates of MRP1 and MRP2 

by means of a substrate depletion assay and a vesicular accumulation assay using HPLC 

with electrochemical detection.  Transport of 2-OH-1-GS-E2 by MRP1 was inhibited by 

several MRP1 substrates (e.g. E217βG, leukotriene C4, and GSH disulfide) and 

modulators (e.g. MK571 and S-decyl-GSH).  The chemically reactive GSH-conjugated 

HQ metabolites also inhibited MRP1-mediated vesicular transport of E217βG with IC50 

values ranging from 3 – 30 μM.  To determine whether these compounds might modify 
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MRP1, MRP1-enriched membrane vesicles were incubated with 2,5-(glutathion-S-yl)-

hydroquinone (2,5-GS-HQ) and then immunoblotted with a MRP1-specific monoclonal 

antibody.  An apparent reduction in the electrophoretic mobility of immuno-reactive 

bands relative to untreated vesicles was observed.  However, subsequent limited trypsin 

digests did not show any differences in the digestion profiles between 2,5-GS-HQ-treated 

and control vesicles, suggesting no significant differences in protein structure with respect 

to accessible trypsin cleavage sites.  Further experiments are needed to demonstrate 

MRP1 adduction by 2,5-GS-HQ.  In conclusion, the data presented here are the first to 

show that reactive GSH-conjugated catechol and quinone metabolites can be substrates 

and modulators of MRP1 and MRP2 in vitro. 
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Chapter 1 – General Introduction 
 

Membrane transporters play an important role in the carrier-mediated uptake and 

efflux of nutrients, drugs, toxic compounds and their metabolites.  Most transporters exist 

in the plasma membranes of cells residing in secretory tissues, organs involved in nutrient 

uptake, and barriers providing a sanctuary from the blood including the blood brain 

barrier (BBB), blood testis barrier and placenta.  Knowledge of the identity and substrate 

specificity of these transporters is important to understanding the pharmaco- and toxico-

kinetics and dynamics of both endogenous and exogenous compounds and their 

metabolites.  Both charged (anionic and cationic) and uncharged/neutral molecules are 

transported across membranes, often with the concomitant need for a driving force. 

 Most of the genes encoding membrane transporters belong to the solute carrier 

(SLC) superfamily or the ATP binding cassette (ABC) superfamily of transporters.  

Examples of SLC proteins include the organic cation transporter 1 (OCT1, gene symbol 

SLC22A1), organic anion transporter 1 (OAT1/SLC22A6), and organic anion transporting 

polypeptide 1B1 (OATP1B1/SLCO1B1).  Examples of ABC proteins include P-

glycoprotein (P-gp/ABCB1), bile salt export pump (BSEP/ABCB11), ABCG2 (formerly 

breast cancer resistance protein, BCRP), and multidrug resistance protein 1 

(MRP1/ABCC1) (Dean and Allikmets, 2001).  As the scope of this thesis involves two 

members (MRP1 and MRP2) of the ABCC/MRP subfamily of efflux proteins (Table 1.1), 

this subfamily is reviewed in detail in the following chapter.   
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Table 1.1 Chromosome location and sequence identity of human ABCC/MRP transporters 

 
Gene symbol Chromosome 

Location 

Amino 

Acids 

Protein 

Name 
% Identity

1
 

    Long  Short 

Long    MRP1 MRP2 MRP3 ABCC6
2
 MRP7  MRP4 MRP5 MRP8 ABCC12

2
 

ABCC1 16p13.11 1531 MRP1 100          

ABCC2 10q24.2 1545 MRP2 46 100         

ABCC3 17q21.33 1527 MRP3 56 45 100        

ABCC6 16p13.12 1503 ABCC6
2
 45 37 43 100       

ABCC10 6p21.1 1492 MRP7 30 29 31 28 100      

Short              

ABCC4 13q32.1 1325 MRP4 31 31 29 27 28  100    

ABCC5 3q27.1 1437 MRP5 30 30 28 27 28  31 100   

ABCC11 16q12.1 1382 MRP8 26 26 29 26 26  30 39 100  

ABCC12 16q12.1 1359 ABCC12
2
 28 27 27 26 26  31 42 46 100 

1
Sequences were obtained from http://www.uniprot.org and amino acid identity was determined by compiling data from http://npsa-pbil.ibcp.fr/cgi-

bin/npsa_automat.pl?page=/NPSA/npsa_server.html for alignment with Clustal W using the default parameters. 
2
The proteins encoded by the ABCC6 and ABCC12 genes are not known to transport drugs and therefore are referred to as ABCC6 and ABCC12 (rather than 

MRP6 and MRP9), respectively. 

(Slot et al., in press) 

 

 

 

 

 

 

http://www.uniprot.org/
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_server.html
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_server.html
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As indicated by the title of this thesis, this research is focused on MRP1 and 

MRP2 and their interaction with a group of compounds commonly referred to as 

quinones.  Quinones are oxidized forms of phenolic benzene, and are ubiquitous in the 

environment.  Humans have used plant derived quinones as herbal therapies and dyes for 

thousands of years.  More recently, however, quinones have been exploited as 

therapeutics (e.g. doxorubicin) (Monks and Lau, 1998).  However, individuals generally 

do not have the liberty to decide their exposure to quinones; that is to say, exposure to 

quinones cannot be entirely limited by avoiding food and drug products containing these 

compounds.  Notably, quinones of the ubiquitous environmental pollutants known as 

polycyclic aromatic hydrocarbons (PAH) provide a steady low-level exposure of 

quinones to humans and may pose a significant health risk as these compounds are often 

mutagenic and carcinogenic (Monks and Lau, 1998; Clapp, et al., 2008).  

The biological activity of quinones is largely due to their ability to form covalent 

adducts with a variety of biological macro-molecules, and their ability to undergo redox 

cycling and produce reactive oxygen species (ROS) (Kappus and Sies, 1981; Monks and 

Lau, 1997).  One significant consequence of both reactions is damage to DNA bases 

leading to mutations or cell death (e.g. single and double strand breaks, cross-linking, 

adducts leading to apurinic sites and 8-hydroxy-2-deoxy-guanosine).  Quinones act as 

electrophiles, and are consequently referred to as pro-oxidants.  Glutathione (GSH) is the 

cell‟s most abundant cytoprotective nucleophile, and can readily form covalent adducts 

with quinones, thus sparing proteins and DNA from covalent modification and other 

damage (Monks and Lau, 1997).  This reaction represents a 2e
-
 reduction and the 

resulting compound is a quinone conjugate (explained in more detail in Chapter 2).  If the 

parent compound had electron-donating substituents, then the resulting GS-quinone can 
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be readily re-oxidized (often by endogenous peroxidases such as myeloperoxidase and 

cyclooxygenases), and the cycle continues with the concomitant production of ROS 

(Monks and Lau, 1997).  Hence, GSH conjugation reactions of this type cannot be solely 

considered a detoxification reaction (Snyder, 2007).  Thorough investigation into the 

mechanisms of quinone conjugate elimination, as well as the consequences of their 

biological activity will help in our understanding of human health risks associated with 

their exposure. 

In this thesis, a more in-depth review of MRP1 and MRP2, and the toxico-

pathological consequences of exposure to the GSH-conjugated quinone metabolites of N-

methyl-alpha-methyl-dopamine (N-Me-α-MeDA), caffeic acid (CA), estradiol (E2) and 

hydroquinone (HQ) is found in Chapter 2.  The structures and predicted 

chemical/physical properties of the metabolites investigated in this thesis are shown in 

Fig 1.1 and Table 1.2.  In Chapter 3, the ability of these compounds to modulate MRP1 

and MRP2 function in vitro was investigated.  Chapter 4 investigated the ability of MRP1 

and MRP2 to transport two GSH-conjugated catechol estradiol metabolites in vitro.  In 

Chapter 5, the ability of GSH-conjugated hydroquinones to modulate MRP1 function in 

vitro was investigated, along with their ability to covalently bind the transporter.  The 

overall discussion of these results follows in Chapter 6. 
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Figure 1.1 Array of GSH-conjugated metabolites used during the course of this 

thesis. 

Positions are labeled according to the “central” benzene ring.  R = a side chain for α-

MeDA and CA, however for hydroquinone it is a H for the parent compound.  For the 

estrogens, R + A5 are part of the steroid nucleus.  For the rest of the compounds the 

substitutions for A1 – A5 are as listed above.  * For 2-OH-1-GS-E1, the OH of the “R” 
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Table 1.2 Predicted chemical-physical properties of GSH-conjugated metabolites used in this thesis rank-ordered by inhibitory 

potency towards MRP1-mediated E217βG transport 

 

Compound IC50 (μM) 

E217βG 

Predicted 

Log P 

Predicted 

Volume (Å
3
) 

Predicted 

Area (Å
2
) 

Predicted 

Vol/Area 

Predicted max 

Length (Å) 

MW 

2-OH-1-GS-E2 0.1 -2.742 523.8 219.5 2.4 16.7 593.7 

4-OH-2-GS-E2 0.2 -2.513 523.8 219.5 2.4 16.2 593.7 

2-OH-1-GS-E2 0.3 -2.742 523.8 219.5 2.4 15.3 593.7 

2-OH-1-GS-E1 0.3 -2.928 518.0 216.3 2.4 16.6 591.7 

2-GS-CA 3 -3.487 401.6 236.6 1.7 13.7 485.5 

2,5-GS-HQ  3 -5.991 594.2 358.1 1.7 20.5 707.7 

2,3,5,6-GS-HQ 10 -6.952 1088.3 675.7 1.6 23.0 1331.4 

2,3,5-GS-HQ 23 -6.583 841.2 316.9 2.7 22.0 1026.1 

2-GS-HQ 23 -4.515 347.1 199.3 1.7 14.5 415.4 

2,6-GS-HQ 26 -6.026 594.2 358.1 1.7 21.5 720.7 

5-GS-N-Me-α-MeDA 31 2.986 426.3 211.3 2.0 11.9 486.5 
IC50 values were determined as described in Chapters 3 – 5.  Predicted Log P, Volume and Area were determined using Molinspiration software for the 

calculation of molecular properties and drug-likeness (http://www.molinspiration.com/cgi-bin/properties).  The predicted maximum length was determined using 

the measure function in PyMol (DeLano Scientific) from structures drawn in ISIS Draw 2.5 (MDL) and energy minimized using DS Viewer 1.7 (Accelrys) 
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Chapter 2 – Literature Review 

2.1 Multidrug Resistance Proteins 1 and 2 

In 1992, during investigations into the cause of the multidrug resistance (MDR) 

phenotype observed in a human lung carcinoma cell line, a cDNA encoding a new MDR 

protein was cloned (Cole, et al., 1992).  An unusual characteristic of this cell line was that 

it did not overexpress P-glycoprotein (P-gp), the only protein implicated in MDR at that 

time (Mirski, et al., 1987).  Through differential screens, the mRNA responsible for 

multidrug resistance was isolated and assigned to a newly designated “C” branch of the 

ATP Binding Cassette (ABC) family, and the first member the cognate gene was later 

termed ABCC1, and later referred to as MRP1. 

In mammalian cells, MRP1 is both glycosylated and phosphorylated, and thus the 

mature glycoprotein has an apparent electrophoretic mobility of ~190 kDa (Almquist, et 

al., 1995; Hipfner, et al., 1994).  It was later found that MRP1 is (or is at least one of) the 

ubiquitous GSH conjugate pumps that had been described in the literature (Ishikawa, et 

al., 1990).  Similarly, the canalicular multispecific organic anion transporter (cMOAT) 

had been previously described; however, when the biliary elimination of cMOAT 

substrates was shown to be significantly decreased in two Abcc2-deficient rat strains 

(termed Groningen yellow/transport deficient Wistar and Esai hyperbilirubinaemic 

Sprague-Dawley rats) (Paulusma, et al., 1996; Buchler, et al., 1996; Kurisu, et al., 1991), 

it was concluded that cMOAT and Abcc2 were in fact one and the same (Madon, et al., 

1997).  Thus, cMOAT was subsequently designated as Mrp2 (Paulusma, et al., 1996), and 

the MRP family began to grow. 
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Like MRP1, MRP2 functions as an ATP-dependent organic anion pump; however, 

unlike MRP1, MRP2 is expressed on apical membranes of polarized cells, and has a more 

limited tissue distribution (Table 2.1) (Cui, et al., 1999).  Accordingly, its physiological 

functions differ from those of MRP1, consistent with the different phenotypes of the 

Abcc1
-/-

 and Abcc2
-/-

 knockout mice described later in this chapter.  Over the following 

decade, seven more functional MRP/ABCC genes were identified.  In total, there are 

eleven functional ABCC genes (ABCC1 – 11) (reviewed in Slot et al., in press), one non-

functional gene (ABCC12), and one pseudo gene (ABCC13) (Tammur, et al., 2001; 

Yabuuchi, et al., 2001; Yabuuchi, et al., 2002; Bera, et al., 2001); however, only eight 

genes (ABCC1 – 6, ABCC10 – 11) are currently considered as MRP-like transporters (Fig 

2.1A) because of their demonstrated ability to transport organic anions.  As the bulk of 

this thesis deals with MRP1 and MRP2, these two transporters will be described in depth.  

However, some of the other MRPs are mentioned for discussion purposes. 

 

2.1.1 Basic Structure of ABCC Proteins 

Based on their amino acid sequences, the ABCC proteins can be segregated into 

two distinct groups, the “short” and the “long” proteins.  The short proteins have a typical 

“core” ABC structure, and are comprised of two membrane spanning domain (MSDs) and 

two nucleotide binding domains (NBDs).  Each MSD is comprised of six transmembrane 

(TM) helices, and is followed by a NBD.  The long proteins contain the same core 

structure as the short proteins, with the addition of an extra NH2-terminal five TM 

containing MSD (Fig 2.1B). 
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Table 2.1 Protein expression of selected MRP/ABCC proteins in human tissues
1
 

 

Tissue MRP1 MRP2 MRP3 MRP4 MRP5 ABCC6 

Placenta ++ ++ + + +  

BBB ++ +  ++ +  

Testis ++   +  + 

Prostate +  + +   

Ovary +   +   

Breast + +  + +  

Brain +   +  + 

Adrenals   ++ +  + 

Pancreas + + ++ +  + 

Lung ++ + + ++   

Skin ++   +  + 

Skeletal muscle ++   + + + 

Heart +   + + + 

Colon ++  ++ +  + 

Small Intestine ++ ++ ++ +  + 

Kidney ++ ++ ++ ++  ++ 

Liver  ++ ++ +  ++ 

Spleen +  + + +  

Localization ap*, bsl ap bsl ap, bsl ap*, bsl bsl 
1
 Relative expression levels represent whole tissue analysis, and thus do not reflect cell-type specific 

expression within these tissues.  It should be noted that variability among studies as well as inconsistencies 

in the literature exists.  MRP7 and MRP8 are excluded due to the lack of supporting evidence of their 

expression and localization in specific human tissue. 

Key: + low to moderate expression; ++ moderate to high expression; ap, apical membrane; bsl, basolateral 

membrane; * only in blood brain barrier 

Table adapted from Slot et al., in press. 

References: (Kruh, et al., 2007; Lee, et al., 2001; Nies, et al., 2008; Szakacs, et al., 2008; Warren, et al., 

2009; Nies, et al., 2004; Graff and Pollack, 2004; Van Aubel, et al., 2000; Jonker, et al., 2005; Kusuhara 

and Sugiyama, 2004; Loscher and Potschka, 2005; Zhang, et al., 2004; van de Water, et al., 2005) 
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Figure 2.1 Relatedness and structures of the human MRP/ABCC transport proteins. 

(A) Dendrogram illustrating the relatedness (degree of homology) of the human 

MRP/ABCC proteins.  Dendrogram is based on ClustalW alignments and was generated 

using Phylip‟s Drawgram (http://workbench.sdsc.edu).  The proteins encoded by the 

ABCC6 and ABCC12 genes are not generally considered drug transporters and therefore 

are referred to as ABCC6 and ABCC12 (rather than MRP6 and MRP9, respectively) 

throughout the text.  (B) Predicted topology of the „long‟ (MRP1, MRP2, MRP3, 

ABCC6, MRP7) and „short‟ (MRP4, MRP5, MRP8, ABCC12) MRP/ABCC transporters. 

The long MRPs contain three MSDs (with 17 transmembrane helices) and the NH2-

terminus is extracellular; the short MRPs contain just two MSDs (with 12 transmembrane 

helices) and the NH2-terminus is intracellular. The two cytoplasmic nucleotide binding 

domains (NBD1, NBD2) found in all ABC transporters are shown with their three 

characteristic motifs indicated (A, Walker A; B, Walker B; C, ATP-binding cassette 

signature sequence; *, linker region).  (C) Homology model of the core structure of 

MRP1 based on the crystal structure of Sav1866 (DeGorter, et al., 2008).  ELs, 

extracellular loops, TMs, transmembrane spanning helices; CLs, cytoplasmic loops; 

NBDs, nucleotide binding domains.  Figure adapted from Slot et al., in press. 

 

2.1.1.1 Topology 

Both biochemical evidence and TM predicting algorithms strongly support a 

topology of MRP1 (and MRP2) that is comprised of 17 TM α-helices arranged into three 

MSDs (MSD0, 1 and 2), and two intracellular NBDs (NBD1 and NBD2) (Hipfner, et al., 

1997; Bakos, et al., 1996) (Fig 2.1B).  Most MRPs are glycosylated (reviewed in Slot et 

al., in press).  Thus, there is considerable conservation among the family members with 
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respect to glycosylation sites in MSD0 with the exception of MRP7, which is 

unglycosylated (Hopper, et al., 2001).  The exact functions of these post-translational 

modifications are unknown; however, they probably help with proper trafficking and 

stability in the membrane of mammalian cells (Fernandez, et al., 2002).  Lastly, 

glycosylation of MRP1 is not required for efficient transport in vitro (Muller, et al., 

2002).   

 

2.1.1.2 Membrane Spanning Domains 

MSD1 and MSD2 of MRP1 and MRP2 each contain six TM helices, TMs 6-11 

and 12-17 respectively, and each MSD is sequentially followed by an NBD as stated 

previously (Fig 2.1B) (DeGorter, et al., 2008; Hipfner, et al., 1997; Bakos, et al., 1996; 

Deeley, et al., 2006).  Current evidence strongly supports a model where MSD1 and 

MSD2 provide a translocation pathway through the membrane for substrates, and the two 

NBDs form a „sandwich‟ dimer capable of binding and hydrolyzing ATP (Smith, et al., 

2002; Locher, 2009).  Although MSD0 is not required for transport of LTC4, a portion of 

CL3 (linking MSD0 to MSD1) appears to be very important (Westlake, et al., 2005; Gao, 

et al., 2000; Bakos, et al., 1998). 

Current electron microscopy structural data of MRP1 are of low resolution, and 

thus are unable to provide information on the precise arrangement of the TM helices and 

NBDs in the functional protein (Rosenberg, et al., 2001).  Crystallization of MRP1 and 

other ABC proteins pose a significant challenge, mainly due to the large size and 

polytopic nature of these membrane proteins, as well as the difficulty of isolating large 

amounts of purified active protein (Rosenberg, et al., 2001).  Homology models of the 

core structure of MRP1 have been developed (Fig 2.1C, (DeGorter, et al., 2008)) using as 
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a template the structure of the bacterial (S. aureus) ABC transporter Sav1866, for which 

crystal structures of both ADP- and ATP-bound states have been solved at relatively high 

resolution (Dawson and Locher, 2007; Dawson and Locher, 2006).  These models reflect 

only the four-domain core structure of MRP1 because there is no domain corresponding 

to MSD0 in Sav1866 or any other bacterial ABC protein.  Like many other bacterial ABC 

proteins, Sav1866 is a „half-transporter‟ composed of a single MSD and single NBD that 

form a homodimer to become a functional transporter (Dawson and Locher, 2006).  Thus, 

the linker region joining MRP1 NBD1 to MSD2 is also absent in the homology models 

(DeGorter, et al., 2008).  In addition, it should be remembered that the above mentioned 

models represent only a „snapshot‟ of just one (presumed to be a nucleotide-bound, 

substrate-free, low-affinity state) of the many conformations assumed by MRP1 (and 

other ABCCs) during the complex transport process, and thus they model the α-carbon 

backbone of only a single conformation.  Furthermore, the position of the amino acids is 

largely based on the α-carbon backbone; however, the sequence homology between 

MRP1 and Sav1866 is very low (<20%) in the TM regions.  Thus, there is substantial 

uncertainty in the assignment of side chains. 

  

2.1.1.3 Nucleotide Binding Domains 

Physiologically, the ATPase activity of ABC transporters, including MRP1, 

requires three highly conserved motifs found within each NBD, and the presence of a 

divalent cation (Mg
2+

 preferred).  These sequence motifs are denoted as Walker A, 

Walker B and the active transport signature C motif.  The latter is found only in ABC 

proteins, while the two former sequences (Walker A and B) are common to many ATP 

binding and hydrolyzing proteins (Dean and Allikmets, 2001; Walker, et al., 1982).  
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These motifs are important for the binding and hydrolysis of ATP, and in conjunction 

with key CLs (see next section) and other amino acids in the NBDs, couple the energy 

gained from ATP binding and hydrolysis into movement of the TMDs, resulting in 

subsequent substrate efflux (Locher, 2009; Deeley and Cole, 2006; Seeger and van Veen, 

2009).  In ABCC transporters, the NBDs come together in such a way that these 

conserved motifs are oriented in a head-to-tail manner.  This arrangement produces two 

composite ATP binding and hydrolysis sites between the Walker A and B motifs of one 

NBD and the signature C motif of the other (Locher, 2009).  When ATP and Mg
2+

 are 

coordinated, the interface between the two composite sites closes and the nucleotides are 

sandwiched between the NBDs (Chen, et al., 2003).  For MRP1, co-operativity between 

the two NBDs has been shown to allow for binding of ATP to NBD1 first, followed by 

binding and hydrolysis at NBD2 (Gao, et al., 2000; Nagata, et al., 2000; Hou, et al., 2000; 

Qin, et al., 2008).  However, this is still controversial. 

The conserved signature C motifs of ABCC transporters differ (unlike other ABC 

proteins) at NBD1 and NBD2 such that the signature C motif at NBD1 is LSGGQ, while 

it is LSVGQ at NBD2 (Cole, et al., 1992).  Another distinguishing feature of MRPs is that 

they have a 13 amino acid „deletion‟ between the Walker A and Walker B motifs in 

NBD1, which accounts for at least some of the functional asymmetry of the two NBDs 

(Gao, et al., 2000; Gao, et al., 1998).  Interestingly, changing the NBD1 „C‟ signature 

sequence from LSGGQ to LSVGQ results in a conformationally altered, non-functional 

protein (Gao, et al., 2000).   

One model of the catalytic cycle of MRP1 suggests that substrate first binds at a 

high affinity site on the cytoplasmic side of the protein.  Subsequently, conformational 

changes ensue, facilitating the binding of ATP to NBD1, then NBD2 (Deeley, et al., 
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2006; Chang, 2010; Buyse, et al., 2006; Hou, et al., 2002).  However, whether substrate 

binding precedes ATP binding at NBD1 for all substrates is unclear.  In the presence of 

Mg
2+

, the resulting ATP-NBD sandwich (via interaction with the coupling helices present 

in CL5 and CL7) drives the conformational changes required for producing a low affinity 

substrate binding site, and subsequent substrate release to the extracellular milieu (Fig 

2.2) (Rothnie, et al., 2006; Payen, et al., 2005).  Subsequent ATP hydrolysis and ADP 

release into the cytoplasm „resets‟ the transporter for another round of transport (Locher, 

2009; Seeger and van Veen, 2009).   

 

Figure 2.2 A model for ATP-dependent substrate transport by MRP1. 

Shown is a schematic illustrating eight proposed steps of a cycle of LTC4 transport by 

MRP1.  I, MRP1 in the absence of substrate and nucleotide; II, LTC4 binds within the 

intracellular high affinity binding pocket; III, ATP binds to NBD1 promoting binding of 

ATP to NBD2 (IV); V, ATP binding causes a conformational change eliciting a 

rearrangement within the binding pocket to a low affinity conformation, allowing for the 

release (VI) of LTC4 to the extracellular environment; VII, hydrolysis of ATP at NBD2 

and reestablishment of intracellular low affinity site; VIII, possible release or hydrolysis 

of ATP at NBD1, thus returning the cycle to I. 
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2.1.1.4 Cytoplasmic Loops 

Portions of some of the CLs of MRP1 (and presumably other ABC proteins) are 

thought to help translate the conformational changes induced by substrate binding and by 

the binding and hydrolysis of ATP (and subsequent ADP release) to protein function.  

More precisely, two „coupling helices‟ are thought to be crucial (Locher, 2009).  Thus, 

the crystal structure of Sav1866 has suggested that effective coupling of ATP binding to 

substrate translocation depends on the coupling helices interacting with the two NBDs 

(Dawson and Locher, 2006).  In the Sav1866 half-transporter these helices are at the base 

of CL1 and CL2 (corresponding to CL4 and CL5 in MRP1), protrude 25Å into the 

cytoplasm, lie roughly parallel to the membrane plane, and are in close proximity to the 

NBD of the other „half‟ of the transporter (Dawson and Locher, 2006; Seeger and van 

Veen, 2009).  The MRP1 homology models (DeGorter, et al., 2008) based on the 

Sav1866 crystal structure suggests that the coupling helix of CL5 is located at an interface 

with NDB2, while the coupling helix of CL7 interacts with NBD1.  Furthermore, CL6 is 

in close proximity with NBD2, while CL4 is in close proximity with NBD1.  The 

extended helices of the TMs linked by CL5 and CL7, along with the slightly twisted 

conformation of the TM helices, allow for these two CLs to interact with NBDs on the 

other half of the protein.  Thus, the more NH2-terminal CL5 interacts with the more 

COOH-terminal NBD2, and vice versa.  Interestingly, the coupling helices described here 

are not thought to directly make contact with amino acids in either of the Walker A or B 

motifs, or the signature C motif within the NBDs (DeGorter, et al., 2008).  Accordingly, 

these helices are more likely to be involved in transmitting conformation changes due to 

ATP binding and hydrolysis to the TMDs, resulting in substrate translocation (Locher, 

2009).   
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A short helix at the base of MRP1 CL5 (amino acids 507 – 521) contains the 

coupling helix mentioned previously (amino acids 511 – 518) (Iram and Cole, 2010).  

These amino acids are predicted to interact with amino acids 1364–1367 of NBD2, and 

possibly with other nearby residues, including those in CL6 (DeGorter, et al., 2008; 

Dawson and Locher, 2006; Iram and Cole, 2010).  Interestingly, mutation of several 

charged Lys residues in CL5 (including those predicted to be in the coupling helix) 

adversely affect protein expression in mammalian cells.  Thus, CL5 appears to have a 

dual role in the assembly and expression of MRP1, as well as its transport function.  

According to the MRP1 homology models, amino acids flanking and including the 

putative coupling helix (amino acids 1161-1170) of CL7  (Conseil, et al., 2009) are 

believed to interact with NBD1.  The effects of mutating several charged amino acids as 

well as a proline in CL7 have been investigated.  For example, mutations of MRP1 

Pro
1150

 resulted in normal protein expression with significantly altered substrate transport, 

such that LTC4 transport was reduced but E217βG and methotrexate (MTX) transport 

were increased (Létourneau, et al., 2007; Koike, et al., 2004).  Interestingly, although 

analogous mutations in MRP2 (Pro
1158

) and MRP3 (Pro
1147

) showed altered substrate 

transport, the trends were not the same as for MRP1 (Létourneau, et al., 2007).  For both 

MRP1 and MRP2, LTC4 transport was significantly reduced; however, photolabeling of 

the mutant MRPs with [
3
H]LTC4 revealed that the decrease in LTC4 transport was not 

associated with diminished substrate binding.  Similarly, [
32

P]azidoATP labeling of 

NBD1 of the mutants was unaffected; however, orthovanadate-induced [
32

P]azidoADP 

trapping at NBD2 was significantly reduced, suggesting a role for CL7 in ATPase activity 

or ADP release (Létourneau, et al., 2007).  Similarly, an array of charged amino acids in 

CL7 were replaced with either Ala or a conservatively charged amino acid and 
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characterized for protein expression levels, transport function and nucleotide interactions 

(Conseil, et al., 2009).  The results obtained from this study indicated, as described earlier 

for CL5, that many charged residues in CL7 are important for both expression at the 

plasma membrane and/or substrate transport.  Notably, the triple mutant where three Glu 

residues (1169, 1170, and 1172) in or proximal to the putative coupling helix of CL7 

were mutated to Ala showed a slight reduction in organic anion transport accompanied by 

a reduction in orthovanadate-induced [
32

P]azidoADP trapping.  These results are in 

agreement with the Pro
1150

 studies, strengthening the conclusion that CL7 is involved in 

regulating ATPase activity or ADP release.   

 

2.1.2 Functions of MRP1 and MRP2 

2.1.2.1 Physiological Roles of MRP1 and MRP2 

Physiologically, MRP1 is responsible for the cellular release of the pro-

inflammatory mediator LTC4 (Wijnholds, et al., 1997), the GSH conjugate of LTA4 

(Hammerstrom and Samuelsson, 1980).  LTC4 (once it is exported from the cells in which 

it is synthesized) is metabolized to LTD4 and LTE4 (Rinaldo-Matthis and Haeggstrom, 

2010; Anderson, et al., 1982).  LTC4 is one of the highest affinity substrates of MRP1 

with an apparent Km of 100 nM (Loe, et al., 1996b).  Although Abcc1
-/-

 mice are viable 

and fertile, they display a diminished inflammatory response caused by defective efflux 

of LTC4 from leukotriene-synthesizing mast cells (Wijnholds, et al., 1997; Leier, et al., 

1994b).  Astrocytes cultured from Abcc1
-/-

 mice show diminished (one third compared to 

wild-type) GSH efflux and impaired GSSG efflux under H2O2 stress, suggesting a 

physiological role for Mrp1 in redox homeostasis in the brain (Minich, et al., 2006).  



19 

 

Furthermore, it has been shown that disruption of Abcc1 in murine embryonic stem cells 

leads to an increased sensitivity to certain chemotherapeutic agents, such as vincristine, 

VP-16, and doxorubicin, as well as sodium arsenite (Lorico, et al., 1997).  

Moderate levels of MRP1 are expressed in most tissues, except for the liver where 

it may be up-regulated during cholestasis (Kool, et al., 1997; Flens, et al., 1996; 

Roelofsen, et al., 1997).  In polarized epithelial cells, MRP1 is expressed on basolateral 

membranes; however, in select tissues, like the Blood Brain Barrier (BBB) endothelial 

cells, it is expressed on apical membranes (Dallas, et al., 2006; de Lange, 2004; 

Wijnholds, et al., 2000).  Thus, MRP1 may form part of the drug permeability barrier 

between blood and specific organs (e.g. testis, brain) (Wijnholds, et al., 2000; Bart, et al., 

2004).  Hence, one of the main physiological roles of MRP1 is tissue defence (Leslie, et 

al., 2005). 

 Prior to its cloning, MRP2 was known as cMOAT, and was characterized as a 

GSH conjugate (GS-X) efflux pump (Paulusma, et al., 1996; Buchler, et al., 1996; 

Madon, et al., 1997; Suzuki and Sugiyama, 1998).  The cloning of MRP2 greatly 

enhanced the understanding of the function and physiological roles of this transporter.  

MRP2 is expressed on the apical membranes of polarized epithelial cells (reviewed in 

Slot et al., in press), and mainly expressed in liver and kidney (Nies and Keppler, 2007; 

Kuo, et al., 1996).  The foremost physiological role of MRP2 is the excretion of 

endogenous organic anion conjugates (primarily bilirubin glucuronides) as well as 

xenobiotics into the bile for elimination from the body (Suzuki and Sugiyama, 1998; 

Akita, et al., 2001; Keppler, et al., 1997).  The substrate specificity of MRP2 overlaps 

extensively with that of MRP1 (Table 2.2); however, substrate affinities tend to be lower 

(Leslie, et al., 2005).  As MRP1 is not expressed in the liver during states of normal bile 
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flow, MRP2 represents a major pathway for the biliary elimination of toxic metabolites.  

Consequently, mutations in the ABCC2 gene that lead to defects in function can cause a 

state of mild cholestatic conjugated hyperbilirubinemia, known as Dubin-Johnson 

syndrome (DJS) (Paulusma, et al., 1996; Nies and Keppler, 2007; Dubin and Johnson, 

1954).  Most patients with DJS are asymptomatic; however, neonates can present with 

cholestasis, and during pregnancy overt hyperbilirubinemia can lead to jaundice in the 

mother.  Both Groningen yellow/transport deficient rat and Esai hyperbilirubinaemic rats 

have Abcc2 mutations leading to stop codons (Paulusma, et al., 1996), and show impaired 

biliary elimination of glucuronide, sulfate, and GSH conjugates (Kamisako, et al., 1999a).  

Thus, these rat strains have served as models for the human disease. 

Cao et al., (2006) investigated the bioavailability of 48 compounds in humans and 

rats, and found that the bioavailability of many of the compounds was poorly correlated 

between species (R
2
 < 0.3), despite showing moderate correlation between transporter 

expression (R
2
 < 0.6) (Cao, et al., 2006).  Interestingly, rats showed a higher level of 

intestinal Mrp2 expression and lower Mrp3 expression than humans, suggesting an 

increased ability for rats to prevent the absorption of xenobiotics (Cao, et al., 2006); 

however, this depends on the Km and Vmax of the xenobiotics in question.  Furthermore, 

rat and human MRPs do not necessarily behave in the same manner, in that their drug-

resistance profiles and apparent Km values can vary significantly (e.g. etoposide and 

vincristine) (Kamisako, et al., 1999b; Keppler, et al., 1999).  Ultimately, this suggests that 

animal (at least rat) bioavailability data are inadequate for making reliable estimates of 

human bioavailability.  However, transport data obtained using rat tissue may still be 

useful.  Thus, these models, along with in vitro human MRP2 transport data (especially 

those demonstrating vectorial transport), have suggested many physiological and 
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pharmacological roles for MRP2, including endo- and xenobiotic conjugated efflux, 

although these roles are not limited to terminal excretion of metabolites into bile or urine.   

MRP2 is primarily responsible for the efflux of bile acid conjugates along with the 

efflux of GSH, which helps maintain proper biliary homeostasis (Nies and Keppler, 2007; 

Akita, et al., 2001).  Furthermore, MRP2 transports endogenous toxic metabolites, as well 

as exogenous conjugates into the bile (Cui, et al., 1999; Nies and Keppler, 2007).  There 

are several GSH (e.g. dinitrophenyl-SG (DNP-SG)), and glucuronide (e.g. 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) -O-glucuronide) conjugates that 

have been identified as in vitro MRP2 substrates (Kamisako, et al., 1999b; Chen, et al., 

1999; Evers, et al., 1998; Leslie, et al., 2001b), some of which are listed in Table 2.2.  

MRP2 is also capable of transporting a variety of steroid conjugates, including E217βG 

and bilirubin glucuronides (Suzuki and Sugiyama, 1998; Sasaki, et al., 2002; Jedlitschky, 

et al., 1997), suggesting a role in sex steroid homeostasis and/or cytoprotection in vivo 

(Cui, et al., 1999). 

 There is some evidence to suggest that inflammation can alter the expression of 

MRP2.  Recent studies have shown that lipopolysaccharide treatment, and treatment with 

certain pro-inflammatory cytokines (e.g. Interleukin (IL) -6, IL-1β and tumour necrosis 

factor α) leads to a decrease in both Mrp2 and Mrp3 mRNA in mouse liver (Teng and 

Piquette-Miller, 2007; Teng and Piquette-Miller, 2008).  A pregnane X receptor response 

element is present in the Abcc2 promoter and is inducible by experimental activators like 

rifampicin and cholic acid (Teng and Piquette-Miller, 2007).  It is believed that IL-6 

interacts with the pregnane X receptor in a similar manner, thus leading to decreased 

transcription of the ABCC2 gene (Teng and Piquette-Miller, 2007; Teng and Piquette-

Miller, 2008).  Although the clinical relevance of this decrease in these MRPs is 
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unknown, those suffering from chronic inflammatory diseases like irritable bowel 

syndrome may have disrupted MRP2 and MRP3 levels, thus affecting how nutrients and 

therapeutics are absorbed in the intestines and liver (Teng and Piquette-Miller, 2007; 

Teng and Piquette-Miller, 2008). 

 

2.1.2.2 Role of MRP1 and MRP2 in Drug Disposition 

As stated earlier, MRP1 expression was found to confer  multidrug resistance in 

an anthracycline selected multidrug resistant lung cancer cell line, which was shown not 

to express P-gp (Cole, et al., 1992; Mirski, et al., 1987).  It is responsible for the efflux of 

natural product anti-cancer drugs, including anthracyclines, vinca alkaloids, and 

epipodophyllotoxins, and is expressed in a number of tumour cell lines including those 

derived from lung, colon, breast, bladder, prostate, thyroid, and cervix tumours, as well as 

gliomas, neuroblastomas, and a number of leukemias (Deeley, et al., 2006; Hipfner, et al., 

1999). 
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Table 2.2 Selected organic substrates of human MRP/ABCC drug transporters
1
 

 Long  Short 

 MRP1 MRP2 MRP3 MRP6 MRP7  MRP4 MRP5 MRP8 

          

Endogenous Organic Substrates          

Arachidonic acid derivatives          

     Leukotriene C4 0.1 1 5.3 0.6 √  0.3  √ 

     Prostaglandin E1 and E2 nt      2 – 3  nt 

     Prostaglandin A2-SG √         

          

Steroid conjugates          

     Bilirubin glucuronide 2 1 √       

     Glycholate   248 √   26*  √ 

     17β-Estradiol-17β-glucuronide 2.5 7.2 30 √ 58  30 √ 63 

     Estrone-3-sulfate 0.7* √ √    nt  √ 

     DHEA sulfate 5* nt √ 2   2  17 

          

Cyclic nucleotides          

     cAMP       45 379 √ 

     cGMP       170 2.1 √ 

          

Other          

     Folic acid √ √ √  √  170 1000  

     GSSG < 100 √      √  

     GSH >1000 >5000 nt    √ √  

     GSH (+ apigenin) 116         
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 Long  Short 

 MRP1 MRP2 MRP3 MRP6 MRP7  MRP4 MRP5 MRP8 

          

Exogenous Organic Substrates          

GSH conjugates          

     Aflatoxin B1-SG 0.2      √ √ √ 

     Dinitrophenyl-SG 3.6 6.5 5.7 √ nt     

     Ethacrynic acid-SG 28         

          

Glucuronide conjugates          

     NNAL-O-glucuronide 37* √        

     Morphine-6-glucuronide   √       

     Morphine-3-glucuronide  √ >500       

     Acetaminophen glucuronide  √ √       

          

Antimetabolites          

     Methotrexate 2200 √ 700  √  220 1200 960 

     5-Fluorouracil
2
        √ √ 

     6-Mercaptopurine
2
       √ √  

     6-Thioguanine
2
       √ √  

     Azathioprine
2
     √  √  √ 

     PMEA (adefovir)     √  √ √ √ 

          

Tyrosine kinase inhibitors          

     e.g. erlotinib, imatinib, lapatinib, etc. √    √     
1 
Organic compounds listed are selected from data obtained in in vitro transport assays using membrane vesicles enriched with recombinant human MRP/ABCC 

proteins.  The data is not intended to be all encompassing.  Key: √, denotes transport supported by this MRP/ABCC protein; nt, not transported; *, transported in 

the presence of GSH (required).  Where known, substrate affinities (apparent Km (μM)) are indicated.  The absence of a symbol or number does not exclude the 

possibility that a given organic compound is transported by a given MRP/ABCC protein, as this may not have yet been tested. 
2
 Monophosphorylated metabolite(s) transported. 

Adapted from Slot et al. Essays in Biochemistry (in press). (Cui, et al., 1999; Loe, et al., 1996b; Suzuki and Sugiyama, 1998; Kamisako, et al., 1999b; Chen, et al., 1999; Evers, et al., 1998; Sasaki, et al., 

2002; Jedlitschky, et al., 1997; Bortfeld, et al., 2006; Chen, et al., 2001; Chen, et al., 2002; Chen, et al., 2003; Chen, et al., 2005; Belinsky, et al., 2002; Jedlitschky, et al., 2000; Kool, et al., 1999; Leier, 

et al., 1996; Leier, et al., 1994a; Lai and Tan, 2002; Loe, et al., 1996a; Reid, et al., 2003a; Reid, et al., 2003b; Sundkvist, et al., 2002; Wijnholds, et al., 2000; Wielinga, et al., 2002)
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In addition to conferring resistance to anticancer agents in tumour cells, MRP1 

also plays an important role in drug and toxin disposition in normal cells (See Table 2.2 

for a list of substrates).  MRP1 mRNA is found in all tissues, but at relatively higher 

levels in the lung, testis, skeletal muscle, heart, kidney, prostate, and more moderate 

levels in the brain, and colon (Cole, et al., 1992; Flens, et al., 1996).  

Immunohistochemical studies have shown that MRP1 is found on the basolateral 

membrane of polarized epithelial and endothelial cells in a wide range of tissues, with 

high levels reported in the lung, testis, kidney, skeletal and cardiac muscle, while lower 

levels are more prevalent throughout the body (with the exception of the liver) (Flens, et 

al., 1996; Borst, et al., 1999; St-Pierre, et al., 2000) (Table 2.1).  This tissue distribution 

of MRP1 is consistent with its role in defending against the accumulation of cytotoxic 

agents at a number of blood-organ interfaces that create so-called pharmacological 

sanctuary sites in the body, like the BBB and the blood-testis barrier (Warren, et al., 

2009; Dallas, et al., 2006; Leslie, et al., 2005).  

Like MRP1, MRP2 provides a broad spectrum of chemoresistance in vitro.  For 

example, human MRP2 overexpression leads to a 5-fold increase in resistance to 

etoposide, 2-fold increase in resistance to vincristine, 10-fold increase in resistance to 

cisplatin and 8-fold increase in resistance to doxorubicin in some mammalian cell types 

(Cui, et al., 1999; Keppler, et al., 1997).  Whether these in vitro findings are clinically 

relevant is much debated; however, MRP2 has been notably increased in some hepato, 

colorectal, breast and ovarian carcinomas, as well as leukemias and mesothelioma, 

compared to normal tissue (Kruh and Belinsky, 2003; Suzuki and Sugiyama, 2002).  

Future genome-wide association studies may help identify specific MRPs with relevance 

to tumour drug resistance. 
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As mentioned previously, some inducers of drug metabolizing enzymes are 

capable of increasing GSH and sulfhydryl efflux into bile, along with an increase in 

biliary flow in normal rats (Johnson, et al., 2002), thus suggesting that Mrp2 is 

responsible for GS-X efflux into bile.  Glucuronides are common substrates of MRP2, 

and include many steroid based compounds like E217βG and bile acids conjugates.  

Several drug glucuronide conjugates like those of acetaminophen, indomethecin, 

diclofenac, and SN-38 are also substrates of MRP2, as are the food and tobacco derived 

carcinogens 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine glucuronide and NNAL-

O-gluc, respectively (Leslie, et al., 2007; Leslie, et al., 2001a; Dietrich, et al., 2001).  

Sulfated substrates are mainly classified as steroid conjugates, like 

dehydroepiandrosterone sulfate (DHEAS) and bile salt conjugates (Jedlitschky, et al., 

2006).  Although many conjugated drugs are substrates for MRP2, several unconjugated 

anionic and non-anion organic compounds are substrates of MRP2.  For example, the 

anti-neoplastic drugs etoposide, vincristine, SN-38, doxorubicin and methotrexate 

(MTX), as well as  ampicillin, bromosulfophthalein, p-aminohippurate, and HMG-CoA 

reductase inhibitors (e.g. pravastatin) are also MRP2 substrates, at least in vitro (Suzuki 

and Sugiyama, 2002; Jedlitschky, et al., 2006; Kitamura, et al., 2008). 

 

2.1.2.3 Vectorial Transport Mediated by ABC Proteins in vitro 

A plethora of compounds have been identified as substrates of MRP1 and MRP2 

using an in vitro assay that measures the ATP-dependent uptake of a radiolabelled form 

of the compound into inside-out membrane vesicles prepared from cells overexpressing 

the transporter of interest (Leier, et al., 1994a) (Fig 2.3).  These vesicular uptake assays 

avoid the technical difficulties of quantifying ATP-dependent efflux of hydrophilic 
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molecules from intact cells.  It should be noted, however, that the in vivo relevance of 

vesicular transport of many molecules shown in vitro to be MRP substrates has not yet 

been established (Slot et al., in press). 

 

 
Figure 2.3 Vesicular transport assay. 

The vesicular transport assay typically measures MRP/ABCC-mediated ATP-dependent 

uptake of a radiolabelled ligand into inside-out membrane vesicles which are then filtered 

and the amount of radiolabel inside the vesicles quantitated by liquid scintillation 

counting [10]. The membrane vesicles can be prepared from a number of different cell 

types but transfected mammalian or insect cells expressing human recombinant 

ABCC/MRP proteins are usually preferred. The commercial availability of radiolabelled 

substrates of sufficiently high specific activity can be limiting. However, improvements 

in the detection of small quantities of substrate by other analytical methods (e.g. high 

performance liquid chromatography) are extending the usefulness of this assay.  Taken 

from Slot et al., in press. 

 

In polarized cells, such as those lining the luminal area of a tissue (e.g. renal 

tubules), drugs and metabolites can be taken up and extruded across one, or both, surfaces 

(apical and basolateral).  When a compound moves in one direction more than the other 

(independent of osmotic gradients), its transport is termed vectorial.  Endo and 

xenobiotics are usually taken up across the basolateral (blood facing) membrane by 
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members of the solute carrier (SLC) superfamily (which include organic anion 

transporters (OATs), organic cation transporters (OCTs), and organic anion transporting 

polypeptides (OATPs)), while compounds are typically eliminated to a luminal space by 

apical efflux transporters (generally mediated by ABC transporters), or back to the blood 

(possibly as modified metabolites) by basolateral efflux transporters (Scherrmann, 2009).  

Thus, vectorial transport does not occur at a substantial rate in cell culture models in the 

absence of the appropriate transport proteins at the apical and basolateral membranes 

(Bartholome, et al., 2007).  A typical cell monolayer used for vectorial transport 

experiments is illustrated in Fig 2.4. 

 Some of the most commonly studied in vitro vectorial transport systems utilize 

established canine and porcine kidney epithelial lines (MDCKII and LLC-PK1, 

respectively) and typically express stably transfected human SLC transporters (e.g. 

OATP1B3, OCT1, etc.) on the basolateral side, and stably transfected human ABC 

transporters (e.g. MRP2, P-gp, ABCG2, etc.) on the apical side.  By varying the number 

(and expression levels) of uptake and/or efflux transporters, the contribution of each can 

be determined.  For example, Kopplow et al. (2005) concluded that CCK-8 could be a 

substrate for human OATP1B3 and MRP2, but not OATP1B1 or OATP2B1 using their 

quadruple transfected MDCKII cell line (Kopplow, et al., 2005).  Furthermore, Hirouchi 

et al. (2009) showed that MRP3 contributes to the basolateral efflux of glucuronide 

conjugates of estradiol, gemfibrozil, E3040 and troglitazone; however, MRP4 was only 

capable of effluxing gemfibrozil and estradiol glucuronide metabolites in their triple 

transfected (MRP4/MRP3/OATP1B1) MDCKII cell line (Hirouchi, et al., 2009).  In 

contrast, all four compounds were substrates of apical MRP2.  Thus, this cell line 

provides details about the substrate specificity of multiple transporters in a single system. 
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Figure 2.4 Cartoon representation of an in vitro experimental method to measure 

vectorial (transcellular) transport. 

Transfected cells are grown in a polarized fashion with distinct apical and basolateral 

domains (and transporters).  When cultured to confluence on an appropriate semi-

permeable membrane support on a transwell insert, tight junctions between cells are 

established which prevent the passive diffusion of test compounds between media 

compartments.  Test compounds can be added to either compartment and, after a 

prescribed amount of time, medium can be collected and the amount of test compound is 

quantitated to determine vectorial transport and/or cellular retention of said compound.  

Adapted from Slot et al., in press. 

 

2.1.3 Determinants of MRP1 and MRP2 Substrate Binding 

Although many organic anions are transported by MRPs, not all conjugates are 

readily transported or recognized by them.  Currently, it is unclear as to which chemical 

attributes of organic anion conjugates are necessary for efficient transport by MRP1 (Cole 

and Deeley, 2006).  Several different tools have been used by investigators to try to 
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elaborate on both the promiscuity and selectivity of MRPs.  One tool, site-directed 

mutagenesis, has identified a large number of mutation-sensitive residues in MRP1 (and 

other ABC transporters).  This approach has uncovered specific regions and amino acids 

of MRP1 which are critical for substrate-protein binding, expression at the plasma 

membrane of mammalian cells, and ATP binding and hydrolysis (as measured by 

vanadate-induced ADP trapping).  For example, the NH2-terminal TM of MSD1, TM6, 

contains several mutation-sensitive residues (e.g. Lys
332

 and His
335

) which exhibit 

substrate selectivity, in that replacement of these individual residues reduces the 

interaction of MRP1 with GSH and GSH conjugates (e.g. LTC4 photolabeling and 

transport of [
3
H]LTC4), but does not affect [

3
H]E217βG transport (Haimeur, et al., 2004; 

Haimeur, et al., 2002).  Conversely, substitution of residues in TM17 (i.e. Thr
1242

, Tyr
1243

, 

Asn
1245

 and Trp
1246

) with certain amino acids reduces E217βG transport, with little effect 

on LTC4 transport (Fig 2.5) (Zhang, et al., 2001b; Ito, et al., 2001b; Zhang, et al., 2002).  

Differences in substrate selectivity, as determined by mutations in these two TM helices 

(and others), has led to the proposal that MRP1 contains at least one large binding pocket 

with multiple contact amino acids, thus allowing for a broad range of substrates to have 

their own subset of distinct atomic interactions (Ito, et al., 2001b).  However, there is 

presumably overlap with respect to substrate binding sites as LTC4 and E217βG will act 

as competitive inhibitors towards each other (Loe, et al., 1996b; Loe, et al., 1996a).   

The function of MRP1 MSD0 (containing TMs 1-5) is not entirely understood.  

This domain (usually defined as amino acids 1-203) does not appear to directly 

participate in substrate translocation, since its deletion up to amino acid 203 does not 

substantially affect LTC4 transport (Bakos, et al., 1998; Westlake, et al., 2003); however, 

it does affect the transport of other substrates (Leslie, et al., 2003). 
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Figure 2.5 Putative overlapping regions within the binding pocket of MRP1 affecting 

substrate transport. 

1, Binding region requiring TM6 polar residues, e.g. Lys
332

; 2, binding region requiring 

TM17 polar regions, e.g. Trp
1246

; 3, binding region requiring neither TM6 nor TM17 

components.  LTC4 is an example of a region 1 substrate.  E217βG is an example of a 

region 2 substrate.  MTX is an example of a region 3 substrate. Although it is clear that 

certain substrates share at least some common binding determinants, differences in atomic 

contacts within the binding pocket may explain why some substrates are more or less 

effective modulators of another substrate.  Furthermore, it also suggests why point 

mutations within a binding region (e.g. regions 1, 2 or 3 depicted here) do not necessarily 

have a global effect on transport function. 

 

Based in large part on MRP1 studies, suggestions about where substrates bind to 

MRP2 have been postulated, and include regions in TM6, TM9, TM16 and TM17 (Kruh 

and Belinsky, 2003), which overlap with those for MRP1 substrate binding (Deeley and 

Cole, 2006).  Furthermore, knowledge gained from MRP1 mutagenesis studies has, in 

part, provided some insight to MRP2 function as well.  For example, the MRP2 W1254A 

mutant (analogous to MRP1 W1246A) shows a global significant decrease in all substrate 

transport (Ito, et al., 2001b; Ito, et al., 2001a), while the MRP2 K329L mutant (analogous 

to MRP1 K332L) shows increased E217βG and MTX transport but reduced LTC4 
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transport (Appendix 1).  Although these conserved amino acids are also important for 

both MRP1 and MRP2 transport function, the effects of mutagenesis on the substrate 

specificity of the two transporters are not consistent.  Similarly, analogous mutations of a 

conserved proline residue in CL7 of MRP1 (pro
1150

), MRP2 (pro
1158

) and MRP3 (pro
1147

) 

produce proteins with significantly different abilities to transport LTC4, E217βG and 

MTX (Létourneau, et al., 2007). 

As mentioned earlier, defects in MRP2 can lead to the human genetic disorder 

DJS.  DJS is most commonly associated with mutations in the NBDs, most notably 

R768W and Q1382R, as well as the CL7 mutations R1150H and I1173F (Materna and 

Lage, 2003; Tsujii, et al., 1999; Keitel, et al., 2000).  However, there are many other 

mutations that can lead to MRP2 dysfunction (Jedlitschky, et al., 2006).   

The apical sorting of MRP2 seems to be driven by more than one motif in the 

primary sequence of the protein, and the chaperone and scaffolding proteins involved are 

most likely tissue dependent.  Thus, both NH2- and COOH-terminal sequences are present 

which prevent the proper apical localization of MRP2 when either (or both) are deleted 

(Kipp and Arias, 2000; Bandler, et al., 2008). 

One interesting difference between MRP1 and MRP2 is that MRP2 is dissimilar to 

MRP1 in its kinetic properties of E217βG transport.  Zelcer et al. (2003) studied the 

interaction of a variety of organic anions and drugs on MRP2-mediated transport, and 

found several major differences with respect to MRP1 and MRP2 (Zelcer, et al., 2003a).  

Most notably, they observed that MRP2-mediated vesicular transport of E217βG 

increased sigmoidally as substrate concentration was increased, in contrast to the typical 

saturable hyperbolic curves seen for MRP1- and MRP3-mediated E217βG vesicular 

transport).  They also noted that stimulators of transport, such as sulfanitran, decreased 
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the apparent Km (E217βG), and shifted the shape of the kinetics curve from sigmoidal to 

hyperbolic without significantly affecting maximal transport.  However, since not all 

stimulators of MRP2-mediated E217βG transport are substrates themselves, a second 

allosteric or low affinity binding site is suggested.  The two binding sites were termed the 

substrate (high affinity) and modulatory (low affinity) sites (Zelcer, et al., 2003a).  

Although MRP2-mediated E217βG transport varies depending on the concentration of 

E217βG, this is not the case for the related steroid metabolite ethinylestradiol-3-O-

glucuronide (EE-G).  Thus, when Chu et al. (2004) investigated the transport properties 

of MRP1, MRP2 and MRP3 with respect to both EE-G and ethinylestradiol-3-O-sulfate 

(EE-S), they found that MRP1 did not transport either of these compounds, but that both 

MRP2 and MRP3 were capable of transporting EE-G (Km 35 and 9.2 μM, respectively) 

(Chu, et al., 2004).  Furthermore, although EE-S was not a substrate for either MRP2 or 

MRP3, it stimulated (due to an increase in apparent affinity) both E217βG and EE-G 

transport by MRP2 and MRP3.  Thus, they suggested that MRP3 may possess a 

modulatory site similar to that in MRP2 (Chu, et al., 2004).  

 

2.1.3.1 Modulators of MRP1 and MRP2 Transport Activity 

 As several MRPs have been implicated in drug resistance, there is an interest in 

designing specific MRP inhibitors/modulators.  To date, most inhibitors designed or 

discovered for MRP1 are not specific, and often modulate the function of other ABCC 

proteins, such as P-gp, ABCG2, and even some members of the SLC importer family.  

Frequently, structurally distinct compounds with different anionic moieties (which can be 

substrates or simply proficient at binding with the protein without being transported) act 

as competitive inhibitors (Deeley and Cole, 2006). 
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Probenecid is an example of a non-specific, general organic anion transport 

inhibitor.  MK571, which was designed as an LTD4-receptor antagonist, is an effective 

(low μM) competitive inhibitor of MRP1, MRP2, MRP3 and MRP4-mediated vesicular 

transport, and somewhat less potent at inhibiting other ABCC transporters (Deeley, et al., 

2006; Létourneau, et al., 2005).  However, this compound is often less potent in whole 

cell assays compared to vesicular transport assays, likely due to its limited ability to 

penetrate the cell membrane.  Nonetheless, MK571 is the most commonly used inhibitor 

for MRP transport studies.  The synthetic GSH analogue S-decyl-GSH is also a non-

specific competitive MRP1 inhibitor that is more potent than MK571 in vitro (Loe, et al., 

1996b; Maeno, et al., 2009; Rius, et al., 2008).  Some dietary flavonoids and non-

steroidal anti-inflammatory agents can also inhibit MRP1 and MRP2 activity and are of 

interest for co-treatment with chemotherapeutics (Di Pietro, et al., 2002).  Agosterol A, a 

natural compound, inhibits both MRP1 (in a GSH-dependent manner) and P-gp (Chen, et 

al., 2001).  Compounds like MS-209 and VX-710 were specifically designed as P-gp 

inhibitors; however, the latter compound also appears to inhibit MRP1 and ABCG2 

(Minderman, et al., 2004).  Although the ability to inhibit multidrug transporters may be 

advantageous in some instances, there is also a potential for significantly altered drug 

disposition, and hence toxicity.   

To date, the most potent and efficacious MRP1-specific inhibitors are based on 

the tricyclic isoxazoles LY465803 and LY475776, which inhibit MRP1-mediated 

vesicular transport at concentrations below 100 nM (Mao, et al., 2002; Qian, et al., 2002; 

Dantzig, et al., 2004).  Interestingly, their ability to inhibit MRP1-mediated vesicular 

transport is GSH (or S-methyl-GSH) dependent (Maeno, et al., 2009; Mao, et al., 2002; 

Qian, et al., 2002; Dantzig, et al., 2004).  The structurally unrelated compound Bay u9773 
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does not require GSH for its inhibitory action, yet still inhibits MRP1-mediated E217βG 

and LTC4 transport with IC50 values of approximately 200 nM and 400 nM, respectively 

(Maeno, et al., 2009).  

 MRP2 exhibits altered transport kinetics in the presence of certain modulators, 

which themselves may or may not be transport substrates.  For example, N-

ethylmaleimide-SG transport by MRP2 is greatly stimulated by sulfinpyranzone, and 

indomethacin, but not by GSH (Zelcer, et al., 2003a; Bakos, et al., 2000).  Non-substrates 

of MRP2 like taurocholate, penicillin G and pantoprazole can also stimulate E217βG 

transport, and shift the kinetics of transport such that it follows an exponential curve 

rather than a sigmoidal curve as described earlier.  It has been suggested that this is due to 

the binding of E217βG to a low affinity E217βG modulatory site on MRP2 (Zelcer, et al., 

2003b).  Furthermore, bile salt transport by MRP2 is stimulated by E217βG, and 

reciprocal E217βG transport stimulation is seen by various conjugated steroids including 

EE-S and sulfated bile acids (Chu, et al., 2004; Bodo, et al., 2003). 

 

2.1.4 Role of GSH in MRP1 and MRP2 Function 

The efflux of many GSH-conjugated xenobiotics and endogenous molecules by 

MRP1 and MRP2 is often required to prevent the build-up of toxicants (e.g. aflatoxin-B1-

SG) or for a specific biological function (e.g. inflammatory response by LTC4) (Cole and 

Deeley, 2006).  Cytokine metabolites transported by MRP1 (in vitro) other than LTC4 

include PGA2-SG and 15-deoxy-Δ-
12,14

-PGJ2-SG (Evers, et al., 1997; Paumi, et al., 2003). 

In vitro and in vivo studies with Abcc1
-/-

 mice and cell lines established from 

embryonic stem cells of these mice suggest the physiological role of Mrp1 with respect to 
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GSH (Wijnholds, et al., 1997; Rappa, et al., 1997).  Thus, embryonic stem cells lacking 

Abcc1 showed decreased GSH transport as well as sensitivity to etoposide, and the GSH 

content of tissues derived from Abcc1-/- mice were elevated compared to wild-type mice 

(Wijnholds, et al., 1997; Rappa, et al., 1997).  With respect to the chemoprotective effects 

of MRP1 seen in vitro, the results obtained by the depletion of intracellular GSH using 

buthione sulfoximine (BSO) have provided additional support that many cytotoxic agents 

require either conjugation with, or the presence of GSH for efflux (Benderra, et al., 2000); 

however, many drug substrates of MRP1 (e.g. anthracyclines) do not (Grant, et al., 1994; 

Zhang, et al., 2001a). 

Some MRP1 substrates which require the presence of GSH for high capacity 

transport include: E13SO4 (Qian, et al., 2001), NNAL-O-glucuronide (Leslie, et al., 

2001a), 4-nitroquinoline 1-oxide-SG (Peklak-Scott, et al., 2005), and vincristine (Loe, et 

al., 1998).  Importantly, there are specific molecular determinants of GSH for this 

dependence.  A complete tripeptide is required for stimulation as γ-Glu-Cys and Cys-Gly 

do not support vincristine transport (Loe, et al., 1998).  Furthermore, GSSG does not 

serve as a substitute for GSH stimulation; however, the sulfhydryl group of GSH is not 

essential as S-methyl GSH (and S-ethyl-GSH) can also stimulate vincristine and E13SO4 

transport (Qian, et al., 2001; Loe, et al., 1998).  E13SO4 is interesting in that the presence 

of GSH (or S-methyl-GSH) significantly increases its affinity for MRP1 (as well as Vmax), 

but in the absence of GSH, a low level of transport occurs nonetheless (Rothnie, et al., 

2006; Maeno, et al., 2009).  Some proposed mechanisms of MRP1-mediated transport 

and some associated substrates are listed in Table 2.3. 

While some substrates (e.g. LTC4 (Loe, et al., 1996b), aflatoxin B1-SG (Loe, et 

al., 1997), and DNP-SG (Ballatori, et al., 1996) are efficiently transported GSH 
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conjugates, some substrates appear to be co-transported with GSH (e.g. vincristine) (Loe, 

et al., 1998), while other substrates (e.g. verapamil and many bioflavonoids) stimulate the 

transport of GSH without being transported themselves (Loe, et al., 2000; Leslie, et al., 

2003).  One current hypothesis regarding the ability of GSH (or analogues) to stimulate 

E13SO4 transport (which is supported by equilibrium binding studies and other 

biochemical evidence) is that GSH first binds to MRP1 leading to a conformational 

change which allows for increased binding of E13SO4 (Rothnie, et al., 2006).  Lastly, 

GSSG and GSH are also substrates for MRP1, albeit with differing apparent affinities of 

over 10-fold (100 μM versus 1 mM) (Leier, et al., 1996; Loe, et al., 1998; Loe, et al., 

2000).  However, as mentioned previously, the requirement of GSH for substrate 

transport by MRP1 does not exist for all substrates.  For example, E217βG and MTX do 

not require GSH for transport (Loe, et al., 1996a; Hooijberg, et al., 1999). 

Like MRP1, MRP2 transports both GSH and GSSG, and also requires the 

presence of GSH for the efflux of certain therapeutics (e.g. sulfinpyrazone and 

vinblastine) (Lee, et al., 1997; Evers, et al., 2000).  However, GSH also inhibits the 

MRP2-mediated transport of some GSH-dependent MRP1 substrates (e.g. NNAL-O-

glucuronide) (Leslie, et al., 2001a) for reasons that are as of yet unknown.  MRP2 also 

transports several GSH conjugates including LTC4, PGA1-SG, DNP-SG, and ethacrynic 

acid-SG (Evers, et al., 1998).  However, as described earlier, MRP2 is localized to the 

apical membrane of polarized cells and has a more restrictive tissue distribution.  Thus, 

the physiological impact of MRP2 is significantly different than that of MRP1, and the 

bulk of its substrates are eliminated into the bile via hepatocyte efflux or into the urine by 

renal tubular epithelial cells. 
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Table 2.3 Influence of GSH on the in vitro transport of selected MRP1 substrates 

 

Types of GSH-dependent vesicular transport by MRP1 and their associated organic anions 

GSH conjugate (Leier, et 

al., 1994a; Evers, et al., 

1997; Paumi, et al., 

2003; Loe, et al., 1997; 

Ballatori, et al., 1996; 

Renes, et al., 2000; 

Leslie, et al., 2004) 

GSH/substrate co-

transport (Benderra, et 

al., 2000; Loe, et al., 

1998; Sharp, et al., 1998; 

Mao, et al., 2000) 

GSH-dependent 

substrate transport
#
 

(Leslie, et al., 2001a; 

Qian, et al., 2001; 

Peklak-Scott, et al., 

2005) 

Compound-enhanced 

GSH transport (Loe, et 

al., 2000; Leslie, et al., 

2003) 

Other (Leier, et al., 

1996) 

LTC4 

PGA2-SG 

15-deoxy-ΔPGJ2-SG 

4-HNE-SG 

DNP-SG 

Ethacrynic acid-SG 

Aflatoxin B1-SG 

Arsenic-triglutathione
c
 

Vincristine 

Etoposide 

Vinblastine 

Daunorubicin 

E13SO4
a
 

NQO-SG 

NNAL-O-glucuronide 

Verapamil 

Apigenin 

Naringenin 

Genistein 

Quercetin 

GSH
b
 

GSSG
b
 

 

Adapted from (Cole and Deeley, 2006; Borst, et al., 2006) 
#
 S-methyl-GSH and ophthalmic acid have been shown to support E13SO4 transport in vitro (Leslie, et al., 2003) 

a
 The transport of E13SO4 by MRP1 occurs without the presence of GSH, albeit at much lower levels (Rothnie, et al., 2006; Maeno, et al., 2009) 

b
 Glutathione and reduced glutathione are substrates for MRP1 alone 

c
 Requires the presences of three GSH moieties 
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Amino acids in MRP1 required for the interaction between GSH conjugates and 

substrates requiring GSH for transport have been identified.  Thus, data obtained from 

characterization of a MRP1 mutant in which Lys
332

 was mutated to various neutral and 

same charge amino acids suggested that this amino acid makes an atomic contact with the 

γ-glutamyl residue of the GSH moiety of LTC4 (Maeno, et al., 2009).  Similarly, His
335

, 

which lies one helical turn up TM6, also selectively affects LTC4 transport in vitro, but to 

a lesser degree (Haimeur, et al., 2002).  Thus, at least part of TM6 appears to play an 

important role in GSH recognition.  However, mutation of the adjacent Asp
336

 residue 

results in diminished transport of all substrates, suggesting this TM is important for 

global substrate recognition also.  Point mutation of other amino acids throughout MRP1 

(e.g. Pro
478

, Glu
1204

, Tyr
1189

, Tyr
1190

, Arg
1197

, and Arg
1249

) have also shown a more 

pronounced reduction in GSH transport (Cole and Deeley, 2006).   

Several studies have attempted to determine the critical GSH-binding sites on 

MRP1 using various radiolabeled GSH analogues as well as LTC4 and derivatives.  Thus, 

iodoaryl-azido GSH photolabels both halves of MRP1 with a preference for the COOH-

terminal half, whereas azidophenacyl GSH predominantly labels the NH2-terminal half of 

the protein (Qian, et al., 2002; Karwatsky, et al., 2003).  However, as this GSH analogue 

is a poor stimulator of E13SO4 transport, it may be binding to a different site than GSH.  

The photolabeling pattern of MRP1 by LTC4 also shows labeling to both halves of the 

protein; however, the NH2-terminal half appears to be more reactive (Qian, et al., 2001; 

Karwatsky, et al., 2005; Wu, et al., 2005). 

A point mutation analogous to the human MRP1 Lys
332

 substitution described 

earlier has been introduced into murine Mrp2.  Thus, the Mrp2 mutation (K325M) in 

mice has been reported to abolish LTC4 and DNP-SG uptake in membrane vesicles 
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prepared from infected Sf9 cells (Ito, et al., 2001c).  The analogous human MRP2 

mutation (K329A) showed no altered phenotype as measured by the extrusion of GS-

methylfluorescein from intact cells (Ryu, et al., 2000).  Despite the conservation of this 

lysine residue (MRP1 Lys
332

, MRP2 Lys
329

, and MRP3 Lys
318

), the affinity of MRP1, 

MRP2 and MRP3 for LTC4 varies significantly, as mentioned previously.  Consequently, 

further mutagenesis studies investigating the importance of TM6 in substrate recognition 

and transport are needed to elucidate the differences among these transporters with 

respect to their interactions with GSH. 

 

2.1.5 Role of MRP1 and MRP2 in Oxidative Stress 

 In mammalian cells, ROS (e.g. 
.
O2

-
, 

.
OH, H2O2 and peroxynitrite) take part in 

fundamental physiological cellular functions, not limited to: growth, differentiation, and 

apoptosis, as well as pathogenic processes like necrosis and mutagenesis (Finkel, 2003; 

Toyoda, et al., 2008).  Under normal physiological conditions however, cells are capable 

of eliminating these oxidants.  Superoxide dismutase converts 
.
O2

-
 to O2 and H2O2, while 

GSH peroxidase converts H2O2 to 2 H2O at the expense of two GSH molecules (to form 

GSSG).  Subsequently, GSH reductase converts GSSG to 2 GSH molecules at the 

expense of 2 NADPH
+
, thus maintaining redox homeostasis (Meister, 1988).  

Furthermore, GSH can scavenge other ROS and free radicals independent of GSH 

peroxidase.  Thus, although one main physiological role for GSH is to serve as a substrate 

for conjugation reactions, its predominant role is to serve as an antioxidant and maintain 

redox homeostasis.  The nucleophilic nature of the reduced sulfhydryl groups of cysteines 

makes them good targets for oxidative reactions.  As the predominant non-protein thiol, 
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GSH spares proteins (and other macromolecules) by serving as a sink for ROS, free 

radicals and strong electrophiles.  GSH is present in most cells at high (1–10 mM) levels 

and is usually highest in hepatocytes (Toyoda, et al., 2008; Fernandez-Checa, et al., 

1998).  However, during oxidative stress, the ratio of GSH to GSSG decreases, and is 

often used as a marker for oxidative stress.   

The apparent Km of MRP1 (and MRP2) for GSH is low (~ 5-10 mM) (Suzuki and 

Sugiyama, 1998; Keppler, et al., 1999; Cole and Deeley, 2006), thus making accurate 

determinations of GSH efflux by MRP1 difficult.  In contrast, GSSG has a higher affinity 

(Km ~ 100 μM) for MRP1 (Leier, et al., 1996; Lee, et al., 1997).  Perhaps not surprisingly, 

the relative affinities for these two substrates for MRP1 reflect their normal physiological 

concentrations.  During oxidative stress, the ratio of GSH to GSSG decreases, thus 

MRP1-mediated efflux of GSSG may alter the redox state of a cell (Leier, et al., 1996; 

Mueller, et al., 2005; Hirrlinger and Dringen, 2005).  GSH conjugates (including GSSG) 

extruded to the extracellular milieu are substrates for γGT, which cleaves the γ-glutamate 

residue of the GSH moiety.  Subsequently, γ-glutamate is taken up by cells and 

incorporated back into GSH via a number of pathways, including the rate limiting 

enzyme in GSH biosynthesis, glutamate cysteine ligase (previously γ-glutamylcystein 

synthase) (Meister, 1988). 

GSH also plays an important role in controlling cellular growth, development and 

defence (Diaz Vivancos, et al., 2010; Hammond, et al., 2007).  As GSH is found in nearly 

all cellular compartments, the regulation of its transport between these compartments is 

critical.  As such, GSH uptake and retention to the nucleus has considerable impact on 

cellular redox homeostasis and gene expression (Diaz Vivancos, et al., 2010).  Thus, as 

GSH levels increase in the nucleus, there is a down regulation of certain mRNA 
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transcripts that encode stress and defence proteins (e.g. poly(ADP-ribose) polymerase) 

(Diaz Vivancos, et al., 2010).  The transcriptional regulation of a number of genes 

involved in redox homeostasis is mediated (at least in part) by Nrf2 (Zhang, 2006).  This 

transcriptional regulator binds to the consensus sequence 5‟–TGAGTCA in antioxidant 

response elements, leading to the upregulation of γ-glutamyl cysteine ligase, quinine 

oxidoreductase 1, heme oxygenase 1, and GSH transferase A1 (Nguyen, et al., 2004).  

There are no known Nrf2 consensus sequences present in the proximal promoter regions 

of human ABCC1 or ABCC2.   

   

2.2 Toxico-pathological Consequences of Exposure to Quinones 

As eluded to earlier, the biological activity of quinones is largely due to their 

ability to form covalent adducts with a variety of biological molecules, and their ability to 

redox cycle and produce ROS (Kappus and Sies, 1981; Monks and Lau, 1997).  Thus, 

quinones can act as carcinogens and pro-oxidants, and are often toxic to cells.  For 

example, the dose-limiting cardiotoxicity of anthracyclines can in part be explained by 

the ROS generated by redox cycling of the quinone moiety of this class of drugs (Menna, 

et al., 2010).   

 

2.2.1 Methylenedioxymethamphetamine 

The recreational drug 3,4-methylenedioxymethamphetamine (MDMA) is a ring-

substituted amphetamine analogue commonly referred to as ecstasy, and is a popular 

recreational drug among Western youth (Paglia-Boak et al., 2009).  In Canada, MDMA is 
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a schedule III drug (Controlled Drugs and Substances Act, 1996), which has been 

reported to be have been used by approximately 4% of Canadian university students (as 

of 2002) and approximately 3% of Ontario high school students (as of 2009) (Gross, et 

al., 2002; (Paglia-Boak et al., 2009).  The neurotoxic effects of MDMA were first 

described by 1986 (Stone, et al., 1986); however, many of the pharmacological and 

toxicological properties of this compound are still being investigated.     

 

2.2.1.1 MDMA Metabolism 

 In humans, MDMA is predominantly (up to 90% of first pass metabolism) O-

demethylenated by cytochrome P450 (CYP) 1A2 and CYP2D6, and to a lesser extent 

CYP3A4, and/or N-demethylenated by CYP2B6, and to a lesser extent by CYP1A2 (de la 

Torre, et al., 2004; de la Torre and Farre, 2004; Mueller, et al., 2008) (Fig 2.6).  

Regardless of which reaction occurs first, a common early metabolite of MDMA is α-

methyldopamine (α-MeDA).  Although it is a toxicologically relevant molecule, it does 

not represent the predominant species.  Thus, the metabolites N-methyl-α-MeDA (N-Me-

α-MeDA) together with α-MeDA are the critical first steps in the production of toxic 

metabolites.  Unfortunately, due to the ethics involved in human testing of MDMA, and 

the high polymorphic nature of CYP2D6 and COMT (Dunning, et al., 1999; Thompson 

and Ambrosone, 2000), there is little information on the relative amounts of the many 

metabolites formed from MDMA.  However, evidence from studies in healthy volunteers 

given a single dose of MDMA suggests that methylenedioxyamphetamine (MDA) (a 

product of the CYP2B6 metabolic pathway) represents less than 10% of total metabolites, 

thus making N-Me-α-MeDA the major metabolite (de la Torre, et al., 2004; de la Torre 

and Farre, 2004).  After 24 hr, approximately 15% of the dose ingested by the volunteers 
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was recovered in urine as unchanged parent compound, and 40% as sulfated and 

glucuronidated conjugates of N-Me-α-MeDA or 3-methoxy-N-Me-α-MeDA (Farre, et al., 

2004).  In a different study, when human volunteers were screened for CYP2D6 genotype 

(denoted as fast, intermediate, or poor metabolizers) it was shown that poor metabolizers 

had increased plasma concentrations of MDMA, an increased half-life of MDMA and 

decreased N-Me-α-MeDA concentrations (de la Torre, et al., 2005).  These data suggest 

that intermediate and poor metabolizers are at a greater risk of acute MDMA-induced 

toxicity (including increased blood pressure, heart rate and body temperature) but at a 

decreased risk of developing chronic serotonergic neurotoxicity, manifested as a selective 

loss of serotonergic nerve terminals (de la Torre, et al., 2005).   

 Controlled tests reporting plasma levels of MDMA metabolites in humans are 

limited, thus making it difficult to make correlations between animal studies and human 

health outcomes (Irvine, et al., 2006).  However, thioether metabolites of MDMA have 

been detected in human urine (Perfetti, et al., 2009).  Experiments in squirrel monkeys 

showed that single dose regimens, akin to those used in human trials, resulted in plasma 

MDMA and metabolite levels that were comparable to those in humans (Mueller, et al., 

2008; Mechan, et al., 2006).  However, when monkeys were dosed multiple times or with 

large single doses, the plasma concentrations of MDMA were 2 to 3 – fold greater than 

expected.  It was suggested that this is due to the inactivation of CYP2D6 by MDMA 

(Mueller, et al., 2008; Mechan, et al., 2006).  Furthermore, these monkeys developed 

lasting serotonergic deficits, thus negating the possibility of performing controlled human 

studies.  As a result, information is limited to retrospective analysis of voluntary 

recreational users of ecstasy. 
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There have been reports of the recovery of 5-GS-α-MeDA products in the bile of 

rats, although it represented a very low proportion of the original dose of MDA (Miller, et 

al., 1996).  One theory is that MDMA metabolites can undergo oxidation to their 

corresponding quinones, which subsequently form covalent adducts with cellular 

nucleophiles such as the sulfhydryls of cysteine residues in proteins and GSH, thus 

producing thio-ether conjugates (Fig 2.7) (Monks and Lau, 1997).  It is these thio-ether 

conjugates that have been linked to the development of prolonged serotonergic 

neurotoxicity (Monks, et al., 2004). 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Relative proportion of hepatic MDMA metabolites. 

The relative amounts of each metabolite after a single 100 mg/kg dose in human subjects 

are shown.  2B6, 1A2 and 2D6 represent the specific cyp P450 isoforms responsible for 

MDMA metabolism (and their relative contribution) where indicated.  MDMA, 

methylenedioxymethamphetamine; MDA, methylenedioxyamphetamine; MeDA, methyl 

dopamine; COMT, catechol-O-methyl transferase; ST, sulfotransferases; GT, 

glucuronosyl transferases.  Adapted from de la Torre, et al., 2004. 
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Figure 2.7 Formation of neurotoxic MDMA metabolites. 

This figure shows the cyp P450-mediated metabolic pathway of MDMA metabolism to 

selective serotonergic neurotoxins.  Metabolic processes which occur within hepatocytes 

are enclosed in the dashed box.  The cleavage of the GSH moiety occurs extracellularly 

in BBB endothelial cells and the resulting metabolites are taken up across the BBB.  

BBB, blood brain barrier; 1A2 and 2D6, cyp P450 isoforms 1A2 and 2B6; γGT, γ-

glutamyl transpeptidase; cysteinylglycine dipeptidase; NAT, N-acetyltransferase. 

 

2.2.1.2 MDMA-Induced Neurotoxicity 

 MDMA acts in a biphasic fashion, leading to the acute release of neuronal 

serotonin (5-HT), followed by prolonged depletion of 5-HT, and ultimately the 

destruction of serotonergic nerve terminals in various parts of the brain, the cause of 

which is still unclear (Monks, et al., 2004; Sarkar and Schmued, 2010).  These neurotoxic 

outcomes are dependent on the dose, route, and the frequency of administration of 

MDMA.  Remarkably, in animal models, neither MDMA, N-Me-α-MeDA, or its O-

methylated metabolites produce any long lasting neurological deficits or damage when 

administered directly within the brain by intracerebroventricular (i.c.v.) injection (Miller, 
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et al., 1996; Mueller, et al., 2009).  Thus, it seems likely that products of metabolism 

beyond primary phase I oxidation of MDMA are required for neurotoxicity (Fig 2.7).     

In both intra- and extracellular environments, α-MeDA can be readily oxidized by 

superoxide (O2
.-
) to a quinone, which can then react with nucleophiles such as GSH 

(Monks and Lau, 1997).  The transporters at the BBB capable of moving GSH conjugates 

from the systemic circulation into the brain have not yet been identified (Monks, et al., 

2004); however, both SLC and ABCC proteins are likely candidates.  Furthermore, 

cysteinyl conjugates appear to be taken up into cells by the Na
+
-independent system l-

transporters for neutral amino acids (SLC43A family) (Monks and Lau, 1998).  Thus, it 

seems reasonable to assume that MDMA may be metabolized extra-neuronally to GSH 

conjugates, which are then actively taken up into the brain by as of yet unidentified 

transporter(s).  In support of this theory, a single i.c.v. injection of 5-GS-α-MeDA in rats 

causes neurological changes similar to those produced by a 30-fold higher dose of MDA 

after s.c. injection (Bai, et al., 1999).  5-GS-α-MeDA is quickly metabolized at the BBB 

by γGT (which resides on the luminal side of the BBB endothelial cells), and eventually 

leads to the formation of 5-cys-α-MeDA and 5-NAC-α-MeDA (Monks, et al., 2004).  The 

former is eliminated quickly from the brain; however, the latter is rather persistent, and 

may possibly be the predominant cytotoxic species (Mueller, et al., 2009).  This indicates 

a major toxifying role for γGT.  In support of this idea, i.c.v. injections of 5-NAC-α-

MeDA are 7-fold more potent than 5-GS-α-MeDA at inducing neurotoxicity in rats 

(Miller, et al., 1995).  Interestingly, co-infusion of GSH along with 5-GS-α-MeDA 

decreases its uptake into the brain, presumably by competing for the same transporter or 

by allosterically modulating the activity of the transporter.  On the other hand, pre-

treatment of rats with acivicin (non-specific γGT inhibitor) increases the amount of 5-GS-
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α-MeDA in the brain (Bai, et al., 2001).  Furthermore, it has been shown that 2,5-bis-

(glutathion-S-yl)-α-MeDA and 5-GS-α-MeDA inhibit γGT, which may enhance their 

ability to permeate the brain (Bai, et al., 2001).  Jones et al. (2005) were the first to show 

the presence of thio-ether MDMA metabolites in brain dialysates after systemic 

administration of MDMA in a rodent model.  Consistent with the results previously 

discussed where multi-dose regimens of MDMA led to increased plasma levels, a similar 

dosing regimen to rats leads to increased concentrations of thio-ether metabolites in rat 

brains (Erives, et al., 2008).   

When α-MeDA is administered to rats by i.c.v. injection, the animals do not 

exhibit the same behavioural profile as for 5-GS-α-MeDA.  This suggests that the 

catecholamine moiety is not sufficient by itself to produce behavioural effects (Easton, et 

al., 2003).  It is unclear whether the GSH moiety of MDMA metabolites can behave as a 

neuromodulator, although GSH and GSSG are known to modulate neuronal activity 

(Aschner, 2000).  Furthermore, it is believed that MDMA metabolites interact with the 5-

HT transporter (SLC6A4) such that the normal direction of 5-HT transport is reversed, 

and causes morphological damage to serotonergic nerve terminals (Jones, et al., 2004).  

Some of the unanswered questions regarding the ability of MDMA to induced 

neurotoxicity are: how do hepatic MDMA metabolites enter the brain? and, what are the 

specific biological determinants (e.g. transporter or receptor interaction) for the observed 

selective serotonergic neurotoxic effects?   
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2.2.2 Caffeic Acid 

 Caffeic acid (CA) is a naturally occurring hydrophilic phenolic compound found 

in nearly all plants (Sondheimer, 1958).  Despite its abundance and importance to plant 

survival, relatively little is known about the dietary consequences of consuming CA, its 

derivatives, and many other related polyphenols (Jiang, et al., 2005).  Although its name 

may suggest it is related to caffeine, it bears no chemical similarity to methylxanthines, 

despite the fact that CA levels are high in coffee, tea, and cocoa plants (Mennen, et al., 

2006).  Most research to date has focused on the putative health benefits of CA 

(Nkondjock, 2009; Bertelli, 2007) (unlike the other parent compounds discussed in 

Chapter 2.2).   

 It is estimated that human consumption of phenolics in western diets is 

approximately 800 mg per day, and thus they comprise a large percentage of our non-

nutrient or phytochemical intake (Simonetti, et al., 2001).  Many of the reported health 

benefits related to the consumption of some fruits and vegetables, including tea and red 

wine, have been associated with their polyphenol content and CA content.   

Early reports identified CA and one of its metabolites as selective inhibitors of 5-

lipoxygenase and thus inhibited pro-inflammatory leukotriene biosynthesis (Sugiura, et 

al., 1989; Koshihara, et al., 1984).  In vitro, the IC50 for CA was ~ 4 μM and the IC50 for 

the O-methylated metabolite was ~ 0.5 μM.  These compounds are non-competitive 

inhibitors of cyclooxygenase, and had no effect on 5-lipoxygenase activity up to 100 μM 

(Sugiura, et al., 1989; Koshihara, et al., 1984).  Furthermore, formation of the MRP 

substrates, LTC4 and LTD4, could be completely abrogated by CA in a mouse mast 

tumour cell model, thus demonstrating the potential for CA to be used for its anti-
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inflammatory actions (Koshihara, et al., 1984; Miller, et al., 1989).  More recent studies 

have elucidated that CA is a relatively potent inhibitor of COX-2, but has no effect on 

COX-1 (Jayaprakasam, et al., 2006).  The same study also compared the ability of CA to 

prevent in vitro lipid peroxidation against the commonly used food preservatives tert-

butylhydroquinone, butylated hydroxytoluene and butylated hydroxyanisole, and found it 

to be equally effective (Jayaprakasam, et al., 2006).   

As caffeic acid is found in relatively high quantities in red wine (~ 1 mg/100 mL), 

active plasma levels of CA have been monitored in humans after consuming small to 

moderate quantities of wine (Simonetti, et al., 2001).  Peak plasma levels of CA were 

reached 1 hr after consumption of up to 300 ml red wine, and CA is no longer detected 

after 4 hr, suggesting rapid clearance and/or metabolism of CA (Simonetti, et al., 2001).   

In vitro, CA is taken up by HepG2 cells and mainly O-methylated to ferulic acid, 

with subsequent glucuronidation as the major metabolic pathway, as well as the 

formation of sulfate conjugates (Mateos, et al., 2006).  When given to rats, orally 

administered CA is detected in the plasma quickly, and both the parent compound and 

metabolites are excreted in the urine (Zhang, et al., 2008).  The major metabolites include 

methylated, glucuronidated and sulfated compounds, similar to those obtained with 

HepG2 cells (Zhang, et al., 2008; Poquet, et al., 2008).  However, there are also reports of 

the formation of CA-quinone by CYP2E1-mediated oxidation and its subsequent 

conjugation with GSH, which may represent a potential toxification pathway for CA 

(Moridani, et al., 2001; Moridani, et al., 2002).  A recent study reported that both CA and 

2-GS-CA were effective at inhibiting N-nitrosation and 3-nitrotyrosine formation at pH 4, 

ex-vivo (De Lucia, et al., 2008).  Thus, only in physiological environments such as the 

stomach would glutathionylated CA afford some protection against toxic protein 
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nitrosylation (De Lucia, et al., 2008).  However, neither the disposition of CA, or the 

effects of its metabolites on human health been thoroughly examined, nor have the 

transporters involved in their disposition (Wortelboer, et al., 2005). 

 

2.2.3 Catechol Estrogens 

 Steroid hormones are essential for the survival of animals and many plants; 

however, the levels of these potent compounds need to be tightly regulated to prevent 

inappropriate or prolonged exposure.  In mammals, steroid hormones (e.g. estrogens, 

androgens) are predominantly eliminated after their conversion to metabolically inactive 

forms that can then be excreted via the urine and/or bile (Tsuchiya, et al., 2005).  Despite 

the ability of humans and animals to metabolize and eliminate estrogens, there is strong 

epidemiological and scientific evidence linking long term estrogen exposure to mammary 

and endometrial cancers in both humans and animals (Ziegler, et al., 2010; Santen, et al., 

2009).  Women are at greater risk of developing these cancers through estrogen exposure 

via early menarche, late menopause, and/or hormone replacement therapy (HRT) 

(Gompel and Plu-Bureau, 2010; Agurs-Collins, et al., 2010).  Coincidentally, the 

decrease in the use of HRT in the past decade has been associated with a decrease in 

breast cancer incidence (Gompel and Plu-Bureau, 2010).  The prevailing theories are that 

estrogens (including some metabolites) increase cellular proliferation by altering 

estrogen-regulated gene expression (a receptor-dependent mechanism) and that oxidative 

damage and alkylation of DNA by estrogen metabolites (a receptor-independent 

mechanism) can promote carcinogenesis (Santen, et al., 2009; Agurs-Collins, et al., 2010; 

Mueck and Seeger, 2007).  In all likelihood both actions are required, such that DNA 



52 

 

mutations caused by estrogen metabolite-induced DNA damage are exacerbated by 

neoplasia induced by excessive in situ activation of estrogen receptors (Santen, et al., 

2009; Wang, et al., 2010) (Fig 2.8).  However, carcinogenesis is complex, and often 

involves gene mutations (e.g. BRCA1) and environmental factors (e.g. socioeconomic 

status) that render an individual at greater risk of developing cancer.  Thus, estrogen-

induced mutations and disruption of cellular homeostasis play a partial role in the 

development of certain cancers.  

As only post-menopausal exposure to estrogen can be altered significantly, there 

has been considerable research conducted regarding HRT.  Interestingly, it has been 

shown that equine estrogens common in many commercial HRTs (e.g. Premarin) lead to 

more DNA damage than endogenous estrogens in vitro (Okahashi, et al., 2010).  Oral 

administration of Premarin to mice has been demonstrated to form carcinogenic DNA 

adducts in both ovarian and uterine tissue, in a time-dependent manner (Okahashi, et al., 

2010). 
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Figure 2.8 Metabolic pathways of 17β-estradiol reactive catechol estrogens. 

Shown are potential pathways for the conversion of 17β-estradiol (17βE2) to reactive and 

potentially toxic metabolites.  Hepatic CYP1A2 and extra-hepatic CYP1A1 are 

responsible for the conversion of 17βE2 to 2-OH-E2, whereas extra-hepatic CYP1B1 is 

responsible for the conversion of 17βE2 to 4-OH-E2.  The predominant metabolites of 

catechol estrogens are their corresponding methylated forms, produced by the action 

COMT.  However, some catechol estrogens can be oxidized (with the concomitant 

production of 
.
O2

-
) to their corresponding quinones.  Estrogen quinones are capable of 

forming covalent adducts with DNA or cellular nucleophiles like sulfhydryl cysteine 

moieties.  CYP, cytochrome P450; COMT, catechol O-methyl transferase; ERα, estrogen 

receptor α; 
.
O2

-
, superoxide anion radical.  Adapted from (Rogan, et al., 2003; Doherty, et 

al., 2005; Bolton and Thatcher, 2008). 
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both phase I and phase II enzymes.  Consequently, in mammals, hepatic metabolism of 

endogenous 17βE2 predominantly generates 2-hydroxy-catechol estradiol (2-OH-E2) 

versus 4-hydroxy-catechol estradiol (4-OH-E2) by a factor of 2 to 10-fold (Niwa, et al., 

1998).  In human liver, this reaction is mainly catalyzed by CYP3A4 and CYP1A2, 

whereas in extrahepatic tissue, CYP1B1 catalyzes the formation of 4-OH-E2 and 

CYP1A1 catalyzes the formation of 2-OH-E2 (Fig 2.8) (Tsuchiya, et al., 2005; Rogan, et 

al., 2003; Doherty, et al., 2005).  CYP1B1 is inducible by exposure to environmental 

pollutants like 2,3,7,8-tetrachlorodibenzo-p-dioxin (Spink, et al., 1994).  Thus exposure 

to environmental pollutants may play a role in estrogen-mediated cancers.  Furthermore, 

17βE2 is also capable of up-regulating CYP1B1 (Tsuchiya, et al., 2005; Bulun, et al., 

2000).  Accordingly, in situ increases in total estradiol levels could impact the extent of 

conversion to 2-OH-E2 versus 4-OH-E2 in sensitive human tissues (e.g. breast, ovarian, 

and uterine).  Human CYP1B1 is constitutively expressed in lung, kidney, breast, uterus 

and ovary, and CYP1B1 is known to metabolically activate many pro-carcinogens, 

including PAHs and arylamines (Tsuchiya, et al., 2005; Subramanian, et al., 2008).  Thus, 

in mammals, elevated 4-OH-E2 levels are associated with carcinogenesis.  Interestingly, 

the equine estrogens in certain HRTs (e.g. Premarin) are almost exclusively metabolized 

to 4-OH equine estrogen catechols due to an extra pi-bond in the steroid nucleus 

(Bhavnani, 1998).  So, compared to endogenous estrogens, the equine variants have an 

increased potential to initiate carcinogenesis.  Furthermore, these metabolites have been 

shown to produce more types of DNA damage than for endogenous estrogen metabolites 

(Okahashi, et al., 2010; Bolton and Thatcher, 2008).  

It has been reported that when mice are dosed with 4-OH-E2, the majority of the 

circulating metabolites are methylated by COMT and only a small fraction is present as 
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cysteinyl conjugates (Yue, et al., 2003).  However, in the Wnt-1/ERα
-/-

 mouse model (a 

model in which mice develop mammary tumours despite the lack of ERα), methylated 

metabolites are not found in mammary tumours, but cysteinyl conjugates persist (Yue, et 

al., 2003; Devanesan, et al., 2001).  Further to this, normal breast tissue contains 2-OH-E2 

and 4-OH-E2 at a ratio of 2:1, whereas in breast tumour tissue, this ratio is altered to 1:3 

(Castagnetta, et al., 2002).  Furthermore, the levels of cysteinyl conjugates in breast 

tumour tissue have been reported to be three-fold that of in non-tumour breast tissue, 

further suggesting a role of estrogen metabolites in carcinogenesis (Rogan, et al., 2003; 

Yue, et al., 2003).  Perhaps even more interesting is that the levels of 4-OH-E2 cysteinyl 

conjugates were significantly higher in normal breast tissue from women with breast 

cancer than from breast tissue of healthy women (Rogan, et al., 2003).  Thus, it may be 

that altered clearance and/or regulation of estradiol metabolism precede carcinogenesis, 

and that increased 4-OH levels are associated with cancer risk, and are not merely a 

consequence of the tumour tissue itself.   

 Both 2-OH- and 4-OH-E2 are enzymatically oxidized; however, the half-life of 

the 4-OH-E2-quinone is approximately 10-fold longer (12 min versus 47 sec) than the 2-

OH-E2-quinone, in vitro.  This may allow more time for diffusion into cells and increase 

the likelihood of DNA alkylation and redox cycling (Zahid, et al., 2006; Bolton, et al., 

2000).  The 4-OH-equine estrogens also readily oxidize non-enzymatically, and the 

resulting quinone has a half-life of 2.3 hr.  

 

2.2.3.2 Estrogen-Induced Carcinogenesis 

 In vitro experiments in BB rat2 cells have shown that multiple low-dose exposure 

to 4-OH-E2 (but not 2-OH-E2) leads to the formation of apurinic sites in DNA (Zhao, et 
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al., 2006).  Furthermore, the treatment of hamsters with estradiol and 4-OH-equine 

estrogens has been shown to lead to the production of DNA single-strand breaks and 8-

hydroxyguanosine in renal tissue (Kobiela, et al., 2007).  These events also occur in 

breast cancer tissue, and are associated with an excessive production of ROS (Wang, et 

al., 2010).  Studies with rats and hamsters have shown the formation of covalent DNA 

adducts after exposure to catechol estrogens in mammary and kidney tissue in vivo 

(Rogan, et al., 2003; Bolton, et al., 2000).  Interestingly, only 4-OH-E2 has been shown to 

stimulate growth of MCF-7 cultured breast cancer cells (Mueck and Seeger, 2007).  

However, both 2-OH- and 4-OH-E2 have limited affinity for estrogen receptors in MCF-7 

cells (Lovely, et al., 1996).  An elaborate mouse model has also been used to show the 

ER-dependence of estrogen-induced carcinogenesis.  In this study, tumour formation in 

Wnt-1 transgenic mice lacking ERα was dependent on estradiol exposure; however, the 

absence of functional ERα was associated with decreased tumour formation (Devanesan, 

et al., 2001).  It has been proposed that DNA adducting estradiol metabolites may act 

synergistically with ERα to contribute to breast cancer etiology (Santen, et al., 2009; Yue, 

et al., 2003; Devanesan, et al., 2001). 

 Although catechol estrogens target DNA, their quinone forms are also strong 

electrophiles, thus rendering them susceptible to reaction with cellular nucleophiles like 

cysteinyl sulfhydryls (Fig 2.9) (Bolton, et al., 2000).  Like other GS-quinone conjugates, 

GS-estrogen quinones retain their ability to redox cycle; however, limited information 

exists on the ultimate biological fate of these metabolites, especially with respect to their 

role in carcinogenesis and toxicity.  Studies in rats found that only 15% and 5% of 

radiolabeled 2-OH-1-GS-E2 were recovered in the urine and feces, respectively (Elce, 

1972).  It was proposed these metabolites are likely alkylating cellular macromolecules 
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(e.g. proteins and DNA), and potentially driving the production of ROS ultimately 

leading to mutagenesis and cellular toxicity (Monks and Lau, 1997).  In support of this 

hypothesis, both 2-OH-1-GS-E2 and 2-OH-4-GS-E2 produce mild nephrotoxicity in 

hamsters (Butterworth, et al., 1996; Butterworth, et al., 1997).  In contrast, however, 

catechol estrogens are present in the urine of premenopausal women but no correlation 

with kidney damage has been observed (Eliassen, et al., 2009).   

It is noteworthy that the rate of O-methylation (inactivation) of catechol estrogens 

is ~ 100-fold less in hamsters than in rats, making hamsters a model more susceptible to 

quinone-induced toxicity (Monks and Lau, 1997).  Interestingly, some COMT 

metabolites of catechol estrogens (e.g. 2-MeOH-3-OH-E2) are potent inhibitors of tumour 

cell proliferation and have antiangiogenic effects in vitro (Mueck and Seeger, 2007; 

Doherty, et al., 2005; Guillemette, et al., 2004).  Thus, the lower level of O-methylation 

in hamsters may account for some of their increased susceptibility to estradiol-induced 

carcinogenesis.  A direct correlation between COMT activity and estrogen-induced 

carcinogenesis in humans has yet to be shown (Thompson and Ambrosone, 2000); 

however, there have been several recent studies aimed at determining this relationship 

(Moreno-Galvan, et al., 2010; Hevir, et al., 2010).   

Lastly, the rate of 2-OH-E2 versus 4-OH-E2 methylation by COMT is higher, thus 

prolonging the time frame in which 4-OH-E2 may become oxidized to a quinone and/or 

interact with cellular macromolecules (Parl, et al., 2009).  Accordingly, most of the ROS 

associated with exposure to catechol estrogens are due to 4-OH-E2 since methylated 

catechol estrogens are more chemically stable (Tsuchiya, et al., 2005). 
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2.2.4 Benzene and Hydroquinones 

Benzene is a ubiquitous contaminant to which humans are exposed on a regular 

basis.  It is a component of adhesives manufacturing, a contaminant in petroleum based 

fuels, and is produced during incomplete combustion, notably in cigarette smoke.  It has 

been the subject of many recent reviews (Weisel, 2010; Smith, 2010; Zhang, et al., 2010).  

One of the hallmarks of benzene toxicity is bone marrow depression and leukemogenesis 

(Snyder and Hedli, 1996; Cronkite, et al., 1985); however, benzene metabolites rather 

than benzene itself are responsible for these effects (Snyder, et al., 1993; Monks, et al., 

2010).  It is presumed that several metabolites work in concert to produce various 

toxicopathological outcomes, but how many and which metabolites are relevant to these 

processes in humans is still unclear.  Furthermore, variability among results obtained 

using different animal models and cell culture systems adds further confusion on this 

topic; however, some aspects of benzene metabolism and toxicity appear more consistent, 

and are discussed below. 

 

2.2.4.1 Benzene Metabolism 

 Benzene is predominantly metabolized in the liver to various phase I metabolites 

with hydroxyl and open-ring functional groups (Snyder, et al., 1993).  In humans, these 

reactions are mainly driven by CYP2E1 (high affinity – benzene epoxide) and by 

CYP2B1 (low affinity - phenol), with the major product being benzene epoxide (Snyder, 

et al., 1993; Snyder, 2007) – (Fig 2.9A).  Benzene epoxide has a half-life in rat blood of 

about 8 min.  This time period ensures that some of the chemically active benzene 

epoxide departing the liver will reach other organs (Monks, et al., 2010).  Benzene 
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epoxide (and similar phase I metabolites) may damage cells by forming covalent adducts 

with cellular macromolecular electrophiles or by the formation of ROS (Monks, et al., 

2010).  The ability of benzene metabolites to covalently modify cellular DNA and 

proteins has been extensively demonstrated in cell culture; however, this occurs at an 

extremely low level in vivo (Snyder, 2007).  When benzene epoxide reaches an organ or 

tissue capable of converting the epoxide into downstream metabolites, such as bone 

marrow, then toxicity can ensue (Monks, et al., 2010).  For example, phenol has been 

shown to stimulate myeloperoxidase activity, leading to increased bone marrow toxicity 

and benzene epoxide formation (Post, et al., 1986).  Phenol is also tumourogenic in a 

newborn mouse model of lung cancer (Busby, et al., 1990).  Furthermore, oxidation of 

phenols leads to the generation of hydroquinone (HQ) and ROS, as demonstrated by the 

detection of 8-hydroxyguanosine in DNA (Ibuki and Goto, 2004).    

Benzene is primarily metabolized in the liver, but liver damage is not seen at 

benzene exposure levels required for hematopoietic toxicity (Snyder, 2007).  To that end, 

benzene toxicity is decreased after partial hepatectomy; however, it appears that further 

metabolism of benzene in bone marrow contributes to its toxicity (Snyder and Hedli, 

1996; Sammett, et al., 1979).  It is currently unclear which metabolites are present and/or 

active in bone marrow.  In vivo metabolism of benzene leads to the formation of S-

phenyl-cysteine in humans and rats, and serves as a marker of protein cysteine alkylation 

(Jongeneelen, et al., 1987); however, the major source of benzene-derived protein adducts 

remains to be identified (Monks, et al., 2010). 

It was originally thought that HQ would redox cycle and produce ROS; however, 

in solution at physiological pH this apparently does not occur (Monks, et al., 2010).  As 

the pKa of HQ is 9.85, it is unable to pass its electrons to O2 at pH 7.4 (Fig 2.9B).  
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Interestingly, this is not the case for GSH-conjugated HQs.  Although the major excreted 

metabolites of benzene are sulfate and glucuronide conjugates of phenol (Kenyon, et al., 

1995), conjugation reactions with GSH (especially of HQ) (Hill, et al., 1993) represent a 

significant metabolic pathway for benzene elimination from the liver (Monks, et al., 

2010) (Fig 2.9C).  Lau et al. (2010) demonstrated that in vitro incubation of HQ with 

GSH yields several GSH conjugates including mono-, di-, tri- and tetra-glutathionylated 

species, and several of these compounds proved to be hematotoxic in rats.  These GS-HQ 

conjugates are a focus of this thesis (Chapter 5). 
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Figure 2.9 Possible pathways of benzene metabolism. 

(A) Possible pathway of benzene metabolism.  Benzene can undergo CYP P450-mediated 

oxidation to yield products like benzene epoxide and phenol.  Further metabolism can 

lead to several multi-hydroxylated forms (e.g. catechol), which can undergo spontaneous 

oxidation in aqueous solution or enzymatically stimulated metabolism by 

myeloperoxidase or COX to ultimately form various reactive quinone metabolites.  (B) 

Two electron oxidation of HQ.  Under certain conditions, HQ can deprotonate and 

undergo spontaneous oxidation to a semiquinone, which can then be further deprotonated 

and undergo a second oxidation step to form p-benzoquinone.  At physiological pH (7.4), 

full deprotonation is unlikely, thus in non-oxidizing aqueous solution, HQ does not 

produce reactive quinones nor undergo redox cycling.  (C) Redox cycling of GS-HQ.  In 

aqueous solution, enzymatically or non-enzymatically formed mono-GS-HQs can be 

oxidized to their corresponding reactive quinones.  Quinones may then be further 

oxidized by H2O2, thus increasing their potential to autooxidize, or they may undergo 

further nucleophilic addition by GSH, ultimately resulting in bis-GS-HQs. Under certain 

conditions, it is possible that one HQ + four GSH molecules can lead to the production of 

four H2O2 molecules, 2,3,5,6-GS-HQ, and a reduction in the GSH:GSSG ratio, ultimately 

leading to increased cellular oxidative stress.  NQ01, NAD(P)H quinone oxidoreductase.  

Adapted from (Snyder and Hedli, 1996; Monks, et al., 2010; Snyder, 2007) 

 

2.2.4.2 Hydroquinone-Induced Toxicity 

Bone marrow is a highly proliferative tissue, and several cell types express 

myeloperoxidase and COX enzymes that are both capable of converting HQ to BQ 

(Pirozzi, et al., 1989; Deimann, 1984).  In the presence of GSH this results in the 

formation of 2-GS-HQ (Monks and Lau, 1998).  In benzene exposed animals, bone 

marrow concentrations of quinol-thioethers are higher in mice than in rats (Bratton, et al., 

1997), in agreement with the different susceptibility of these two species to benzene-

induced hematotoxicity, suggesting a causative role for GSH-conjugated HQs.  

Furthermore, GSH-conjugated HQs are more readily oxidized than HQ, and thus produce 

more O2
.-
 (Monks and Lau, 1998).  In vitro, exposure to HQs has also been shown to 

modulate the production of IL-1, granulocyte colony stimulating factor, and granulocyte-

macrophage colony stimulating factor (Irons, et al., 1992).  Increased production of 

granulocyte colony stimulating factor leads to LTD4-induced differentiation of IL-3-
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dependent myeloblasts (Hazel, et al., 1995).  As LTD4 is a cysteine conjugate, it seems 

plausible that GS-HQ conjugates are responsible for this modulation by altering LTC4 

efflux (Monks and Lau, 1998).  Furthermore, MRP1 is responsible for the efflux of LTC4 

and LTD4, and MRP2 and MRP4 are also capable of transporting these cytokines in vitro 

(Rius, et al., 2008).  To date, a role for GS-HQ modulation of MRP function has not yet 

been evaluated; however, MRP1 and MRP2 gene expression can be increased by the HQ 

analogue tert-butylhydroquinone (as stated previously) as well as by the polyphenolic 

compound quercetin (Kauffmann, et al., 2002). 

Similar to other quinone-based GSH conjugates, the biological activity of GS-

HQs also seems to be dependent on relative γGT and dipeptidase activities.  Accordingly, 

renal proximal tubular cells, which have high levels of these two enzymes, are susceptible 

to GS-quinone-induced injury (Monks and Lau, 1998).  The γGT and dipeptidases cleave 

the γGlu-Cys and the Cys-Gly bonds of the GSH moiety of the conjugates, respectively, 

and the resulting cysteine conjugates are then taken up across the brush border membrane 

by various amino acid transport systems (Monks and Lau, 1998).  The presumption is that 

these cysteinyl conjugates produce ROS and quinone radicals leading to DNA mutations 

and/or cell death.  This notion is supported by observations in rats where intravenously 

administered GS-HQ yields bone marrow concentrations of GS-HQ below those detected 

after HQ/phenol administration, suggesting that a large fraction of GS-HQs are formed in 

situ (Lau, et al., 2010).  It has previously been shown that HQ can be converted to 1,4-BQ 

in the presence of myeloperoxidase and COX enzymes in vitro (Ganousis, et al., 1992).  

Since both of these enzymes are present in bone marrow, this reaction could occur in vivo 

(Pirozzi, et al., 1989; Deimann, 1984).  Furthermore, if 2-GS-HQ saturates and/or 

inactivates γGT (Km 68 μM), then further oxidation and GSH conjugation could occur 
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(Monks, et al., 2010; Lau, et al., 2010).  Estimates of GS-HQ concentrations in bone 

marrow exceed 180 μM, supporting the idea GS-HQs are produced in bone marrow 

(Monks, et al., 2010). 

Several model thiol-quinone compounds have been reported to induce renal 

damage, including 2-bromo-bis-(glutathione-S-yl)-HQ.  Thus, i.v. administration of 2-

bromo-bis-(glutathione-S-yl)-HQ to rats induced endoplasmic reticulum aggregation, 

chromatin reorganization and a loss of the brush border membrane in renal tissue within 

30 min (Andrews, et al., 1993).  The in vivo relevance of HQ conjugation to GSH was 

demonstrated by inhibiting rat γGT using acivicin, followed by administration of HQ.  

Five S-conjugates were subsequently recovered in bile, while one S-conjugate was 

present in urine (Hill, et al., 1994; Rivera, et al., 1994).  Some biliary metabolites 

included 2,5-GS-HQ, 2,6-GS-HQ and 2,3,5-GS-HQ, while the sole urinary metabolite 

identified was 2-NAC-HQ.   

2,3,5-GS-HQ is also a relatively potent toxicant, causing renal proximal tubule 

necrosis in rats.  It also acts as a chemical carcinogen (Lau, et al., 2010), leading to 

sustained regenerative hyperplasia, and the potentiation of mutagenesis.  Part of the 

nephrotoxic properties of 2,3,5-GS-HQ can be attributed to its ability to alkylate proteins.  

Alkylation can render proteins inactive and can lead to serious metabolic abnormalities 

depending on the protein target.  Kleiner et al. (1998) discovered that 2,3,5-GS-HQ 

formed covalent adducts with mitochondrial associated proteins, nuclei associated 

proteins, as well as γGT.  They raised an antibody that recognizes cysteinyl-S-conjugates 

in both immunohistochemical and immunoblot applications.  In both rats and hamsters, 

immunostaining with this polyclonal antibody was observed in renal proximal tubules, 

the corticomedullary junction, and the outer stripe of the outer medulla (Kleiner, et al., 
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1998).  These kidney regions also express many organic anion and cation transporters, 

including several MRPs (Van Aubel, et al., 2000).   

To further elucidate the mechanism of GS-HQ-induced alkylation toxicity, Fisher 

et al. (2007) used a combination of mass spectroscopic, molecular modeling and 

biochemical approaches.  Using cytochrome c as a model protein, they confirmed that 

NAC-BQ preferentially binds to exposed nucleophilic Lys-rich regions (Fisher, et al., 

2007).  Analysis of the adducted peptides prompted the hypothesis that thiol-HQs 

preferentially adduct Lys residues in orientations generally including two Lys residues 

preceded by (XKK), or followed by (KKX), a nucleophilic amino acid, or flanking 

(KXK) a similar amino acid.  These sequence patterns are hence forth referred to as 

electrophile binding regions (EBRs).  However, this is not always the case as some 

glutamate residues were also adducted, but only when the pH of the reaction mixture was 

below 7 (Fisher, et al., 2007).  Amino acids capable of supporting GS-HQ adduction 

reactions were identified as Cys, Lys, His, Met, Arg, Tyr, Ser, Thr, Asp, and Glu 

(Labenski, et al., 2009).  Furthermore, Labenski et al. (2009) identified a large number of 

cytosolic- and mitochondrial-associated proteins with higher than average (5.5%) Lys 

contents, which were adducted with 2-GS-HQ at EBRs.  For reference, the abundance of 

Lys in MRP1, MRP2, and MRP3 is 5.1, 6.0 and 3.8%, respectively.  Although MRP1 – 

MRP3 contain putative EBRs, there are significantly more in MRP1 and MRP2, with 

notable Lys repeats in MRP2.  Furthermore, many of these EBRs are located within the 

intracellular loops, which have previously been shown to be important for the transport 

function of MRP1, MRP2 and MRP3 (Iram and Cole, 2010; Conseil, et al., 2009; 

Létourneau, et al., 2007; Conseil, et al., 2006). 
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2.3 Rationale, Hypothesis and Objectives 

GS-quinones are biologically active and are implicated in several human toxico-

pathologies (Monks and Lau, 1997).  Their specific sites of toxicity seem to be associated 

with areas that are in or near polarized luminal areas such as, the BBB, mammary ducts 

and renal tubules, all tissues that express a multitude of both uptake and efflux 

transporters.  Found in such luminal areas are the well characterized GS-X transporters 

MRP1 and MRP2.  Because GS-quinones are known to interact with several GSH-

dependent enzymes (e.g. GSH-S-transferases, and γGT) (Butterworth, et al., 1997; Abel, 

et al., 2004), it seems reasonable to propose that they could also interact with MRP1 

and/or MRP2 in a similar fashion.  Furthermore, GS-quinones have been shown to 

covalently modify proteins (Gauthier, et al., 2008; Chandrasena, et al., 2008), and more 

specifically, GS-HQs covalently modify EBRs (Fisher, et al., 2007; Labenski, et al., 

2009), of which there are several putative sites in MRP1 and MRP2. 

To date, there have been no studies undertaken to investigate the role of the MRPs 

in the transport or disposition of GSH-conjugated catechol or quinone metabolites.  This 

thesis aimed to address some of the knowledge gaps.  The main hypothesis was that GS-

quinone conjugates would interact with MRP1 and MRP2.  Based on the results obtained 

during the course of my thesis research, this hypothesis was expanded to include that 

GSH-conjugated catechol estrogens would be transported by MRP1 and MRP2, and that 

MRP1 would show a higher affinity for 2-OH-1-GS-E2 versus 4-OH-2-GS-E2 as a 

substrate.  With respect to the chemically reactive GS-HQs, it was hypothesized that they 

would be capable of modulating MRP1 transport activity, and that this modulation (in 

part) would be associated with their ability to covalently modify the transporter. 
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To test the above hypotheses, the objectives pursued were as follows:   

 

In Chapter 3, the objectives were to: (1) characterize the ability of a series of cysteinyl 

catechol conjugates including α-MeDA-, CA- and estradiol-based metabolites to 

modulate the vesicular uptake of [
3
H]E217βG and [

3
H]LTC4 by MRP1 and MRP2; and 

(2) investigate the mechanism(s) of modulation of selected catechol conjugates by 

analysis of [
3
H]E217βG transport kinetics.   

 

In Chapter 4, the objective was to determine directly whether the GSH-conjugated 

estrogens 2-OH-1-GS-E2 and 4-OH-2-GS-E2 were MRP1 and/or MRP2 substrates in 

vitro by using a newly developed HPLC electrochemical detection method to assess 2-

OH-1-GS-E2 and 4-OH-2-GS-E2 transport. 

 

In Chapter 5, the objectives were to: (1) characterize the ability of five singly and 

multiply glutathionylated HQ conjugates to modulate the vesicular uptake of [
3
H]E217βG 

and [
3
H]LTC4 by MRP1 and MRP2; and (2) investigate the mechanism(s) of modulation 

by selected GS-HQ conjugates by analysis of [
3
H]E217βG transport kinetics; and (3) 

investigate the possibility of covalent modification of MRP1 by 2,5-GS-HQ using SDS-

PAGE analysis. 
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Chapter 3 – Modulation of Human MRP1 (ABCC1) and MRP2 

(ABCC2) by Endogenous and Exogenous Glutathione-

Conjugated Catechol Metabolites 

 

3.1 Abstract 

Members of the multidrug resistance protein (MRP/ABCC) subfamily of ATP-

binding cassette proteins transport a wide array of anionic compounds, including sulfate, 

glucuronide and glutathione (GSH) conjugates.  The present study examined the ATP-

dependent vesicular transport of leukotriene C4 and 17β-estradiol 17β(D-glucuronide) 

(E217βG) mediated by the MRP1 and MRP2 transporters in the presence of potential 

modulators from three different classes of GSH-conjugated catechol metabolites: the 

ecstasy metabolite 5-(glutathion-S-yl)-N-methyl-α-methyldopamine (5-GS-N-Me-α-

MeDA), the caffeic acid metabolite 2-(glutathion-S-yl)-caffeic acid (2-GS-CA), and four 

GSH conjugates of 2-OH and 4-OH estrogens (GS-estrogens).  MRP1-mediated E217βG 

transport was inhibited in a competitive manner with a relative order of potency of GS-

estrogens (IC50 < 1 µM) > 2-GS-CA (IC50 3 µM) > 5-GS-N-Me-α-MeDA (IC50 31 µM).  

MRP2-mediated E217βG transport was inhibited with a similar order of potency, except 

the 2-hydroxy-4-GS-estradiol and 4-hydroxy-2-GS-estradiol conjugates were 

approximately 50- and 300-fold less potent, respectively.  MRP1 transport activity was 

unaffected by N-acetylcysteine conjugates of N-Me-α-MeDA and CA.  The position of 

GSH conjugation appears important as all four GS-estrogen conjugates tested were potent 
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inhibitors of MRP1 transport, but only the 2-hydroxy-1-GS-estradiol and 2-hydroxy-1-

GS-estrone conjugates were potent inhibitors of MRP2-mediated transport.  In 

conclusion, this study has identified three new chemical classes of MRP1 and MRP2 

modulators, and demonstrated that one of these, the estrogen conjugates, shows 

unanticipated differences in their interactions with the two transporters. 

 

3.2 Introduction 

Nine multidrug resistance proteins (MRPs) belong to the “C” subfamily of the 

ATP-binding cassette (ABC) transporter superfamily, and although they share moderate 

sequence identity (30% – 50%), their substrate specificities only partially overlap 

(Haimeur, et al., 2004).  With the exception of the liver, MRP1 is ubiquitously expressed, 

and in polarized cells it is almost always found on basolateral membranes (Chandra and 

Brouwer, 2004).  However, in endothelial cells at the blood-brain barrier, it is expressed 

on apical membranes (Dallas, et al., 2006).  Physiologically, MRP1 mediates the release 

of the pro-inflammatory mediator leukotriene C4 (LTC4) from mast cells (Bartosz, et al., 

1998; Wijnholds, et al., 1997).  It also has an established role in mediating the efflux of 

conjugated phase II metabolites, including many, but not all glucuronide-, sulfate- and 

GSH-conjugates (Haimeur, et al., 2004; Leslie, et al., 2005).   

MRP2 shares 49% sequence identity with MRP1; however, unlike MRP1, it is 

expressed in a limited number of tissues such as liver, kidney and placenta, and in 

polarized cells, it localizes to apical membranes (Haimeur, et al., 2004; Leslie, et al., 

2005).  The most important physiological role of MRP2 is mediating the biliary excretion 

of organic anion conjugates, primarily bilirubin glucuronides (Haimeur, et al., 2004; 
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Leslie, et al., 2005; Konig, et al., 1999).  Despite the differences in their membrane and 

tissue localizations, MRP1 and MRP2 transport many of the same conjugated 

metabolites, including LTC4 and 17β-estradiol 17β(D-glucuronide) (E217βG).  However, 

the relative affinity of MRP2 for these metabolites is significantly lower than the affinity 

of MRP1 (Konig, et al., 1999; Cui, et al., 1999).   

The ring-substituted methamphetamine derivative, 

methylenedioxymethamphetamine (MDMA, ecstasy) (Fig. 3.1A) is a popular drug of 

abuse among Western youth.  Although systemic administration of ecstasy to rats leads to 

selective serotonin neurotoxicity, direct injection of ecstasy or one of its primary catechol 

metabolites, α-methyl-dopamine (α-MeDA), fails to produce any long lasting neurotoxic 

effects (McCann and Ricaurte, 1991).  It has now been established that GSH-conjugated 

metabolites of ecstasy contribute to the observed neurotoxicity.  Administration of the 

GSH conjugate 5-GS-α-MeDA to rats reproduces both the behavioural and short term 

alterations in brain catecholamine levels observed after systemic ecstasy administration 

(Miller, et al., 1996).  Little is known about the disposition of ecstasy metabolites, but 

previous research has suggested a GSH conjugate uptake mechanism present at the blood-

brain barrier may be involved (Bai, et al., 2001). 

Caffeic acid (3,4-dihydroxycinnaminic acid, CA) (Fig. 3.1B) is a non-flavonoid 

catecholic acid found in relatively large quantities in fruits and vegetables.  Absorbed CA 

appears to be mainly glucuronidated, sulfated, or O-methylated to ferulic acid (Mateos, et 

al., 2006).  Incubation of CA with liver microsomes and isolated hepatocytes also leads to 

the formation of several GSH conjugates (Galati, et al., 2002; Moridani, et al., 2002).  

Both mono- and di-substituted GSH conjugates of caftaric acid and caffeic acid are 

present in relatively high amounts in grape juice and wine (Singleton, et al., 1985).  
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Otherwise, little is known about the metabolism and disposition of CA and its 

metabolites.  However, CA can act as an anti-inflammatory agent by inhibiting 5-

lipoxygenase, which in turn inhibits the synthesis of pro-inflammatory cytokines, such as 

the MRP1 substrate LTC4 (Koshihara, et al., 1984). 

Catechol estrogens (Fig. 3.1C), although structurally dissimilar from ecstasy 

metabolites or CA, have a similar potential to form conjugates with GSH when oxidized 

to their corresponding quinones (Butterworth, et al., 1996).  Prolonged exposure to 

catechol estrogens is thought to play a role in carcinogenesis, although the underlying 

mechanisms are unknown.  However, 4-OH estrogen quinones are known to form 

covalent adducts with guanine, leading to depurinating DNA adducts (Abel, et al., 2004; 

Roy and Liehr, 1999; Yue, et al., 2003).  Furthermore, catechol estrogens can enhance 

endogenous DNA adduct formation and free-radical generation due to redox cycling 

between the catechol and quinone forms, which ultimately leads to DNA damage (Roy 

and Liehr, 1999; Yue, et al., 2003). 

Beyond the shared ability of the three chemically distinct groups of catechol 

metabolites described above to form conjugates with GSH, relatively little is known about 

their further disposition.  However, it is reasonable to presume that some membrane 

transport proteins are involved.  Because both MRP1 and MRP2 play important roles in 

the distribution and elimination of various GSH conjugates, we investigated the ability of 

GSH-conjugated catechol metabolites of ecstasy, CA, and estrogens to interact with 

MRP1 and MRP2 by testing whether they can modulate the transport activity of these 

homologous transporters in vitro, using the model substrates LTC4 and E217βG. 
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Figure 3.1 Metabolic pathways and chemical structures of the GSH-conjugated 

catechol metabolites examined in the present study. 

Shown are: (A) ecstasy, its primary phase I metabolite N-Me-α-MeDA and its GSH 

conjugate 5-GS-N-Me-α-MeDA; (B) caffeic acid (CA) and its GSH conjugate 2-GS-CA; 

(C) 17β-estradiol and two phase I metabolites, 2-OH-E2 and 4-OH-E2, and some of their 

corresponding GSH-conjugated metabolites,  2-OH-1-GS-E2,  2-OH-4-GS-E2, and 4-OH-

2-GS-E2.  Demethylation of ecstasy by CYP2D, 2B and 3A yields N-Me-α-MeDA.  

Hydroxylation of 17β-estradiol by CYP1A yields 2-OH-E2 and hydroxylation by CYP1B 

yields 4-OH-E2. 
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3.3 Materials and Methods 

3.3.1 Materials   

[14,15,19,20-
3
H]LTC4 (194.6 and 166.8 Ci mmol

-1
) and [6,7-

3
H]E217bG (53.0 

and 46.9 Ci mmol
-1

) were purchased from Perkin Elmer Life Sciences (Woodbridge, ON, 

Canada).  LTC4 was purchased from CalBiochem (San Diego, CA).  Creatine kinase and 

creatine phosphate were obtained from Roche Diagnostic (Laval, QC, Canada).  AMP, 

ATP, CA and E217bG were purchased from Sigma Chemical Co. (St. Louis, MO).  

Monoclonal antibody M2I-4, specific for MRP2, was purchased from Alexis (San Diego, 

CA).  Monoclonal antibody QCRL-1, specific for MRP1, was derived in this laboratory 

(Hipfner et al., 1994).  2- and 4-OH-17β-estradiol and 2-OH-17β-estrone were purchased 

from Steraloids (Wilton, NH).  N-Me-α-MeDA was synthesized by standard procedures.  

Briefly, MDMA was demethylated with a 2-fold molar excess of boron trichloride in 

methylene chloride, under argon.  MDMA was kindly provided by the Research 

Technology Branch, National Institute on Drug Abuse (Rockville, MD).  All other 

chemicals and reagents were of analytical grade.  

 

3.3.2 Synthesis of Catechol GSH Conjugates   

GSH conjugates of CA, N-Me-α-MeDA, 2-OH-17β-estradiol, and 4-OH-17β-

estradiol were prepared as previously described (Butterworth, et al., 1996; Jones, et al., 

2005).  Briefly, each parent catechol compound was oxidized to its corresponding 

quinone using sodium periodate.  Quinones were further reacted with excess GSH.  The 

resultant conjugates were then purified by reverse phase semi-preparative HPLC 
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(Shimadzu LC-6A and Beckman Ultrasphere ODS-5 column) and characterized by their 

retention times and ultraviolet-visible spectroscopic parameters (Butterworth, et al., 1996; 

Cao, et al., 1998).  The identity of the purified conjugates was confirmed via electrospray-

ionization mass spectrometry (Southwest Environmental Health Sciences Center 

Proteomics Facility Core, Tucson, AZ). 

 

3.3.3 Cell Culture and Transfection of MRP1 and MRP2 Expression Vectors 

pcDNA3.1(-) expression vectors containing human MRP1 and MRP2 cDNAs 

were transfected into SV40-transformed human embryonic kidney (HEK293T) cells 

(Létourneau, et al., 2007).  Cells were maintained in DMEM supplemented with 4 mM L-

glutamine and 7.5% fetal bovine serum.  Approximately 18 ×10
6
 cells were seeded per 

150 mm plate; 24 h later, cells (at 60% – 85% confluence) were transfected with 20 µg 

DNA using 50 µl Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA) according to the 

manufacturer‟s instructions.  After 48 h at 37°C, the cells were collected, snap frozen in 

liquid nitrogen, and stored at -80°C until needed.   

 

3.3.4 Membrane Vesicle Preparation and Determination of MRP1 and MRP2 

Protein Expression Levels  

Pellets of transfected cells were thawed, disrupted by argon cavitation at 300 psi, 

and membrane vesicles were prepared as described previously (Létourneau, et al., 2007; 

Loe, et al., 1996b).  Membrane vesicles were aliquoted and stored at -80°C.  Vesicular 

protein concentrations were determined using the Bradford method (Bio-Rad 
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Laboratories, Mississauga, ON, Canada) with bovine serum albumin as the standard.  

Levels of MRP1 and MRP2 protein expressed by the transfected cells were determined by 

immunoblot analysis.  Briefly, proteins were resolved on a 7% SDS-polyacrylamide gel 

and electrotransferred to PVDF membranes (Pall Corporation, Pensacola, FL).  

Membranes were subsequently blocked with 4% (w/v) skim milk powder in Tris buffered 

saline (TBS) containing 0.1% Tween 20 (TBS-T) for 1 h followed by overnight 

incubation at 4°C with the human MRP1-specific murine monoclonal antibody QCRL-1 

(1:10,000), or the MRP2-specific murine monoclonal antibody M2I-4 (1:10,000) in 

blocking solution (Létourneau, et al., 2007).  After washing with TBS-T, immunoblots 

were incubated with horseradish peroxidase-conjugated goat anti-mouse antibody (Pierce, 

Edmonton, AB, Canada) in blocking solution, followed by application of Western 

Lightning™ chemiluminescence blotting substrate (Perkin-Elmer Life Science, 

Woodbridge, ON, Canada) and exposed to film (Ultident, St. Laurent, QC, Canada). 

 

3.3.5 MRP-mediated Transport of 
3
H-labeled LTC4 and E217βG by 

Membrane Vesicles   

 

ATP-dependent uptake of the 
3
H-labeled organic anion substrates LTC4 and 

E217βG by MRP1- and MRP2-enriched membrane vesicles was measured using a 96-

well format rapid filtration technique as previously described (Létourneau et al., 2007).  

All reactions were carried out in a final reaction volume of 30 µl in 250 mM sucrose, 50 

mM Tris-HCl (pH 7.4) buffer (TSB), containing AMP or ATP (2 mM), MgCl2 (10 mM), 

creatine phosphate (10 mM), creatine kinase (100 µg ml
-1

), and catechol conjugates at the 
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concentrations specified.  Uptake was stopped by rapid dilution in ice-cold TSB, and 

subsequent filtration using a FilterMate™ Harvester and Unifilter-96 GF/B filter plate 

apparatus (Packard, Meridien, CT).  Radioactivity on the filters was quantified by liquid 

scintillation counting.  All data were corrected for the amount of 
3
H-labeled substrate that 

remained bound to the filter, which was usually <10% of the total radioactivity.  

Transport in the presence of AMP was subtracted from transport in the presence of ATP 

to determine ATP-dependent uptake.  All transport assays were carried out in duplicate or 

triplicate (when indicated) and results expressed as means (± S.D).   

For MRP1-mediated LTC4 uptake, 2 µg of vesicle protein was incubated with 

[
3
H]LTC4 (50 nM, 10 nCi) for 60 sec at 23°C.  MRP1-mediated E217bG uptake was 

measured by incubating 2 µg of vesicle protein with [
3
H]E217βG (400 nM, 20 nCi) for 60 

sec at 37°C.  For MRP2-mediated E217βG uptake, 6 µg of vesicle protein were incubated 

with [
3
H]E217βG (400 nM, 40 nCi) for 5 min at 37°C (Létourneau, et al., 2007).  MRP1-

mediated E217βG uptake kinetics were typically measured by incubating 2 µg vesicle 

protein with a range of [
3
H]E217βG concentrations (100 nM – 30 µM) (40 nCi) for 60 sec 

at 37°C in the presence or absence of catechol conjugates at the concentrations indicated. 

 

3.3.6 Data Analysis 

IC50 and kinetic parameters were computed using GraphPad Prism 3.0 software 

(San Diego, CA).  When shown, error bars represent the standard deviation from the 

mean. 
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3.4 Results 

3.4.1 Modulation of MRP1-mediated [
3
H]E217βG and [

3
H]LTC4 Transport by 

GSH-Conjugated Catechol Metabolites    

To determine whether any of the GSH-conjugated catechol metabolites shown in 

Fig. 3.1 could modulate MRP1-mediated transport of E217βG or LTC4, uptake assays 

were performed using MRP1-enriched membrane vesicles prepared from transfected 

cells.  Levels of MRP1 expression in membrane vesicles were determined by immunoblot 

analysis prior to transport experiments (Fig. 3.2A).  As shown in Fig. 3.3, the ecstasy and 

CA metabolites inhibited both E217βG (Fig. 3.3A-B) and LTC4 (Fig. 3.3C-D) uptake in a 

concentration dependent fashion with IC50 values ranging from 3 to 137 µM.  In contrast, 

the corresponding NAC conjugates (5-NAC-N-Me-α-MeDA and 2-NAC-CA) had no 

effect on substrate uptake (up to 1 mM) (data not shown). 
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Figure 3.2 Expression of MRP1 and MRP2 proteins in membrane vesicles prepared 

for use in this study. 

Immunoblots shown are of membrane vesicles prepared from transfected (0.75, 1.0 and 

1.25 µg protein) and untransfected (1.25 µg protein) HEK293T cells.  MAbs QCRL-1 and 

M2I-4 were used to detect MRP1 (A) and MRP2 (B), respectively.  HEK refers to control 

membrane vesicles prepared from untransfected cells. 

 

 

 

 

 

 

 

 

 

 

 

0.75          1.0          1.25    µg

0.75             1.0            1.25    µg

MAb QCRL-1

MAb M2I-4

1.25

0.75             1.0            1.25    µg

HEK                              MRP1

HEK                             MRP2

1.25

B

A

0.75          1.0          1.25    µg

0.75             1.0            1.25    µg

MAb QCRL-1

MAb M2I-4

1.25

0.75             1.0            1.25    µg

HEK                              MRP1

HEK                             MRP2

1.25

B

A



106 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Effect of ecstasy- and CA-GSH-conjugated metabolites on MRP1-

mediated vesicular uptake activity. 

Shown are representative concentration-response curves showing the effect of 5-GS-N-

Me-α-MeDA on (A) [
3
H]E217βG uptake (●) and (C) [

3
H]LTC4 uptake (○) and the effects 

of 2-GS-CA on (B) [
3
H]E217βG uptake (●) and (D) [

3
H]LTC4 uptake (○) by MRP1-

enriched membrane vesicles.  MRP1 transport activity is expressed as a percent of the 

activity in the absence of metabolite.  Transport conditions were as described in 

“Materials and Methods”.  Data points represent the means (± S.D.) of triplicate 

determinations in a single experiment.  Similar results were obtained in 2 additional 

independent experiments. 

 

When the effects of four catechol-estrogen GSH-conjugated metabolites were 

examined, each of the compounds were found to inhibit both E217βG (Fig. 3.4A-D) and 

LTC4 (Fig. 3.4E-H) uptake in a concentration-dependent fashion with IC50 values all less 

than 2 µM.  The IC50 values from multiple experiments are summarized in Table 3.1. 
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3.4.2 Kinetic Parameters of MRP1-mediated [
3
H]E217βG Transport in the 

Presence of GSH-Conjugated Catechol Metabolites   

To determine more precisely how GSH-conjugated catechol metabolites modulate 

MRP1-mediated E217βG transport, the kinetic parameters of E217βG uptake were 

determined in the presence (or absence) of a range of concentrations of 5-GS-N-Me-α-

MeDA (30 and 100 μM), 2-GS-CA (3 and 10 μM), and 2-OH-1-GS-E2 (0.3 and 1 μM ) 

(Fig. 3.5).  As shown in Fig. 5A, 5-GS-N-Me-α-MeDA competitively inhibited E217βG 

transport by MRP1 as the apparent Km of E217βG increased from 1.6 to 9.2 µM in the 

presence of 100 μM of the metabolite, while the Vmax remained relatively unchanged.  2-

GS-CA and 2-OH-1-GS-E2 similarly inhibited MRP1-mediated E217βG transport in a 

competitive manner (Fig. 5B and 5C).  The Ki values for the inhibition of MRP1-

mediated E217βG transport by 5-GS-N-Me-α-MeDA, 2-GS-CA, and 2-OH-1-GS-E2 are 

summarized in Table 3.2. 
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Figure 3.4 Effect of four catechol estrogen GSH-conjugate metabolites on MRP1-

mediated vesicular uptake activity. 

Shown are representative concentration-response curves for (A – D) [
3
H]E217βG uptake 

(●) and (E – H) [
3
H]LTC4 uptake (○) in the presence of the four estrogen conjugates 

indicated on the x-axis of the individual graphs.  MRP1 transport activity is expressed as 

a percent of the activity in the absence of metabolite.  Transport conditions were as 

described in “Materials and Methods”.  Data points represent the means (± S.D.) of 

triplicate (E217βG) or duplicate (LTC4) determinations in a single experiment.  Similar 

results were obtained in at least two (E217βG) or one (LTC4) additional independent 

experiments. 
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Table 3.1 Inhibition of MRP1-mediated uptake of E217βG and LTC4 by GSH-

conjugated catechol metabolites 
 

The values shown represent the means ± S.D. of IC50 values (µM) obtained in 3 – 4 independent 

experiments (number shown in parentheses).  When experiments were repeated only once, both values are 

shown. 

 E217βG uptake LTC4 uptake 

Compound IC50 (µM) 

5-GS-N-Me-α-MeDA 31 ± 9  (3) 137 ± 2  (3) 

2-GS-CA 3.1 ± 1.2  (3) 20 ± 14 (3) 

2-OH-1-GS-E2 0.27 ± 0.11  (4) 1.2 ± 0.2 (3) 

2-OH-1-GS-E1 0.29 ± 0.16  (3) 0.5, 1.0 

2-OH-4-GS-E2 0.08 ± 0.05 (3) 0.2, 0.8 

4-OH-2-GS-E2 0.23 ± 0.14  (4) 0.6, 1.0 
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Figure 3.5 Kinetic analysis of MRP1-mediated E217βG uptake in the presence of 

GSH-conjugated catechol metabolites. 

(A) Shown are representative Michaelis-Menten and Eadie-Hofstee plots of [
3
H]E217βG 

uptake in the absence (●) (Km 1.6 μM, Vmax 827 pmol mg
-1

 min
-1

) or presence of 30 µM 

(○) (Km 3.4 μM, Vmax 820 pmol mg
-1

 min
-1

)or 100 µM (■)(Km 9.2 μM, Vmax 775 pmol mg
-1

 

min
-1

) 5-GS-N-Me-α-MeDA. (B) Shown is [
3
H]E217βG uptake in the absence (●) (Km 2.2 

μM, Vmax 387 pmol mg
-1

 min
-1

) or presence of 3 µM (○) (Km 3.1 μM, Vmax 411 pmol mg
-1

 

min
-1

) or 10 µM (■) (Km 8.4 μM, Vmax 403 pmol mg
-1

 min
-1

) 2-GS-CA.  (C) Shown is 

[
3
H]E217βG uptake in the absence (●) (Km 3.7 μM, Vmax 626 pmol mg

-1
 min

-1
) or presence 

of 0.3 µM (○) (Km 4.8 μM, Vmax 650 pmol mg
-1

 min
-1

) or 1 µM (■) (Km 12.3 μM, Vmax 818 

pmol mg
-1

 min
-1

) 2-OH-1-GS-E2.  Uptake was measured at E217βG concentrations 

ranging from 0.1 – 30 µM.  Km and Vmax values determined from Eadie-Hofstee analysis.  

Transport conditions were as described in “Materials and Methods”.  Data points 

represent the means of duplicate determinations in a single experiment.  All r
2
 values for 

the Michaelis-Menten analysis were > 0.97 and r
2
 values for the Eadie-Hofstee analysis 

were > 0.77. 
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Table 3.2 Ki values for the inhibition of MRP1-mediated uptake of E217βG by GSH-

conjugated catechol metabolites 

 
Ki values (µM) were determined in 1 – 2 independent experiments.   

 Ki 
a
 Ki 

b
 

GSH Conjugate µM 

5-GS-N-Me-α-MeDA 18.3 25.4 

2-GS-CA 2.6, 2.7 2.7, 2.8 

2-OH-1-GS-E2 0.33, 0.61 0.20, 0.25 
a
 Ki values were determined at the x-intercept of plots of the observed Km values obtained from an Eadie-

Hofstee plot against the concentration of inhibitor used.   
b
 Ki values determined using the equation derived by Cheng and Prusoff (1993).  

Ki = IC50/(1+([E217βG]/Km)) 

 

3.4.3 Modulation of MRP2-mediated [
3
H]E217βG Transport by GSH-

Conjugated Catechol Metabolites   

We also investigated whether the GSH-conjugated catechol metabolites could 

inhibit MRP2-mediated transport.  Vesicular uptake experiments were performed using 

membrane vesicles prepared from transfected HEK cells and the expression of MRP2 was 

confirmed by immunoblot analysis prior to transport experiments as before (Fig. 3.2B).  

As shown in Fig. 3.6A-B, the ecstasy and CA metabolites inhibit MRP2-mediated 

E217βG uptake in a concentration-dependent fashion, with IC50 values ranging from 10 to 

145 µM.  Similar to MRP1, the corresponding NAC-conjugates (5-NAC-N-Me-α-MeDA 

and 2-NAC-CA) had no effect on either E217βG or LTC4 uptake by MRP2 (data not 

shown).  When the effects of the catechol-estrogen GSH-conjugated metabolites were 

examined (Fig. 3.6C-F), the 2-OH-1-GS-E2 and 2-OH-1-GS-E1 metabolites potently 

inhibited E217βG uptake by MRP2 with IC50 values of 2.1 and 1.6 µM, respectively, 

while the 2-OH-4-GS-E2 and 4-OH-2-GS-E2 conjugates were approximately 50- and 300-

fold less potent (IC50‟s approximately 95 and 580 µM, respectively).  A summary of IC50 

values from multiple repeat experiments is provided in Table 3.3. 
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Figure 3.6 Effect of ecstasy-, CA-, and estrogen-based GSH conjugate metabolites on 

MRP2-mediated vesicular uptake activity. 

Shown are concentration-response curves for [
3
H]E217βG uptake by MRP2 in the 

presence of different concentrations of (A) 5-GS-N-Me-α-MeDA, (B) 2-GS-CA, (C) 2-

OH-1-GS-E2, (D) 2-OH-1-GS-E1, (E) 2-OH-4-GS-E2, and (F) 4-OH-2-GS-E2.  MRP2 

transport activity is expressed as a percent activity in the absence of metabolite.  

Transport conditions were as described in “Materials and Methods”.  Data points 

represent the means (± S.D.) of triplicate determinations in a single experiment.  Similar 

results were obtained in at least 1 additional independent experiment. 
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Table 3.3 Inhibition of MRP2-mediated uptake of E217βG by GSH-conjugated 

catechol metabolites 

 
The values shown represent the mean IC50 values (µM) ±  

S.D. obtained from the number of independent experiments 

 shown in parentheses.  When experiments were repeated  

only once, both values are shown. 

 E217βG uptake  

GSH Conjugate IC50 (µM) 

5-GS-N-Me-α-MeDA 145 ± 46  (3) 

2-GS-CA 9.6, 10.2 

2-OH-1-GS-E2 2.1 ± 1.0 (3) 

2-OH-1-GS-E1 1.6 ± 1.1 (4) 

2-OH-4-GS-E2 97, 91 

4-OH-2-GS-E2 582 ± 144 (3) 

 

 

 

3.5 Discussion 

The potential of several structurally diverse GSH-conjugated catechol metabolites 

to modulate the transport activity of MRP1 and MRP2 was investigated to gain insight 

into which of these ABC transporters might be involved in the disposition of these 

metabolites in vivo.  The results presented here show for the first time that GSH-

conjugated catechol metabolites of ecstasy, CA, and estradiol are inhibitors of MRP1 and 

MRP2.     

In general, the six GSH conjugates were more potent at inhibiting MRP1-

mediated E217βG transport than LTC4 transport.  This could be expected since MRP1 

exhibits a 15-fold higher affinity for LTC4 than E217βG (Loe, et al., 1996a).  The GSH 

conjugates were also more potent at inhibiting MRP1- than MRP2-mediated E217βG 

transport.  This observation was again not surprising, since MRP1 exhibits a 5- and 10-

fold higher affinity for E217βG and LTC4 than MRP2, respectively (Konig, et al., 1999; 

Cui, et al., 1999).  Lastly, the NAC conjugates investigated had no observable effect (up 
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to 1 mM) on MRP1- or MRP2-mediated vesicular transport, as would be expected, since 

previous studies have demonstrated the critical importance of the γ-glutamyl residue of 

GSH for interaction with these transporters (Loe, et al., 1996b; Leslie, et al., 2003). 

Multiple experimental inhibitors of MRP1 and related proteins have been 

previously described, but very few of them are highly specific for MRP1 or its 

homologues (Boumendjel, et al., 2005).  One exception is the highly potent and specific 

tricyclic isoxazole inhibitor LY475776 that inhibits LTC4 transport by MRP1 (in vitro) 

with an IC50 of 50 nM when in the presence of mM concentrations of GSH (Mao, et al., 

2002).  The widely used inhibitor MK571 is considerably less potent than LY475776, and 

also inhibits MRP2, whereas LY475776 does not (Mao, et al., 2002; Gekeler, et al., 

1995). 

In addition to MRP modulators, established substrates of MRP1 and MRP2, e.g. 

E217βG, are often competitive inhibitors of the transport of other substrates (Loe, et al., 

1996a; Dantzig, et al., 2004).  In the present study, each of the six GSH-conjugated 

catechol metabolites could inhibit both E217βG and LTC4 transport by MRP1, and in the 

case of E217βG, inhibition was competitive.  The observed IC50 and Ki values both 

showed a rank order of inhibitory potency of the metabolites as GS-estrogens > 2-GS-CA 

> 5-GS-N-Me-α-MeDA (Table 3.1).  This rank order was similar for inhibition of MRP2-

mediated transport with the notable exception that 2-OH-4-GS-E2 and 4-OH-2-GS-E2 

were markedly less potent (50- and 300- fold, respectively) than 2-OH-1-GS-E1 or 2-OH-

1-GS-E2 (Table 3.3).  This difference in inhibitory potency for MRP1 and MRP2 was 

somewhat surprising since the estrogen conjugates are structurally quite similar and had 

comparable effects on MRP1-mediated transport (Table 3.1).  Further studies are ongoing 

to elucidate whether the catechol metabolites exert their inhibitory effects simply by 



115 

 

binding to MRP1 or MRP2 without being transported, or by competing for active 

transport. 

Ecstasy was first identified as a potential neurotoxicant in 1986, and much later, 

the cysteinyl-S-conjugates of primary ecstasy metabolites were identified as being the 

causative agents for this neurotoxicity (Miller, et al., 1996; Stone, et al., 1986).  These 

conjugates are potent enough to cause neurotoxicity at nM concentrations, and increases 

in their brain concentrations are directly proportional to the amount of selective 

serotonergic neurotoxicity observed (Jones, et al., 2005).  Furthermore, GSH can 

modulate the entry of GSH-conjugated metabolites of ecstasy into rat brains and GSH-

conjugated metabolite degradation can be prevented by inhibiting the ectoenzyme γ-

glutamyl-transpeptidase with acivicin (Bai, et al., 1999).  GSH-conjugated metabolites of 

ecstasy are also present in the bile of rats after systemic administration of ecstasy (Bai, et 

al., 1999).  As MRP2 is the predominant canalicular GSH-conjugate efflux transporter, it 

seems likely that it mediates this transport, although in vivo studies are needed to 

establish this.  On the other hand, since hepatocytes do not normally express MRP1 

(Chandra and Brouwer, 2004), another transporter is likely responsible for the basolateral 

efflux of GSH-conjugated ecstasy metabolites into the blood circulation.  However, the 

identity of this hepatic transporter remains unknown.  At the blood-brain barrier, several 

MRP-related proteins, including MRP1, have been identified and localized to the apical 

membrane of endothelial cells, as well as in astrocytes (Dallas, et al., 2006).  Thus it has 

been proposed that these MRPs may play a role in preventing the accumulation of toxic 

GSH conjugates in the brain.  However, if ecstasy metabolites are inhibitors of MRP-

mediated transport in vivo, this may account for increased brain concentrations as their 

efflux activity is inhibited.  The results of the present study show for the first time that 
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MRP1 and MRP2 can interact with 5-GS-N-Me-α-MeDA, at least in vitro, and may thus 

be involved in the disposition of this neurotoxic metabolite in vivo. 

Plasma levels of CA reach nearly 30 nM after the consumption of one glass of red 

wine (Simonetti, et al., 2001).  As well as being present in wine, presumably some CA is 

metabolized to 2-GS-CA, although the proportion is not known.  In the current study, 2-

GS-CA proved to be moderately potent inhibitor of MRP1-mediated E217βG and LTC4 

transport with IC50 values of 3 and 20 µM, respectively.  Again, like 5-GS-N-Me-α-

MeDA, 2-GS-CA was more potent at inhibiting E217βG than LTC4.  Similarly, 2-GS-CA 

more potently inhibited E217βG transport by MRP1 than by MRP2 (IC50 of 3 vs. 10 µM).  

Relatively little is known about the metabolism and distribution of CA or its metabolites.  

Although CA is metabolized to dihydrocaffeic acid and ferulic acid, these compounds 

may be converted back to CA by hydrogenase activity and CYP1A activity, respectively 

(Moridani, et al., 2002).  However, this cycle is disrupted when CA is conjugated to GSH, 

and this conjugation reaction appears to be preceded by metabolic activation of CA by 

CYP2E1 (Moridani, et al., 2002).     

Our data are the first to demonstrate that the GSH conjugate of CA can inhibit 

MRP1-mediated transport of LTC4.  CA non-competitively inhibits 5-lipoxygenase 

activity, which is critical for biosynthesis of LTC4 and other leukotrienes (Koshihara, et 

al., 1984).  Thus, the anti-inflammatory actions of CA and its metabolites may be two-

fold.  They may inhibit both the formation of LTC4 through action on 5-lipoxygenase and 

release via MRP1 from pro-inflammatory cells.  Further study is needed to determine 

human plasma concentrations of this conjugated GSH catechol metabolite to establish 

whether its ability to inhibit MRP1-mediated LTC4 transport in vitro is physiologically 

relevant for the anti-inflammatory potential of CA. 
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Although catechol estrogens have been associated with an increased risk of breast 

and endometrial cancers (Yue, et al., 2003; Doherty, et al., 2005; Rogan, et al., 2003), the 

biological properties of their corresponding GSH conjugates have not been thoroughly 

investigated, although several GSH-conjugated estrogens have been detected in tumor 

tissues (Yue, et al., 2003; Rogan, et al., 2003; Devanesan, et al., 2001).  However, 

administration of 2-OH-4-GS-E2 or 2-OH-1-GS-E2 (0.27 – 5.0 μmol/kg) to Syrian 

hamsters produces mild nephrotoxicity.  Moreover, repeated daily administration of 2-

OH-4-GS-E2 causes a sustained elevation in urinary markers of renal damage and in the 

concentration of renal protein carbonyls and lipid hydroperoxides (Butterworth, et al., 

1998).  Since catechol estrogens are conjugated with GSH (Roy and Liehr, 1999; Yue, et 

al., 2003; Bolton, et al., 2000), it is likely that there is a physiological system in place that 

prevents these conjugates from accumulating to toxic levels.  In addition to endogenous 

catechol estrogens, GSH conjugates are also formed from equine estrogens that are often 

used for hormone replacement therapy (Zhang, et al., 2001).  Furthermore, disruption of 

the cellular efflux of GSH catechol estrogen metabolites may exacerbate the carcinogenic 

potential 4-OH estrogens as many GSH conjugates retain their ability to produce reactive 

oxygen species and form covalent adducts (Roy and Liehr, 1999; Yue, et al., 2003; 

Bolton, et al., 2000).  Thus, knowledge of the transporters involved in the disposition of 

both exogenous and endogenous catechol estrogen GSH conjugates is of interest.   

While all four of the estrogen conjugates were potent inhibitors of MRP1-

mediated E217βG transport (IC50 0.08 – 0.29 µM) (Table 3.1), only the two metabolites 

conjugated at the 1-position of the steroid nucleus strongly inhibited MRP2 transport 

(IC50 1.6 – 2.1 µM), compared to those conjugated at position 2 (IC50 582 µM) and 

position 4 (IC50 94 µM) (Table 3.3).  Thus, the 4-GS and 2-GS conjugates were 
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approximately 300- and 1500-fold less potent at inhibiting MRP2-mediated E217βG 

transport than MRP1, compared to 10- to 20-fold for the 1-GS conjugates for reasons that 

are presently unclear.  Whether any of these conjugates interact with MRP2 at a substrate 

binding site and/or an allosteric binding site remains to be elucidated.  Nevertheless, it 

seems apparent that the 2-OH-4-GS-E2 and 4-OH-2-GS-E2 conjugates interact in a 

different way with the substrate and/or modulatory binding sites of MRP2 than those 

conjugated at position 1 (2-OH-1-GS-E2 and 2-OH-1-GS-E1).   

In summary, the results of this study show that several structurally and 

biologically distinct classes of both endogenous and exogenous GSH-conjugated catechol 

metabolites can inhibit both MRP1- and MRP2-mediated transport in vitro.  However, the 

potencies of the metabolites vary substantially, most notably with respect to the 2-GS and 

4-GS estrogen conjugates.  Thus, all six conjugates are potential substrates for MRP1, and 

to a lesser extent, MRP2.  However, a demonstration of direct transport remains to be 

shown, but is currently under further investigation.  Furthermore, our studies do not 

exclude the possibility that these metabolites could interact with other ABC proteins such 

as ABCG2 and MRP3 (ABCC3), but this remains to be verified experimentally (Haimeur, 

et al., 2004; Leslie, et al., 2005; Suzuki, et al., 2003).  Since the parent compounds, and 

some of the metabolites themselves, exert biological effects in humans, understanding the 

activities of these metabolites in humans is crucial to understanding their full 

pharmacological and toxicological potentials. 
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Chapter 4 – Transport of GSH-conjugated Catechol Estradiol 

Metabolites by Human Multidrug Resistance Proteins MRP1 

and MRP2 

 

4.1 Abstract 

 The Multidrug resistance proteins 1 (MRP1) and MRP2 are known to transport a 

number of glutathione (GSH) conjugates in an ATP-dependent manner.  In humans, 

estrogens are hydroxylated by specific cytochrome P450s at both the 2- and 4-positions of 

the steroid nucleus to form catechol estrogens.  These compounds may be further 

glutathionylated to form several singly and multiply conjugated metabolites.  However, it 

is not known whether MRP1 and/or MRP2 are involved in the disposition of these 

metabolites.  In the present study, a depletion assay utilizing HPLC coupled with 

electrochemical detection was developed to detect directly vesicular transport of two 

GSH-conjugated catechol estradiol metabolites previously identified as modulators of 

both MRP1- and MRP2-mediated 17β-estradiol 17-(β-D-glucuronide) (E217βG) transport.  

Both 2-hydroxy-1-(glutathion-S-yl)-estradiol (2-OH-1-GS-E2) and 4-hydroxy-2-

(glutathion-S-yl)-estradiol (4-OH-2-GS-E2) exhibited time- and ATP-dependent vesicular 

transport by MRP1 and MRP2.  Both compounds also inhibited the photolabeling of 

MRP1 and MRP2 by tritiated leukotriene C4 ([
3
H]LTC4), suggesting an interaction at the 

LTC4 binding site.  In addition, physiological metabolites transported by MRP1 (e.g. 

E217βG, LTC4 and GSH disulfide) inhibited 2-OH-1-GS-E2 transport by MRP1, as did 

the non-specific MRP inhibitors MK571 and S-decyl-GSH.  Together, these data are the 
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first to show that MRP1 and MRP2 are capable of transporting biologically relevant 

glutathionylated catechol estradiol metabolites in vitro. 

 

4.2 Introduction 

In humans, there are eight functional multidrug resistance proteins (MRP), MRP1 

– MRP8 (Deeley, et al., 2006) (Slot et al., in press).  MRPs belong to the C-branch of the 

ATP-binding cassette (ABC) efflux superfamily and like most ABC proteins, require the 

binding and hydrolysis of ATP to support their varying physiological and 

pharmacological functions (Deeley, et al., 2006).  MRPs are so-named as MRP1 

(ABCC1) was first discovered due to its ability to provide multidrug resistance in a non 

P-glycoprotein expressing small cell lung carcinoma cell line (Cole, et al., 1992).  There 

is considerable evidence indicating that MRP1 and other MRPs are capable of conferring 

drug resistance in vitro; however, this is unlikely their only function (Deeley, et al., 

2006).  Thus, the ability to efflux both conjugated and un-conjugated organic anions is a 

hallmark feature of all functional MRP-related ABCC transporters (Deeley, et al., 2006).  

Physiologically, MRP1 is responsible for the ATP-dependent release of 

leukotriene C4 (LTC4) from pro-inflammatory leukocytes, whereas MRP2 (ABCC2) is 

the predominant canalicular efflux pump for glucuronide conjugated bilirubin 

(Jedlitschky, et al., 1997; Keppler, et al., 1997).  There is a moderately high degree of 

sequence identity between MRP1 and MRP2 (46%), as well as some overlap in their 

substrate profiles (Deeley, et al., 2006; Konig, et al., 1999).  For example, both MRP1 

and MRP2 are capable of transporting GSH conjugates (e.g. LTC4) as well as glucuronide 

conjugates (e.g. 17β-estradiol 17-(β-D-glucuronide (E217βG)) (Loe, et al., 1996a; Loe, et 
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al., 1996b; Keppler, et al., 1996).  However, there is a high degree of variability between 

MRP1 and MRP2 regarding their in vitro vesicular uptake kinetics of these common 

substrates (Deeley, et al., 2006; Konig, et al., 1999).  For example, the apparent uptake 

affinity for LTC4 is 10-fold greater for MRP1 compared to MRP2 (Km 0.1 versus 1.0 μM) 

(Deeley, et al., 2006; Keppler, et al., 1999).   

In general, GSH conjugation is considered a detoxification mechanism; however, 

there are some important exceptions.  For example, many phenolic GSH conjugates (e.g. 

5-glutathion-S-yl-N-methyl-α-methyldopamine (5-GS-N-Me-α-MeDA)) are known to be 

toxic (Lau, et al., 2010).  GSH conjugates and their metabolites often have electrophilic 

and redox properties which frequently exceed those of the parent phenolic compounds, 

resulting in the formation of GS-quinones (Bolton, et al., 1994; Monks and Lau, 1998).  

This higher reactivity is likely the reason that some GSH conjugates (e.g. estrogen and 

dopamine-based metabolites) form macromolecular cellular adducts and are toxic 

(Labenski, et al., 2009; Lin and Hollenberg, 2007; Gauthier, et al., 2008).  The toxicity of 

these GSH conjugates appears to be influenced by the levels of γ-glutamyltranspeptidase 

(γGT), an ecto-enzyme which catalyzes the cleavage of the γ-glutamate moiety of GSH 

on the extracellular face of the plasma membrane.  Thus inhibition of γ-GT (e.g. by 

acivicin) often exacerbates the toxicity observed with GS-quinones (Lau, et al., 2010; 

Bolton, et al., 2000; Monks, et al., 2004).  Thus, some cysteinyl-conjugate metabolites 

can be more toxic than the parent GSH conjugates (e.g. 5-N-acetylcysteine-S-yl-N-

methyl-α-methyldopamine) (Erives, et al., 2008).  

It has been proposed that MRP1 and MRP2 have at least one large multipartite 

substrate binding pocket, and it has been suggested that one (or more) low affinity 

modulatory sites exist on MRP2 and possibly MRP1 (Zelcer, et al., 2003; Schumacher, et 
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al., 2004; Borst, et al., 2006; Maeno, et al., 2009).  For example, estrone sulfate transport 

by MRP1 is greatly increased in the presence of GSH (Qian, et al., 2001), while E217βG 

transport by MRP2 is increased in the presence of indomethacin (Zelcer, et al., 2003; 

Bodo, et al., 2003).  However, NNAL-glucuronide transport by MRP1 is increased in the 

presence of GSH, while MRP2 transport is decreased in the presence of GSH (Leslie, et 

al., 2001). 

It is well established that prolonged lifetime exposure to estrogens increases the 

risk of developing cancers in estrogen responsive tissues, though by how much is still 

debated (Liehr, 1990; Safe and Papineni, 2006; Mense, et al., 2008).  The molecular 

mechanisms responsible for this increased risk have yet to be fully determined; however, 

metabolic activation of estrogens to electrophilic compounds by the cytochrome P450s 

(CYPs) plays a critical role in mutagenesis, and thus increased risk of developing cancer 

(Martucci and Fishman, 1993; Iverson, et al., 1996).  In humans, endogenous estrogens 

(e.g. estradiol) can be hydroxylated at the 2-position of the steroid nucleus by hepatic 

CYP3A4 and extra hepatic CYP1A1.  In contrast, extraheptatic CYP1B1 is responsible 

for hydroxylation at the 4-position (Tsuchiya, et al., 2005; Badawi, et al., 2001).  The 

CYP1B1 metabolite of estradiol (3,4-dihydroxy-estradiol) has been implicated as a 

causative agent in DNA damage as it can form unstable depurinating adducts with DNA.  

In contrast, DNA adducts of 2,3-dihydroxy-estradiol are relatively stable and thus 

assumed to be less toxic (Tsuchiya, et al., 2005; Bolton and Thatcher, 2008; Cavalieri, et 

al., 2000).  In estrogen responsive tissues (such as breast and endometrium), estradiol can 

undergo hydroxylation to both 2-OH and 4-OH-estradiol metabolites, which can also then 

form conjugates with GSH (Peng, et al., 2010), although relatively less is known about 

the bioactivity of these GSH-conjugated estradiol metabolites.   
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Our laboratory has previously reported that several GSH-conjugated phenolic 

compounds, including the catechol estrogen 2-hydroxy-1-glutathion-S-yl-estradiol (2-

OH-1-GS-E2), the neurotoxin 5-GS-N-Me-α-MeDA, and the plant-derived phenolic 

metabolite 2-glutathion-S-yl-caffeic acid (2-GS-CA) competitively inhibit the vesicular 

transport of E217βG by MRP1, as well as inhibit MRP1-mediated LTC4 transport and 

MRP2-mediated E217βG transport, in vitro (Chapter 3)(Slot, et al., 2008).  In general, all 

GSH-conjugated catechol estrogens tested exhibited potent inhibition of MRP1- (IC50 < 1 

μM) and MRP2-mediated E217βG transport.  However, unexpectedly, and for reasons 

that remain unclear, the lone 4-OH-estradiol GSH conjugate tested (4-OH-2-GS-E2) was 

nearly 300-fold less potent at inhibiting MRP2-mediated E217βG transport than the three 

other 2-OH-estradiol GSH conjugates, while no difference was observed in the inhibitory 

potency of the 4-OH metabolite towards MRP1-mediated E217βG uptake, in vitro (Slot, 

et al., 2008).   

To further understand these differences, the current study aimed to investigate: 1) 

whether MRP1 and MRP2 could directly transport the GSH-conjugated catechol 

estrogens 2-OH-1-GS-E2 and 4-OH-2-GS-E2, in vitro, and 2) whether the lower inhibitory 

potency of 4-OH-2-GS-E2 observed for MRP2-mediated E217βG transport correlated 

with the relative ability of  MRP2 to transport 4-OH-2-GS-E2 in vitro.   
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4.3 Materials and Methods 

4.3.1 Materials  

LTC4 was purchased from CalBiochem (San Diego, CA).  [14,15,19,20-
3
H]LTC4 

(194.6 Ci mmol
-1

) was purchased from Perkin Elmer Life Sciences (Woodbridge, ON, 

Canada).  Creatine kinase and creatine phosphate were purchased from Roche Diagnostic 

(Laval, QC, Canada).  GSH, GSSG, ATP, AMP-PNP, acivicin and E217βG were 

purchased from Sigma-Aldrich Chemicals Co. (Oakville, ON, Canada).  MK571 was 

purchased from Cayman Chemical (Ann Arbor, MI).  Monoclonal antibody M2I-4, 

specific for MRP2, was purchased from Alexis Biochemicals (San Diego, CA).  

Monoclonal antibody QCRL-1, specific for MRP1, was derived in this laboratory 

(Hipfner, et al., 1994).  2- and 4-OH-17β-estradiol were purchased from Steraloids 

(Wilton, NH).  The GSH-conjugated catechol estrogens were synthesized in the 

laboratory of T.M. Monks and were a kind gift.  All other chemicals and reagents were of 

analytical grade.   

 

4.3.2 Synthesis of GSH-conjugated Catechol Estradiols   

The synthesis and purification of the GSH-conjugated estradiol metabolites was 

carried out in the laboratory of Dr. Terrence Monks at the University of Arizona.  Briefly, 

2-OH-estradiol and 4-OH-estradiol were oxidized to their corresponding quinones using 

sodium periodate and were further reacted with excess GSH, as previously reported 

(Butterworth, et al., 1996).  The resultant conjugates were then purified by reverse phase 

semi-preparative HPLC (Shimadzu LC-6A and Beckman Ultrasphere ODS-5 column) 
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and characterized by their retention times and ultraviolet-visible spectroscopic parameters 

(Butterworth, et al., 1996).  The identity of the purified conjugates was confirmed via 

electrospray-ionization mass spectrometry (Southwest Environmental Health Sciences 

Center Proteomics Facility Core, Tucson, AZ). 

 

4.3.3 Cell Culture and Transfection of MRP1 and MRP2 Expression Vectors   

pcDNA3.1(-) expression vectors containing human MRP1 and MRP2 cDNAs 

were transfected into SV40-transformed human embryonic kidney (HEK293T) cells as 

previously described (Slot, et al., 2008; Ito, et al., 2001b; Ito, et al., 2001a).  Briefly, cells 

were maintained in DMEM supplemented with 4 mM L-glutamine and 7.5% fetal bovine 

serum.  Approximately 20 × 10
6
 cells were seeded per 150 mm plate; 24 hr later, cells (at 

75% – 90% confluency) were transfected with 20 µg of plasmid DNA using 75 µl 

Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA) for 6 hr.  Approximately 48 hr later 

(37°C, humidified 95% air) the cells were collected, snap frozen in liquid nitrogen, and 

stored at -80°C until needed.   

 

4.3.4 Membrane Vesicle Preparation and Determination of MRP1 and MRP2 

Protein Expression 

Pellets of transfected cells were thawed, disrupted by argon cavitation at 300 psi, 

and membrane vesicles were prepared as described previously (Loe, et al., 1996b; Slot, et 

al., 2008).  Membrane vesicles were aliquoted and stored at -80°C.  Vesicular protein 

concentrations were determined using the Bradford method (Bio-Rad Laboratories, 
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Mississauga, ON, Canada) with bovine serum albumin as the standard.  Relative levels of 

MRP1 and MRP2 protein expressed by the transfected cells were determined by 

immunoblot analysis.  Briefly, proteins were resolved on a 7% SDS-polyacrylamide gel 

and electrotransferred to PVDF membranes (Pall Corporation, Pensacola, FL).  

Membranes were subsequently blocked with 5% (w/v) skim milk powder in Tris buffered 

saline containing 0.1% Tween 20 (TBS-T) for 1 hr at room temperature followed by 

overnight incubation at 4°C with the human MRP1-specific murine MAb QCRL-1 

(1:10,000), or the MRP2-specific murine MAb M2I-4 (1:5,000) in blocking solution (Slot, 

et al., 2008).  After washing with TBS-T, immunoblots were incubated with horseradish 

peroxidase-conjugated goat anti-mouse antibody (Pierce, Edmonton, AB, Canada) in 

blocking solution, followed by application of Western Lightning™ chemiluminescence 

blotting substrate (Perkin-Elmer Life Science, Woodbridge, ON, Canada) and exposed to 

film (Ultident, St. Laurent, QC, Canada).  To confirm equal protein loading of the gel 

lanes, the blots were stained with Amido Black (not shown). 

 

4.3.5 MRP-mediated Vesicular Uptake of 2-OH-1-GS-E2 and 4-OH-2-GS-E2  

ATP-dependent uptake of 2-OH-1-GS-E2 and 4-OH-2-GS-E2 by MRP1- and 

MRP2-enriched membrane vesicles was measured using an HPLC detection method 

modified from Butterworth et al., (1996).  For MRP1-mediated GSH-conjugated catechol 

estradiol (GS-estradiol) uptake, 40 µg of vesicle protein were incubated with 10 μM GS-

estradiol conjugate for 10 min at 37°C in the dark.  MRP2-mediated GSH-conjugated 

catechol estradiol uptake was carried out under the same conditions but incubations were 

for 20 min.  All reactions were carried out in a final reaction volume of 120 µl in 250 mM 
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sucrose, 50 mM Tris-HCl (pH 7.4) buffer (TSB), containing either AMP-PNP or ATP (4 

mM), MgCl2 (10 mM), creatine phosphate (10 mM), creatine kinase (100 µg ml
-1

), and 10 

μM GSH-conjugated catechol estradiol metabolite (2-OH-1-GS-E2 or 4-OH-2-GS-E2).  

To inhibit γGT, membrane vesicles were pre-incubated with 2.5 mM acivicin for 15 min 

on ice, resulting in 0.5 mM acivicin in the final reaction mixture.  Uptake was stopped by 

placing reaction tubes on ice and subsequently pelleting the membrane vesicles by 

centrifugation at 4°C.   

For the indirect analysis of GS-estradiol uptake, a known amount of 2-OH-1-GS-

E2 or 4-OH-2-GS-E2 was added to a 100 μl sample of the vesicle-free reaction mixture to 

serve as an internal standard, and the addition of an equal volume of buffer (50 mM 

ammonium acetate and 2 mg/ml ascorbate, pH 4.0) was added to stabilize the sample.  

This mixture was then filtered through two separate 0.45 μm PVDF filters and the filtrate 

was subsequently stored at -20°C until analysis by HPLC.  For the direct analysis of 

samples, the remaining membrane vesicle pellets were mixed using a vortex in 5 mM 

Tris-HCl buffer (pH 7.4) and left on ice for 10 min.  The mixture of vesicular debris was 

centrifuged as before, and the supernatant was prepared for analysis by HPLC as 

described above. 

 GSH-conjugated catechol estradiol concentrations were analysed by HPLC 

coupled with an electrochemical detector (HPLC-ECD) (ESA solvent delivery model 

582, CoulArray detector model 5600A, ESA, Chelmsford, MA).  Analytes were resolved 

by a Hamilton 5 μm C18 packed 150 x 4.1 mm PRP-1 reverse phase column guarded by a 

Hamilton 10 μm 25 x 2.3 mm PRP-1 guard column (Hamilton, Reno, NV).  The four 

electrodes were set at -50, 50, 100, 200 mV, and the pump was set to deliver 0.6 ml/min 

of a single mobile phase consisting of 1% glacial acetic acid, 20% acetonitrile, 79% 
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water.  Mobile phase was vacuum filtered (0.22 μm) and degassed before each use.  

Calibration standards were prepared for each independent experiment and their injection 

on the HPLC column preceded the samples to be analysed. 

Uptake by MRP-containing vesicles in the presence of ATP was compared to 

vesicular uptake in the presence of AMP-PNP (to determine ATP-dependent uptake), or 

to uptake by HEK vesicles in the presence of ATP (to determine MRP-specific uptake).  

All uptake assays were carried out three or more times (unless otherwise indicated) and 

results expressed as means (± S.D.).   

 

4.3.6 Inhibition of MRP-mediated Vesicular Uptake of [
3
H]E217βG by 2-OH-

1-GS-E2 and 4-OH-2-GS-E2 

ATP-dependent uptake of [
3
H]E217βG by MRP1- and MRP2-enriched membrane 

vesicles was measured using a 96-well format rapid filtration technique as previously 

described (Slot, et al., 2008).  All reactions were carried out in a final reaction volume of 

30 µl in 250 mM sucrose, 50 mM Tris-HCl (pH 7.4) buffer (TSB), containing AMP or 

ATP (2 mM), MgCl2 (10 mM), creatine phosphate (10 mM), creatine kinase (100 µg ml
-

1
), and estradiol conjugates at the concentrations specified.  Uptake was stopped by rapid 

dilution in ice-cold TSB, and subsequently filtered using a FilterMate™ Harvester and 

Unifilter-96 GF/B filter plate (Packard, Meridien, CT).  Radioactivity on the filters was 

quantified by liquid scintillation counting.  All data were corrected for the amount of 
3
H-

labeled substrate that remained bound to the filter which was usually <10% of the total 

radioactivity.  Transport in the presence of AMP was subtracted from transport in the 

presence of ATP to determine ATP-dependent uptake.  Transport assays were carried out 
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in triplicate and results expressed as means (± S.D).  MRP1-mediated E217βG uptake was 

measured by incubating 2 µg of vesicle protein with [
3
H]E217βG (400 nM, 20 nCi) for 60 

sec at 37°C.  For MRP2-mediated E217βG uptake, 6 µg of vesicle protein were incubated 

with [
3
H]E217βG (400 nM, 40 nCi) for 5 min at 37°C (Slot, et al., 2008). 

 

4.3.7 Photolabeling of MRP1 and MRP2 by [
3
H]LTC4 in the Presence of 2-

OH-1-GS-E2 and 4-OH-2-GS-E2 

Membrane proteins
 
were photolabeled with [

3
H]LTC4 as described previously 

(Loe, et al., 1996b; Létourneau, et al., 2007).
  
Membrane vesicles (50 μg protein) in a final 

volume of 50 μl were incubated with either 2-OH-1-GS-E2 or 4-OH-2-GS-E2 on ice for 

10 min prior to incubation with [
3
H]LTC4 (for MRP1, 200 nM (0.1 μCi); for MRP2, 400 

nM (0.5 μCi)) and 10 mM MgCl2
 
for 30 min at room temperature and then frozen in 

liquid nitrogen.  Samples were then alternately irradiated at 302 nm 10 times for 1 min
 

using a CL-1000 UV cross-linker (DiaMed, Mississauga, ON,
 
Canada) and snap-frozen in 

liquid nitrogen between each round of UV cross-linking.  Radiolabeled
 
proteins were 

resolved by SDS-PAGE, and proteins were fixed in a solution of water:isopropanol:acetic 

acid (65:25:10) for 30 min and incubated in Amplify NAMP100 (Amersham, Baie 

d‟Urfé, QC, Canada) for 30 min to enhance the signal.
  
After drying, the gel was exposed 

to X-Omat film (Eastman Kodak Company, Rochester, NY) for ~5 days
 
at -80

o
C.  The 

films were scanned and the digital images analysed by densitometry using Image J 

software (http://rsb.info.nih.gov/ij/) and these values were used to plot data and calculate 

IC50 values using GraphPad Prism 3.0 software (San Diego, CA).  When shown, error 

bars represent the standard deviation (S.D.) from the mean. 

http://rsb.info.nih.gov/ij/
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4.4 Results 

4.4.1 Time Course of MRP1- and MRP2-mediated GSH-conjugated Catechol 

Estradiol Depletion 

Preliminary time course experiments for measuring ATP-dependent MRP1- and 

MRP2-mediated 2-OH-1-GS-E2 transport by measuring substrate depletion from the 

extravesicular incubation mixture were performed to determine the time frame during 

which uptake is linear.  Experiments were carried out using vesicles prepared from 

untransfected HEK cells in the presence of ATP (control), or vesicles prepared from 

MRP1 or MRP2 transfected HEK cells, either in the presence of ATP or the non-

hydrolyzable ATP analogue AMP-PNP (control).  Samples of the reaction mixtures were 

taken at the time points indicated in Fig. 4.1, and the concentration of 2-OH-1-GS-E2 in 

the extravesicular mixture was measured by HPLC-ECD.  Representative single 

determinations for 2-OH-1-GS-E2 uptake by MRP1 and MRP2 are shown in Fig 4.1.  

Transport of 2-OH-1-GS-E2 by MRP1 was linear up to approximately 4 min, whereas 

transport mediated by MRP2 was linear for at least 20 min.  Thus, single time points of 

10 and 20 min were chosen for subsequent MRP1- and MRP2-mediated transport 

experiments, respectively. 
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Figure 4.1 Time course of 2-OH-1-GS-E2 depletion by membrane vesicles. 

Membrane vesicle protein (40 μg) was incubated at 37°C for the times indicated in the 

presence of ATP or AMP-PNP at an initial substrate concentration of 10 μM as described 

in Chapter 4.3.  (A) Depletion of 2-OH-1-GS-E2 by HEK vesicles in the presence of ATP 

(closed squares), MRP1-enriched vesicles in the presence of AMP-PNP (open circles, 

dashed line), MRP1-enriched vesicles in the presence of ATP (closed circles).  (B) 

Depletion of 2-OH-1-GS-E2 by HEK vesicles in the presence of ATP (closed squares), 

MRP2-enriched vesicles in the presence of AMP-PNP (open circles, dashed line), MRP2-

enriched vesicles in the presence of ATP (closed circles).   

 

4.4.2 Validation of an Indirect Method to Measure the ATP-dependent 

Transport of GSH-conjugated Catechol Estradiols by MRP1 and MRP2 

The results shown in Fig 4.1 represent an indirect measure of ATP-dependent 

transport of 2-OH-1-GS-E2 by MRP1.  As shown in Fig 4.2A (indirect method), there is a 

decrease in the detection of 4-OH-2-GS-E2 in the presence of ATP, indicative of a 

decrease of 4-OH-2-GS-E2 from the extravesicular reaction media.  However, this 

depletion assay method represents an indirect measure of vesicular transport.  As shown 

in Fig 4.2B (direct method), there is an appearance of a peak at ~ 14 min, indicative of 4-

OH-2-GS-E2 being present in the sample.  As these samples were derived from 

intravesicular contents (see Chapter 4.3.5), the results represent a direct measure of MRP-
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mediated transport.  A summary of the results obtained by both methods for MRP1- and 

MRP2-mediated 4-OH-2-GS-E2 transport are shown in Table 4.1. 

 

Table 4.1 Side by side comparison of ATP-dependent 4-OH-2-GS-E2 transport 

results obtained from both indirect and direct transport assays using MRP1 and 

MRP2 containing membrane vesicles 

 

MRP1
#
 MRP2

#
 

Transport (pmol/μg/min)* Transport (pmol/μg/min)* 

Indirect Direct Indirect Direct 

22.8 15.4 18.5 15.1 

22.7 15.0 20.6 10.4 
#
 Results shown are from two independent determinations using the same MRP1 or MRP2 vesicle 

preparations.
 
  

* MRP1-mediated transport was conducted for 10 min while MRP2-mediated transport was conducted for 

20 min as described in Chapter 4.3. 
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Figure 4.2 MRP1-mediated 4-OH-2-GS-E2 transport. 

Shown are representative HPLC-ECD chromatograms of MRP1-mediated 4-OH-2-GS-E2 

transport for both indirect (depletion) (A) and direct (vesicular uptake) (B) assays.  Each 

chromatogram shows the typical retention time for the internal standard (2-OH-1-GS-E2) 

of approximately 9 min, and the typical retention time for the test substrate (4-OH-2-GS-

E2) of approximately 14 min.  The response from only one detector (set to 50 mV) is 

shown for clarity.  The large peak from 2 – 4 min is representative of a typical solvent 

front in these experiments.  The HPLC-ECD methods were as described in Chapter 4.3. 

 

4.4.3 ATP-dependent Transport of 2-OH-1-GS-E2 and 4-OH-2-GS-E2 by 

MRP1- and MRP2-Enriched Membrane Vesicles 

Single time point uptake experiments were conducted to determine the relative 

difference between ATP-dependent MRP1- and MRP2-mediated 2-OH-1-GS-E2 and 4-

OH-2-GS-E2 transport.  Substrate depletion experiments were conducted in the presence 

of ATP or AMP-PNP using vesicles prepared from both untransfected HEK and MRP1 or 

MRP2 transfected cells.  Representative results from a single experiment are shown in Fig 

4.3.  Transport levels were determined by averaging multiple single time point 

experiments and are summarized in Table 4.2.  At the time points chosen, no differences 

between the amount of MRP1-mediated 2-OH-1-GS-E2 and 4-OH-2-GS-E2 transport, or 

the amount of MRP2-mediated 2-OH-1-GS-E2 and 4-OH-2-GS-E2 transport were 

detected.  
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Figure 4.3 Representative experiments for MRP1- and MRP2-mediated 2-OH-1-GS-

E2 and 4-OH-2-GS-E2 depletion. 

Vesicle-mediated GSH-conjugated estradiol metabolite depletion experiments were 

performed as described in Chapter 4.3.  Briefly, 40 μg of vesicle protein was incubated 

with 10 μM of 2-OH-1-GS-E2 or 4-OH-2-GS-E2 for 10 min (MRP1) or 20 min (MRP2) at 

37°C in the presence of AMP-PNP (open bars) or ATP (hatched bars).  The 

concentrations of 2-OH-1-GS-E2 and 4-OH-2-GS-E2 from filtered reaction mixtures were 

then determined by HPLC.  (A) MRP1-mediated 2-OH-1-GS-E2 depletion.  (B) MRP2-

mediated 2-OH-1-GS-E2 depletion.  (C) MRP1-mediated 4-OH-2-GS-E2 depletion.  (D) 

MRP2-mediated 4-OH-2-GS-E2 depletion.  
 

 

Table 4.2 MRP1- and MRP2-mediated ATP-dependent 2-OH-1-GS-E2 and  

4-OH-2-GS-E2 transport 

 

Transporter Substrate Transport Activity 

pmol/μg/min
#
 

N 

 

MRP1 
2-OH-1-GS-E2 1.5 ± 0.3 7 

4-OH-2-GS-E2 1.9, 1.7 2 

MRP2 
2-OH-1-GS-E2 1.3, 0.8 2 

4-OH-2-GS-E2 0.9, 0.9 2 
#
 The depletion assay was carried out for 10 min for MRP1 and 20 min for MRP2. 

Transport was determined by subtracting MRP-mediated substrate depletion by MRP containing vesicles in 

the presence of ATP from substrate depletion by empty vesicles in the presence of ATP.  Values for MRP1-

mediated 2-OH-1-GS-E2 transport were obtained from a total of five independent vesicle preparations.  All 

other values are from one vesicle preparation. 
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4.4.4 Inhibition of MRP1- and MRP2-mediated [
3
H]E217βG uptake by 2-OH-

1-GS-E2 and 4-OH-2-GS-E2 

In initial experiments, the inhibition of MRP1- and MRP2-mediated [
3
H]E217βG 

transport by 2-OH-1-GS-E2 and 4-OH-2-GS-E2 was determined and the relative IC50 

values were 0.5 and 0.2 μM respectively (Fig 4.4), which are reasonably similar to those 

values reported in Chapter 3 (~ 0.3 μM).  The relative abilities of 2-OH-1-GS-E2 and 4-

OH-2-GS-E2 to inhibit MRP2-mediated E217βG transport here (IC50 of 5 and 212 μM, 

respectively) were comparable to those previously reported (IC50 ~ 2 and 580 μM, 

respectively) in Chapter 3.  Also, a moderate (~30%) stimulation of E217βG transport by 

both 2-OH-1-GS-E2 and 4-OH-2-GS-E2 was observed for MRP2 as seen previously for 

these compounds (Chapter 3), and for other MRP2 modulators such as indomethacin, 

furosemide and probenecid (Zelcer, et al., 2003; Bodo, et al., 2003). 
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Figure 4.4 Effect of 2-OH-1-GS-E2 and 4-OH-2-GS-E2 on MRP1- and MRP2-

mediated E217βG uptake. 

Shown are representative concentration-response curves demonstrating the inhibitory 

effect of 2-OH-1-GS-E2 and 4-OH-2-GS-E2 on [
3
H]E217βG uptake by MRP1-enriched 

membrane vesicles (A) and MRP2-enriched membrane vesicles (B).  Closed circles, 

MRP-mediated E217βG uptake in the presence of 2-OH-1-GS-E2; open circles, MRP-

mediated E217βG uptake in the presence of 4-OH-1-GS-E2.  Transport activity is 

expressed as a percentage of the control activity in the absence of GSH conjugate.  

Transport conditions were as described in Chapter 4.3.  Briefly: MRP1-mediated 

transport was carried out for 1 min at 37°C using 2 μg of vesicle protein and 400 nM (20 

nCi) E217βG per point. MRP2-mediated transport was carried out for 3 min at 37°C using 

6 μg of vesicle protein and 400 nM (40 nCi) E217βG per point. Data points represent the 

means ± S.D. of triplicate determinations in a single experiment. 

 

4.4.5 Photolabeling of MRP1 and MRP2 by [
3
H]LTC4 in the Presence of 2-

OH-1-GS-E2 and 4-OH-2-GS-E2 

In contrast to the substantially different abilities of 2-OH-1-GS-E2 and 4-OH-2-

GS-E2 to inhibit MRP2-mediated E217βG transport, transport of both compounds by 

MRP2 was comparable (Fig 4.3).  In view of the above, experiments were carried out to 

confirm the previously reported results for the inhibition of LTC4 transport by GSH-

conjugated catechol estrogens, and to determine the effects of 2-OH-1-GS-E2 and 4-OH-

2-GS-E2 on the photolabeling of MRP1 and MRP2 by [
3
H]LTC4.  The data in Fig 4.5 

illustrates independent dose-dependent inhibition curves of [
3
H]LTC4 photolabeling of 
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MRP1 (A and B) and MRP2 (C and D).  Images of the corresponding autoradiographs are 

shown above each curve.  A summary of the IC50 values obtained are provided in Table 

4.3.  Thus, the ability of both GSH-conjugated catechol estradiol metabolites to inhibit 

LTC4 photolabeling of MRP1 and MRP2 was similar; however, the relative potency of 2-

OH-1-GS-E2 to inhibit MRP2 labeling was approximately 2- to 6-fold lower than for 4-

OH-2-GS-E2. 

 

4.4.6 Inhibition of MRP1-mediated 2-OH-1-GS-E2 Transport by Known 

MRP1 Substrates and Inhibitors 

The abilities of previously identified inhibitors and substrates of MRP1 to inhibit 

MRP1-mediated 2-OH-1-GS-E2 transport were also assessed.  Concentrations of 

substrates and inhibitors previously reported to modulate the MRP1-mediated transport of 

E217βG and/or LTC4 were used for these experiments (Loe, et al., 1996a; Loe, et al., 

1996b).  In all cases, these compounds inhibited MRP1-mediated 2-OH-1-GS-E2 

transport as expected, by approximately 30-60% (Table 4.4). 
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Figure 4.5 Effect of 2-OH-1-GS-E2 and 4-OH-2-GS-E2 on [
3
H]LTC4 Photolabeling of 

MRP1 and MRP2. 

Shown are representative autoradiographs and corresponding densitometry plots for 

[
3
H]LTC4 photolabeled MRP1 and MRP2 in the presence of 2-OH-1-GS-E2 and 4-OH-2-

GS-E2.  Conditions are described in Chapter 4.3.  Briefly, 50 μg of MRP1 vesicle protein 

was incubated with 200 nM (0.1 μCi) [
3
H]LTC4 or 50 μg of MRP2 vesicle protein was 

incubated with 400 nM (0.5 μCi) [
3
H]LTC4 in the presence of increasing concentrations 

of the metabolites for 30 min prior to UV crosslinking.  
3
H-labeled proteins were resolved 

by SDS-PAGE and processed for autoradiography.  (A) MRP1 incubated with 2-OH-1-

GS-E2, (B) MRP1 incubated with 4-OH-2-GS-E2, (C) MRP2 incubated with 2-OH-1-

GS-E2, (D) MRP2 incubated with 4-OH-2-GS-E2.  Relative labeling was determined by 

densitometric analysis and the results plotted and the approximate IC50 values were 

determined using GraphPad Prism software.  A summary of replicate experiments is 

shown in Table 4.3. 
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Table 4.3 Inhibition of [
3
H]LTC4 photolabeling to MRP1 and MRP2 by 2-OH-  

and 4-OH-2-GS-E2: A summary of [
3
H]LTC4 photolabeling experiments  

described in Figure 4.4 

 
Values represent means ± SD, or where the number of experiments was less than three, results from 

individual experiments are shown.  Values were obtained from two different vesicle preparations for both 

MRP1 and MRP2. 

Transporter Substrate IC50 (μM) 

MRP1 
2-OH-1-GS-E2 2.5 ± 0.8 

4-OH-2-GS-E2 3.2, 1.4 

MRP2 
2-OH-1-GS-E2 17.7, 12.7 

4-OH-2-GS-E2 3.0, 7.5 

 

 

Table 4.4 Inhibition of MRP1-mediated 2-OH-1-GS-E2 depletion by selected MRP1 

substrates and competitive inhibitors 
 
Briefly, 40 μg of MRP1 vesicle protein was incubated with 10 μM of 2-OH-1-GS-E2 at 37°C for 10 min in 

the presence of the compounds listed.  Relative uptake was determined by comparing ATP-dependent 2-

OH-1-GS-E2 transport alone or in the presence of compound compared to the transport of 2-OH-1-GS-E2 by 

empty HEK vesicles in the presence of ATP.  Vesicular transport was carried out as described in Chapter 

4.3.  Values were obtained from 1–3 independent vesicle preparations.  Values represent means ± SD, or 

where the number of experiments was less than three, results from individual experiments are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Compound Concentration 

(μM) 

2-OH-1-GS-E2 

transport 

(% control) 

LTC4 
1 51, 57 

3 41 

E217βG 
30 52 ± 6 

100 40 ± 7 

GSSG 
100 39, 53 

300 33 

S-decyl-GSH 
3 65 ± 19 

10 63, 45 

MK571 20 40 ± 14 
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4.5 Discussion 

The current study investigated the ability of two well characterized members of 

the ABCC family of efflux proteins (MRP1 and MRP2) to transport biologically relevant 

estradiol metabolites.  Thus, the results presented herein show for the first time that 

glutathionylated conjugates of both 2-OH- and 4-OH-catechol estradiols are substrates of 

MRP1 and MRP2 in vitro.  Furthermore, a simple indirect method for determining 

transport was developed and validated for use in this study. 

The results in Table 4.1 show that both direct and indirect methods are capable of 

measuring ATP-dependent transport of GSH-conjugated catechol estradiol metabolites in 

a reproducible manner.  However, there is some inter-assay variability with respect to the 

absolute transport values obtained.  Thus, the direct method shows a trend towards 

predicting lower transport levels.  Whether the direct method represents the true transport 

value remains to be determined.  However, given the small quantity of vesicles being 

manipulated, and the two-step filtration of the intravesicular contents, it is possible that 

some of the GSH-conjugated metabolites are adsorbing to the PVDF membranes, or are 

tightly binding to membrane-bound MRP1 and/or MRP2 (trapped by the PVDF 

membrane), or simply binding non-specifically to lipids or other proteins on the 

membrane.  Thus, this would present an underestimation of the true transport value.  

Conversely, a limitation of the indirect method is that it does not distinguish between the 

intra-vesicular trapping (e.g. transport) of GSH-conjugated metabolites and their non-

specific binding to the membranes or membrane-associated proteins other than MRPs.  

However, given the relatively low (~ 30%) difference between the transport values 

obtained with the two assay (Table 4.1), the indirect method seems adequate for 
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demonstrating both ATP- and MRP-dependent transport, thus representing a simpler 

means of attaining a reliable approximation of GSH-conjugated catechol estradiol 

transport.   

  We previously reported a 280-fold lower potency of 4-OH-2-GS-E2 than 2-OH-

1-GS-E2 to inhibit MRP2-mediated E217βG transport, whereas there was no observable 

difference in the ability of the conjugates to inhibit MRP1-mediated E217βG transport in 

vitro (Chapter 3)(Slot, et al., 2008).  This differential inhibitory potency for MRP2-

mediated E217βG transport was confirmed in the present study, although the difference 

was somewhat less (40-fold) as illustrated in Fig 4.4.  However, it was somewhat 

surprising that 4-OH-2-GS-E2 was more potent than 2-OH-1-GS-E2 at inhibiting 

[
3
H]LTC4 photolabeling of MRP2 when LTC4 photolabeling was examined (Table 4.3).  

Thus, 4-OH-2-GS-E2 appears to be a poor inhibitor of MRP2-mediated E217βG transport 

while being a good inhibitor of [
3
H]LTC4 photolabeling.  One possible explanation is that 

the binding of 4-OH-2-GS-E2 to an allosteric site on MRP2 which modulates the LTC4 

binding site differently than the E217βG binding site.  Thus, while 4-OH-2-GS-E2 binding 

to MRP2 may inhibit LTC4 binding, and hence decrease transport, it may also increase 

the binding and/or transport of E217βG.  This may also explain the noted increase in 

MRP2-mediated E217βG transport in the presence of low concentrations (< 1 μM) of 

GSH-conjugated estradiol metabolites (Fig 4.4), a phenomenon that is typical of several 

modulators of MRP2.  For example, moderately low concentrations (< 500 μM) of 

probenecid and sulfinpyrazone stimulate E217βG transport by MRP2, whereas higher 

concentrations inhibit transport (Zimmermann, et al., 2008).  Finally, the notion that a 

compound may interfere with the binding of one substrate, but not the transport of 

another has been previously reported.  For example, although 17β-estradiol-3β-
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glucuronide (10 μM) does not modulate MRP1-mediated E217βG transport, it can inhibit 

[
3
H]LTC4 photolabeling (Loe, et al., 1996b). 

Typically, vesicular transport experiments are performed with radiolabeled 

substrates and minute quantities are needed for quantification because radiolabeled MRP 

substrates of relatively high specific activity are commercially available (e.g. [
3
H]LTC4 

and [
3
H]E217βG).  Unfortunately, radiolabeled estradiol conjugates were unavailable for 

this study.  Instead, the intrinsic electrochemical properties of these catechols were used 

in conjunction with HPLC coupled to an electrochemical detector to determine their 

relative transport by MRP1 and MRP2 containing vesicles.  The data reported in this 

study are primarily based on indirect measures of vesicular uptake (e.g. substrate 

depletion assay); however, direct measurements for the intravesicular accumulation of 

these estradiol conjugates (Table 4.1) were made and thus validated this method.  In 

addition, MRP1-mediated uptake of 2-OH-1-GS-E2 was inhibited by both known 

physiological and competitive inhibitors (Table 4.3), and both 2-OH-1-GS-E2 and 4-OH-

2-GS-E2 inhibited the photolabeling of MRP1 and MRP2 by [
3
H]LTC4.  Given that LTC4 

is a high affinity substrate for MRP1 and MRP2 (Km ~ 0.1 and 1 μM, respectively) 

(Keppler, et al., 1997; Leier, et al., 1994), these results provide further evidence that both 

2-OH-1-GS-E2 and 4-OH-2-GS-E2 interact strongly with substrate translocation or 

substrate binding sites within MRP1 and MRP2.  Whether GSH-conjugated catechol 

estradiol metabolites interfere with the transport of other known MRP1 and MRP2 

substrates in vitro or in vivo has yet to be determined.  

As GSH conjugates are generally higher affinity substrates for MRP1 than MRP2 

(Keppler, et al., 1999), it was not surprising that 2-OH-1-GS-E2 and 4-OH-2-GS-E2 

transport levels were higher for MRP1 than MRP2 (Table 4.3).  However, as MRP1 and 
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MRP2 transport kinetics were not performed, the relative affinities and transport 

efficiencies for 2-OH-1-GS-E2 and 4-OH-2-GS-E2 remain unknown.  Perhaps 

complicating matters, examples exist in the literature where modulators are capable of 

increasing the transport of a known substrate.  For example, ethinylestradiol sulfate 

increases the MRP2- and MRP3-mediated transport of E217βG, whereas it is reported not 

to be transported itself by either of these proteins (Chu, et al., 2004).  Although E13SO4 is 

poorly transported by MRP1 on its own, the presence of GSH greatly enhances E13SO4 

transport affinity (Maeno, et al., 2009; Qian, et al., 2001).  However, it is also possible 

that a substrate may modulate its own transport.  Accordingly, E217βG has been shown to 

modulate its own transport by MRP2 through interaction at a low affinity modulatory site 

(Zelcer, et al., 2003).  In this case, as the concentration of E217βG rises, binding to the 

low affinity site increases and results in increased transport capacity by modulating the 

high affinity E217βG substrate translocation sites.  Whether any similar relationships exist 

among the GSH-conjugated catechol estradiol metabolites and MRP1 and/or MRP2 have 

yet to be investigated. 

There is a large amount of evidence suggesting that 4-OH catechol estradiols are 

carcinogenic in humans (Yager, 2000; Russo and Russo, 2006; Santen, et al., 2009).  

Thus, the ability of cells to inactivate and/or remove toxic estradiol metabolites would 

presumably be beneficial to human health.  Recent reports have shown that conjugating 

the equine estrogen metabolite 4-OH-equilenin with GSH does not abrogate its mutagenic 

properties (Peng, et al., 2010).  Thus, to protect against the mutagenic actions of 

increasing 4-OH estrogen levels and their GSH metabolites, cells must actively extrude 

and remove these compounds.  The in vitro data presented here indicate that ATP-

dependent MRP-mediated transport is a possible means by which GSH-conjugated 
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catechol estrogens may be removed from cells.  Future studies aimed at investigating the 

role of MRP1 and MRP2 in the disposition of GSH-conjugated catechol estradiols in vivo 

are needed to corroborate their physiological relevance.  Thus, questions addressing 

whether these metabolites are sequestered in tissues prone to estrogen-dependent 

carcinogenesis like the breast or how these metabolites are eliminated from the body 

would help in the understanding of their importance to carcinogenesis in vivo, and 

Abcc1/Mrp1 and Abcc2/Mrp2 deficient rodent models exist to help explore these 

questions. 

Several studies aimed at measuring estrogen metabolites have shown that at least 

15 biologically important metabolites are produced in humans, and that only 5 of these 

metabolites exist in the plasma in an un-conjugated form (Ziegler, et al., 2010; Falk, et 

al., 2008).  In these studies, only total parent estrogen content was measured, and 

consequently, no data exists on the amount of sulfate, glucuronide or mercapturic acid 

derived estrogen metabolites excreted into urine (Ziegler, et al., 2010).  However, 

analysis of estradiol metabolism in primary rat hepatocyte cultures revealed that 

approximately 26% of recovered estradiol existed as GSH conjugates, while 27% existed 

as glucuronide conjugates, as obtained by HPLC-MS/MS.  Whether or not this ratio of 

conjugates is true of human metabolism remains to be determined.  Nevertheless, similar 

HPLC-MS/MS approaches may prove useful in detecting estradiol metabolites in humans 

and may provide a means for measuring biomarkers of estrogen-mediated mutagenesis. 

Taken together, the data described in this study show for the first time that 

physiological metabolites of biologically active catechol estradiol metabolites are 

substrates for both MRP1 and MRP2 in vitro.  The consequences of MRP-mediated 

transport of these conjugates are as of yet unknown, although differences in the relative 
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transport capabilities of these transporters may in part explain how they accumulate in 

some tissues to a greater extent than others, thus modulating their organ-specific toxic 

effects.  Estrogen-responsive tissues which also express MRP/ABCC-related transporters 

are often targets for catechol estrogen-mediated mutagenesis (Markides and Liehr, 2005; 

Liehr and Ricci, 1996; Alcorn, et al., 2002; Abaan, et al., 2009; Sandusky, et al., 2002).  

Thus, future studies aimed at investigating the role of these transporters in modulating 

GSH-conjugated estradiol metabolite-induced toxicity are warranted.  For example, 

Mrp2-deficient rats exist which may help resolve the role of MRP2 in GS-estradiol 

disposition.  Moreover, given the low reported Ki for 2-OH-1-GS-E2 inhibition of MRP1 

transport (~ 300 nM) (Slot, et al., 2008), this metabolite may very well interfere with 

physiological functions carried out by MRP1. 
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Chapter 5 – Interaction of Glutathione Conjugated 

Hydroquinone Metabolites with Human MRP1 

 

5.1 Abstract 

The Multidrug resistance proteins 1 (MRP1) and MRP2 transport a wide array of 

both conjugated and unconjugated anionic compounds.  Glutathione (GSH) conjugates 

are generally transported with higher affinity by MRP1, and mutation Lys
332

 eliminates 

the interaction of MRP1 with GS-X substrates and GSH-dependent inhibitors.  We have 

previous shown that structurally diverse reactive GSH-conjugated catechol metabolites 

modulate the transport activity of MRP1 and MRP2 in vitro.  The present study explored 

the ability of five GSH-conjugated hydroquinone metabolites (GS-HQs) to modulate 

MRP1-mediated E217βG vesicular transport.  All five GS-HQs tested were moderately 

potent inhibitors (~ IC50 3 – 30 μM) of 17β-estradiol 17β-(D-glucuronide) (E217βG) 

transport, with the most potent being 2,5-(glutathione-S-yl)-hydroquinone (2,5-GS-HQ).  

Although not statistically significant, kinetic analysis suggested an approximate 2-fold 

decrease in both Km and Vmax for E217βG transport in the presence of 10 μM 2,5-GS-HQ, 

resulting in no net change in overall transport (Vmax/Km).  Furthermore, a trend towards a 

decrease in the Km for ATP in the presence of 2,5-GS-HQ and E217βG (270 µM versus 

573 µM) was observed.  Similar results were obtained for the MRP1 GS-X transport 

deficient mutant K332L.  Pre-incubation of wild-type and mutant K332L MRP1-enriched 

membrane vesicles with 500 µM 2,5-GS-HQ resulted in an apparent reduction in 

electrophoretic mobility of MRP1 and it is suggested that this results from 2,5-GS-HQ 
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binding to the transporter.  However, limited tryptic fragmentation, as detected by a 

monoclonal antibody specific for MRP1, showed no detectable difference in the 

fragmentation profile when MRP1-enriched membrane vesicles were pre-incubated with 

2,5-GS-HQ.  Thus, at least under the conditions tested thus far, 2,5-GS-HQ does not 

significantly alter the conformation of MRP1 at or near trypsin sensitive sites.  Together, 

the data suggest that 2,5-GS-HQ differs from other GSH conjugates investigated to date 

because it does not appear to require Lys
332

 to interact with MRP1; however, the 

mechanism of this interaction is still unclear. 

 

5.2 Introduction 

Subfamily C of the human ATP-binding cassette (ABC) superfamily contains nine 

proteins that are often referred to as the Multidrug Resistance Proteins (MRPs) (Dean and 

Allikmets, 2001).  Although the exact physiological function of all nine proteins is not 

known, in vitro data indicate that several of the MRPs transport a large number of 

molecules across the plasma membrane (Deeley, et al., 2006; Borst, et al., 2000) (Slot et 

al., in press).  Many of these molecules are organic anion conjugates (e.g. etoposide-

glucuronide, E217βG, morphine glucuronides, aflatoxin B1-SG, etc.) (Keppler, et al., 

1996; Loe, et al., 1997; Jedlitschky, et al., 1996).  To date, the most well characterized 

MRPs are MRP1 and MRP2, and they are primarily associated with basolateral and apical 

cellular efflux of organic anions in vivo, respectively (Van Aubel, et al., 2000; Zhou, et 

al., 2008).  Despite moderately high sequence identity between MRP1 and MRP2, there is 

a significant degree of overlap in their substrate specificity; however, differences in 

transport kinetics are often substantial (Zhou, et al., 2008; Konig, et al., 1999).  While 
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MRP1 and MRP2 are both capable of transporting GSH conjugates, the apparent affinity 

for these organic anions is usually higher for MRP1.  For example, the Km for LTC4 is 10-

fold higher (0.1 vs. 1 μM) for MRP1 than for MRP2 (Cui, et al., 1999; Loe, et al., 1996b).   

Site-directed mutagenesis studies have previously revealed several residues in 

MRP1 required for the transport of GSH and GSH conjugates (e.g. LTC4) and modulation 

by GSH-dependent inhibitors (e.g. LY465803) (Haimeur, et al., 2002; Maeno, et al., 

2009; Mao, et al., 2002).  Thus, neutral and opposite charge substitutions of Lys
332

 did not 

affect MRP1 expression, but essentially eliminated LTC4 transport and [
3
H]LTC4 

photolabeling, as well as substantially reducing apigenin stimulated GSH transport 

(Haimeur, et al., 2002).  Mutations of Lys
332

 also had no effect on methotrexate or 

E217βG transport (Haimeur, et al., 2002).  Furthermore, S-decyl-GSH was 100-fold less 

potent at inhibiting E217βG transport by MRP1 mutant K332L, and the GSH dependent 

inhibitor LY465803 was 16-fold less potent; however, the potencies of the non-GSH 

associated inhibitors MK571 and LY171883 were not significantly altered, further 

suggesting a role for Lys
332

 in GSH binding (Maeno, et al., 2009).  

Previous results from our lab have shown that several GSH-conjugated reactive 

catechol metabolites (e.g. 2-hydroxy-1-GSH-S-yl-17β-estradiol (2-OH-1-GS-E2)) are 

capable of modulating transport of both LTC4 and E217βG by MRP1, and that for the 

latter, this inhibition appeared to be competitive (Slot, et al., 2008).  The conjugates tested 

also inhibited MRP2-mediated E217βG transport with the notable difference that 4-OH-2-

GS-E2 was 300-fold less potent at inhibiting MRP2-mediated transport compared to 

MRP1 (Slot, et al., 2008).  Although GSH-conjugated hydroquinones (GS-HQs) share 

some chemical similarities with the above mentioned metabolites, their interaction(s) with 

MRPs have not been investigated.   
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GS-HQs are derived from the non-enzymatic Michael addition of GSH to 

oxidized benzene metabolites (Monks, et al., 1990).  Benzene metabolism has been linked 

to haematopoietic toxicity and a number of GS-HQs have been shown to be nephrotoxic 

(Jollow, et al., 1974; Monks, et al., 1985; Lau, et al., 2010).  HQs readily oxidize to 1,4-

benzoquinone and are concomitantly reduced by GSH; however, because of redox cycling 

and the subsequent addition of GSH moieties, an array of mono- and multi-GSH-

conjugated metabolites arise (Lau, et al., 2010).  Intriguingly, even multi-glutathionylated 

HQ metabolites retain some biological activities.  For example, 2,3,5-GS-HQ‟s mutagenic 

properties are associated with increased cell proliferation and modulation of prostaglandin 

synthesis in porcine kidney LLC-PK1 cells (Lau, et al., 2010; Towndrow, et al., 2000).  

2,3,5-GS-HQ also forms adducts with cellular proteins as detected by immunoblot 

analysis (Kleiner, et al., 1998).  

More recently, cysteinyl-HQs have been shown using mass spectrometry to 

covalently modify cellular proteins with a preference for arylation at Lys rich 

nucleophilic protein regions (Labenski, et al., 2009; Fisher, et al., 2007).  The average 

Lys content of the modified proteins identified was 9.7%, whereas the average Lys 

content of the proteome is approximately 5.5% (Labenski, et al., 2009).  As these regions 

would be expected to preferentially bind electrophiles, they have been referred to as 

electrophile binding motifs (EBMs) or regions (EBRs).  In their study, Labenski et al. 

(2009) defined EBMs as sequences containing XKK, KKX or KXK, where X is any 

potentially nucleophilic amino acid within this arrangement (e.g. C, K, H, M, R, Y, S, T, 

D and E).  Analysis of the primary amino acid sequence of both MRP1 and MRP2 reveals 

multiple potential EBRs (Table 5.1), and the relative position of some of these EBRs 

(based on a homology model of MRP1, (DeGorter, et al., 2008)) are shown in Fig 5.1.   
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As MRP1 (and other ABCC proteins) are expressed in the kidney (a significant 

site of GS-HQ-mediated toxicity) (McGregor, 2007), and contain putative EBRs, the 

modulatory potential of several GS-HQ metabolites against MRP-mediated function was 

investigated, in vitro. 

 

Table 5.1 Putative electrophilic binding regions identified in MRP1 and MRP2 

 

Approximate 

Protein 

Region 

Transporter 

MRP1 MRP2 

CL1 70
LNKTKTA

76
 

52
YKSRTKRSSTTK

63
 

CL3 
260

NWKKECA
266

 
267

KTRK
270

 

232
EMKTKTL

238
 

291
DVEKKKKKSGTKKDVP

306
 

CL4 
404

YRK
406

 399
SVYKKAL

405
 

TM9-CL5 

 

CL5 

 

CL5-TM10 

484
AMKTKTY

490
 

494
HMKSKDN

500
 

513
KVLK

516
 

523
AFKDKVL

529
 

538
VLKKSAY

544
 

481
STKSKTI

487
 

493
KNKDKRL

499
 

520
KILK

523
 

527
NLRKKELK

534
 

 

Linker 938
EAKKEET

944
 

951
LIKKEFI

957
 

NBD2 1445
LRKRKIL

1451
 

1452
LRKSKIL

1458
 

EBR, electrophilic binding region; CL, cytoplasmic loops and α-helix extensions; NBD, nucleotide binding 

domains.  EBRs are as defined by Labenski et al. (2009).  The approximate location of each EBR within the 

structure of MRP1 and MRP2 is provided along with the specific amino acids defined and the two amino 

acids prior to and following the putative EBR, and are shown in bold.  Conserved groups of potentially 

nucleophilic amino acids between MRP1 and MRP2 are shown in italics.  Two conserved Lys residues in 

CL5 important for expression and membrane localization of MRP1 are underlined; however, they do not 

form an EBR by definition.  Putative EBRs identified in MRP1 CL4, CL5 and proximal to NBD1 and 

NBD2 are accessible to the cytosol based on a homology model of MRP1 generated from the crystal 

structure of Sav1866 (DeGorter, et al., 2008; Dawson and Locher, 2006) and are shown in Fig 5.1.  The 

EBRs were determined using motif_HUNTER 

(http://proteotools.pharmacy.arizona.edu/proteotools/motif.jsp) and FastA sequences for MRP1 (accession 

P33527) and MRP2 (accession Q92887). 

http://proteotools.pharmacy.arizona.edu/proteotools/motif.jsp
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Figure 5.1 Putative Electrophilic Binding Regions in human MRP1. 

Three views of the homology model of the core structure of MRP1 (lacking MSD0) based on the crystal structure of Sav1866 

(DeGorter, et al., 2008) are shown.  TMs,  transmembrane spanning helices; CLs, cytoplasmic loops; NBDs, nucleotide binding 

domains; CL5, cytoplasmic loop 5; CH, region of CL5 which lies at the interface with NBD2 (Iram and Cole, 2010).  The Walker A, B 

and “C” signature motifs of NBD1 are shown in yellow while the corresponding NBD2 motifs are shown in orange.  Lys
513

 and Lys
516

 

within CH are shown in magenta.  The electrophilic binding regions (EBRs) identified in Table 5.1 are shown in blue.   
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5.3 Materials and Methods 

5.3.1 Materials   

LTC4 was purchased from CalBiochem (San Diego, CA).  [14,15,19,20-
3
H]LTC4 

(194.6 Ci mmol
-1

) was purchased from Perkin Elmer Life Sciences (Woodbridge, ON, 

Canada).  Creatine kinase and creatine phosphate were purchased from Roche Diagnostic 

(Laval, QC, Canada).  Diphenylcarbamylchloride-treated trypsin was from MP 

Biomedicals (Irvine, CA).  GSH, GSSG, ATP, AMP, 1,4-benzoquinone, and E217βG 

were purchased from Sigma-Aldrich Chemicals Co. (Oakville, ON, Canada).  The GS-

hydroquinone metabolites were synthesized in the laboratory of T.M. Monks (University 

of Arizona, Tucson, AZ) and were a kind gift.  The MRP1-specific monoclonal antibody 

(MAb) QCRL-1 was derived and characterized in this laboratory (Hipfner, et al., 1994; 

Hipfner, et al., 1996).  The MRP1-specific MAb MRPr1 was a gift from Drs. G.L. 

Scheffer and R.J. Scheper (Free University, Amsterdam, the Netherlands) and 

characterized in this lab (Hipfner, et al., 1998), and the MRP1-specific MAb 897.2 (Hou, 

et al., 2002) was a gift from Dr. X.B. Chang (Mayo Clinic Arizona, Scottsdale, AZ).  All 

other chemicals and reagents were of analytical grade.   

 

5.3.2 Synthesis of GSH-conjugated Hydroquinones 

2-GS-HQ, 2,5-GS-HQ, 2,6-GS-HQ, 2,3,5-GS-HQ and 2,3,5,6-GS-HQ were 

prepared in the laboratory of T. M. Monks as described elsewhere (Lau, et al., 1988; Hill, 

et al., 1993).  Briefly, equimolar amounts of aqueous GSH were added to aqueous 1,4-

benzoquinone and allowed to react for 2 hr at room temperature and an additional 46 hr at 
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4°C.  The mixture was extracted with ethyl acetate to remove residual 1,4-benoquinone.  

The aqueous phase was lyophilized and the resulting products were further purified by 

HPLC and characterized by their retention times.  The resulting UV-absorbing peaks 

were eluted from the column and lyophilized before confirmation of product identity by 

NMR spectroscopy.  With the exception of 2,3,5,6-GS-HQ (which co-eluted with 2,3-GS-

HQ at a 2:1 ratio), the purity of the conjugates was greater than 99%. 

 

5.3.3 Cell Culture and Transfection of MRP1 Expression Vector 

A pcDNA3.1(-) expression vector containing human MRP1 cDNA was 

transfected into SV40-transformed human embryonic kidney (HEK293T) cells as before 

(Slot, et al., 2008).  Generation of the MRP1-K332L mutant has been described elsewhere 

(Haimeur, et al., 2004).  Briefly, cells were maintained in DMEM supplemented with 4 

mM L-glutamine and 7.5% fetal bovine serum.  Approximately 20 ×10
6
 cells were seeded 

per 150 mm plate; 24 hr later, cells (at 75% – 90% confluency) were transfected with 20 

µg of plasmid DNA using 75 µl Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA) for 6 

hr.  Up to 48 hr later (37°C, humidified 95% air) the cells were collected, snap frozen in 

liquid nitrogen, and stored at -80°C until needed (Slot, et al., 2008).   

 

5.3.4 Membrane Vesicle Preparation and Determination of Relative MRP 

Protein Expression Levels 

Pellets of transfected cells were thawed, disrupted by argon cavitation at 300 psi, 

and membrane vesicles were prepared as described previously (Slot, et al., 2008).  
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Membrane vesicles were aliquoted and stored at -80°C.  Vesicular protein concentrations 

were determined using the Bradford method (Bio-Rad Laboratories, Mississauga, ON, 

Canada) with bovine serum albumin as the standard.  Relative levels of MRP1 and 

MRP1-K332L protein expressed by the transfected cells were determined by immunoblot 

analysis (Slot, et al., 2008).  Briefly, proteins were resolved on a 7% SDS-polyacrylamide 

gel and electrotransferred to PVDF membranes (Pall Corporation, Pensacola, FL).  

Membranes were subsequently blocked with 5% (w/v) skim milk powder in Tris buffered 

saline containing 0.1% Tween 20 (TBS-T) for 1 hr at room temperature followed by 

overnight incubation at 4°C with the human MRP1-specific murine MAb QCRL-1 

(Hipfner, et al., 1996) (1:10,000) in blocking solution (Slot, et al., 2008).  After washing 

with TBS-T, immunoblots were incubated with horseradish peroxidase-conjugated goat 

anti-mouse antibody (Pierce, Edmonton, AB, Canada) in blocking solution and washed 

again with TBS-T, followed by application of Western Lightning™ chemiluminescence 

blotting substrate (Perkin-Elmer Life Science, Woodbridge, ON, Canada) and exposed to 

film (Ultident, St. Laurent, QC, Canada).  To confirm equal protein loading of the gel 

lanes, the blots were stained with amido black (data not shown). 

 

5.3.5 MRP-mediated Uptake of [
3
H]E217βG by Membrane Vesicles 

ATP-dependent uptake of [
3
H]E217βG by MRP1-enriched membrane vesicles was 

measured using a 96-well format rapid filtration technique as previously described (Slot, 

et al., 2008).  All reactions were carried out in a final reaction volume of 30 µl in 250 mM 

sucrose, 50 mM Tris-HCl (pH 7.4) buffer (TSB), containing AMP or ATP (2 mM), 

MgCl2 (10 mM), creatine phosphate (10 mM), creatine kinase (100 µg/ml), and HQ 
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conjugates at the concentrations specified.  Uptake was stopped by rapid dilution in ice-

cold TSB, and subsequent filtration using a FilterMate™ Harvester and Unifilter-96 GF/B 

filter plate apparatus (Packard, Meridien, CT).  Radioactivity on the filters was quantified 

by liquid scintillation counting.  All data were corrected for the amount of 
3
H-labeled 

substrate that remained bound to the filter, which was usually <10% of the total 

radioactivity.  Transport in the presence of AMP was subtracted from transport in the 

presence of ATP to determine ATP-dependent uptake.  All transport assays were carried 

out in duplicate or triplicate, and in the case of triplicate determinations, results are 

expressed as means (± S.D).  Data are representative of results obtained from multiple 

independent vesicle preparations. 

MRP1-mediated E217βG uptake was measured by incubating 2 µg of vesicle 

protein with [
3
H]E217βG (400 nM, 20 nCi) for 60 sec at 37°C (Slot, et al., 2008).  

E217βG uptake kinetics for the wild-type MRP1 and K332L mutant MRP1 were 

measured by incubating 2 µg vesicle protein with a range of [
3
H]E217βG concentrations 

(100 nM – 30 µM) (40 nCi) for 60 sec at 37°C in the presence or absence of 10 μM 2,5-

GS-HQ.  Wild-type MRP1 and K332L mutant MRP1 uptake of E217βG (400 nM, 20 nCi) 

was also determined using varying concentrations of  ATP (0.05 – 4 mM) for 60 sec at 

37°C. 

 

5.3.6 Determination of electrophoretic mobility of MRP1 by Immunoblotting 

To determine whether GS-HQs might form complexes with MRP1, 5 μg of 

MRP1-enriched vesicle protein were incubated with 500 μM 2,5-GS-HQ at 0°C, 21°C or 

37°C for 30 min before the addition of Laemmli buffer without β-mercaptoethanol.  After 
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10 min, samples were run on 6% or 7% SDS polyacrylamide gels and transferred to 

PVDF membranes similarly as described previously.  Membranes were blocked in 5% 

(w/v) skim milk powder in TBS-T for 1 hr at room temperature followed by overnight 

incubation at 4°C with MAb QCRL1 (1:10,000).  After washing with TBS-T, 

immunoblots were incubated with horseradish peroxidase-conjugated goat anti-mouse 

antibody and exposed to film as described previously.  In some cases, membranes were 

stripped of antibody by washing in buffer (62.5 mM Tris-HCl, 2% SDS, 100 nM 2-

mercaptoethanol, pH 7.6) for 1 hr at 37°C.  Blots were then washed with TBS-T and re-

blocked in 5% (w/v) skim milk powder for 1 hr at room temperature followed by 

overnight incubation at 4°C with MAb 897.2 (Hou, et al., 2000) (1:5,000).  After washing 

with TBS-T, immunoblots were incubated with horseradish peroxidase-conjugated goat 

anti-mouse antibody and exposed to film as previously described.  To confirm equal 

protein loading of the gel lanes, the blots were stained with amido black. 

 

5.3.7 Limited Trypsin Digest of MRP1-enriched Membranes After Incubation 

with GSH-conjugated HQs 

Limited trypsin digests of MRP1-enriched membranes were performed similarly 

as described previously (Rothnie, et al., 2006).  In brief, 2 μg of MRP1-enriched 

membrane vesicles were incubated alone, or in the presence of either 100 μM 2,5-GS-

HQ, 2,3,5,6-GS-HQ or GSSG in TSB for 15 min at 37°C.  Membrane vesicle pellets were 

washed with TSB and subsequently incubated in diphenylcarbamylchloride-treated 

trypsin at trypsin-protein ratios of 1:3000 to 1:100 (w/w) for 15 min at 37°C.  After the 

addition of Laemmli buffer, samples were run on 9% SDS polyacrylamide gels and 
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transferred to PVDF membranes as described earlier.  Membranes were blocked in 5% 

(w/v) skim milk powder in TBS-T for 1 hr at room temperature followed by overnight 

incubation with MRP1-specific MAb 897.2 (1:5,000) at 4°C.  After washing with TBS-T, 

immunoblots were incubated with horseradish peroxidase-conjugated goat anti-mouse 

antibody and exposed to film.  Membranes were subsequently stripped of antibody, 

washed with TBS-T and re-blocked in 5% (w/v) skim milk powder for 1 hr at room 

temperature followed by overnight incubation at 4°C with the MRP1-specific MAb 

MRPr1 (1:5,000).  Samples were resolved on 9% acrylamide gels and immunoblotted 

using the MRP1-specific MAbs described above to detect the major tryptic fragments of 

MRP1 (Fig 5.4) (Rothnie, et al., 2006).   

 

5.3.8 Data Analysis 

The EBRs shown in Table 5.1 were identified in the FastA sequences of MRP1 

(accession number P33527) and MRP2 (accession number Q92887) using 

motif_HUNTER (http://proteotools.pharmacy.arizona.edu/proteotools/motif.jsp).  IC50 

values and the kinetic parameters obtained from varying E217βG and ATP concentrations 

on [
3
H]E217βG transport were computed using GraphPad Prism 3.0 software (San Diego, 

CA).  Students t-test analysis were performed on the IC50 data in Table 5.2 and the Km 

data in Tables 5.3 and 5.4. 
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5.4 Results 

5.4.1 Modulation of MRP1- and MRP2-mediated [
3
H]E217βG Vesicular 

Uptake by GS-HQs 

 To determine whether any of the five GS-HQ metabolites could modulate MRP1- 

or MRP2-mediated transport of E217βG, vesicular uptake assays were performed using 

MRP-enriched membrane vesicles prepared from transiently transfected cells.  Relative 

levels of MRP expression were confirmed by immunoblot analysis prior to transport 

experiments.  The GS-HQ metabolites inhibited MRP1-mediated E217βG uptake in a 

concentration dependent manner with IC50 values ranging from 3 to 26 μM, with 2,5-GS-

HQ being the most potent inhibitor (Fig 5.2 and Table 5.2).  It was noted that at low 

concentrations of GS-HQs there was a modest (typically less than 25%) increase in 

E217βG transport.  Similar stimulation/inhibition patterns have been observed previously 

for MRP1-mediated E217βG transport (Slot, et al., 2008; Loe, et al., 1996a).  No effect on 

E217βG transport by MRP1 was observed for 1,4-HQ alone, or in the presence of 3 mM 

GSH at concentrations of 1,4-HQ less than 1 mM (Fig 5.2).   
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Figure 5.2 Inhibition of MRP1-mediated E217βG vesicular uptake by HQ and GS-

HQ metabolites. 

Shown are representative dose response curves for E217βG uptake in the presence of HQ 

± GSH (A), and five GS-HQ metabolites (B – F).  Data points represent the mean of 

duplicate determinations in a single experiment.  MRP1 transport activity is expressed as 

a percentage of the activity in the absence of metabolite.  Vesicular transport experiments 

were carried out as described in Chapter 5.3.  (A) E217βG transport in the presence of 

1,4-HQ with (closed circles) or without (open circles) 3 mM GSH; (B) E217βG transport 

in the presence of 2-GS-HQ; (C) 2,5-GS-HQ; (D) 2,6-GS-HQ; (E) 2,3,5-GS-HQ; (F) 

2,3,5,6-GS-HQ.  A summary of results obtained in multiple independent experiments is 

presented in Table 5.2 
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Table 5.2 Inhibitory effects of GS-conjugated hydroquinones on MRP1-mediated 

E217βG vesicular uptake 
Values represent means ± SD of IC50 values obtained in three independent experiments (MRP1). 

 
 

 

 

 

 

 

 

* Significantly different from 2,5-GS-HQ, p < 0.05, students t-test 
#  

Significantly different from 2,3,5,6-GS-HQ, p < 0.05, students t-test 

 

5.4.2 Effect of Varying E217βG and ATP Concentrations on Wild-type and 

Mutant MRP1-mediated [
3
H]E217βG Vesicular Uptake in the Presence of 2,5-

GS-HQ 

 To determine more precisely how the GS-HQ metabolites modulate MRP-

mediated E217βG transport, the kinetic parameters of E217βG vesicular uptake were 

determined in the presence of the most potent inhibitor (2,5-GS-HQ) using both wild-type 

and K332L mutant MRP1 vesicles (Fig 5.3).  It has previously been reported that the 

K332L mutant does not transport LTC4 and is not inhibited by modulators requiring GSH 

or containing GSH moieties, but retains the ability to transport E217βG (Haimeur, et al., 

2002; Maeno, et al., 2009).  When the ability of 2,5-GS-HQ to modulated MRP1-

mediated E217βG transport was tested, it was observed to inhibit both wild-type and 

mutant MRP1 (Fig 5.3).   

In general, 2,5-GS-HQ decreased the apparent Km for E217βG by both wild-type 

and K332L mutant MRP1 by approximately 2-fold, and decreased Vmax by approximately 

2- and 4-fold for wild-type and mutant MRP1, respectively.  These data suggest that 2,5-

GS-HQ inhibits by an uncompetitive mechanism.  Because of the changes in both Km and 

Compound E217βG IC50 (μM) 

2-GS-HQ 23.1 ± 2.9*
,#
 

2,5-GS-HQ 3.0 ± 0.9
#
 

2,6-GS-HQ 26.0 ± 3.6*
,#
 

2,3,5-GS-HQ 23.2 ± 1.6*
,#
 

2,3,5,6-GS-HQ 9.8 ± 2.7* 
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Vmax, there was no significant difference in overall transport efficiency (Vmax/Km) (Table 

5.3).   

There was approximately a 10- to 15-fold increase in the apparent Km (E217βG) 

and Vmax (E217βG) for the K332L mutant compared to wild-type MRP1; however, 

saturation of E217βG transport by the MRP1 mutant was not reached at the highest 

concentration of E217βG used (50 μM), making accurate estimations of Km impossible to 

determine.  To gain further insight into how GS-HQs might also modulate MRP-mediated 

E217βG uptake, kinetic experiments were performed with ATP as a varying substrate.  As 

shown in Fig 5.4 and Table 5.4, 2,5-GS-HQ behaved as a competitive-like inhibitor of 

ATP-dependent E217βG transport by increasing the apparent Km for ATP (by ~ 2-fold) 

while having little effect on Vmax (E217βG), although this slight increase in Km was not 

statistically significant.  However, our Km (E217βG) and Km (ATP) values for wild-type 

MRP1 are similar to those previously published (Loe, et al., 1996a).  The ability of 2,5-

GS-HQ to modulate K332L-mediated E217βG uptake was surprising and suggests a 

mechanism of interaction different from that of LTC4 (and other GSH-dependent 

compounds) with MRP1.   
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Figure 5.3 Uncompetitive-like inhibition of [
3
H]E217βG transport by wild-type and 

K332L mutant MRP1 in the presence of 2,5-GS-HQ. 

Shown are representative Michaelis-Menten (A and B) and Eadie-Hofstee (C and D) plots 

for E217βG uptake by wild-type and mutant MRP1, respectively.  (●) E217βG control; (○) 

E217βG + 10 μM 2,5-GS-HQ.  Data points represent the mean of duplicate 

determinations in a single experiment.  Transport conditions were as described in Chapter 

5.3.  r
2
 values for the Michaelis-Menten analysis were > 0.94 and r

2
 values for the Eadie-

Hofstee analysis were > 0.76.  Results from repeated experiments are summarized in 

Table 5.3.   
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Figure 5.4 Competitive-like inhibition of [
3
H]E217βG transport by wild-type and 

K332L mutant MRP1 in the presence of 2,5-GS-HQ as a function of ATP 

concentration. 

Shown are representative Michaelis-Menten (A and B) and Eadie-Hofstee (C and D) plots 

for E217βG uptake by wild-type and mutant MRP1, respectively.  (●) E217βG control; (○) 

E217βG + 10 μM 2,5-GS-HQ.  Data points represent the mean of duplicate 

determinations in a single experiment.  Transport conditions were as described in Chapter 

5.3.  r
2
 values for the Michaelis-Menten analysis were > 0.90 and r

2
 values for the Eadie-

Hofstee analysis were > 0.73.  Results from repeated experiments are summarized in 

Table 5.4.  
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Table 5.3 Effect of 2,5-GS-HQ on wild-type and mutant K332L MRP1-mediated E217βG transport 

 
The values shown represent the means ± SD of three independent experiments. 

  Michaelis-Menten Eadie-Hofstee 

MRP1 
[2,5-GS-HQ] 

μM 

Km (E217βG) 

μM 

Vmax (E217βG) 

pmol/mg 
Vmax/Km 

Km (E217βG) 

μM 

Vmax (E217βG) 

pmol/mg 
Vmax/Km 

WT 
0 4.2 ± 2.0 412 ± 102 104 ± 21 3.0 ± 0.7 373 ± 66 126 ± 15 

10 1.8 ± 1.0 186 ± 56* 118 ± 38 1.5 ± 0.5* 165 ± 52* 123 ± 20 

K332L 
0 53 ± 12* 6382 ± 2072** 124 ± 49 22 ± 3** 3403 ± 1052* 162 ± 68 

10 28 ± 19 1340 ± 197
#
 66 ± 42 10 ± 2

#
 833 ± 233

#
 85 ± 37 

Students t-test; * p < 0.05, ** p < 0.01, compared to WT (0 μM), 
#
 p < 0.05, compared to K332L (0 μM).    

 

 

 

Table 5.4 Effect of 2,5-GS-HQ on wild-type and mutant K332L MRP1-interactions with ATP during E217βG transport 

The values shown represent the means ± SD of three independent experiments. 

  Michaelis-Menten Eadie-Hofstee 

MRP1 
[2,5-GS-HQ] 

μM 

Km (ATP) 

μM 

Vmax (E217βG) 

pmol/mg 
Vmax/Km 

Km (ATP) 

μM 

Vmax (E217βG) 

pmol/mg 
Vmax/Km 

WT 
0 270 ± 50 48 ± 18 0.18 ± 0.09 227 ± 127 45 ± 20 0.22 ± 0.12 

10 573 ± 367 37 ± 15 0.08 ± 0.05 583 ± 618 33 ± 8 0.11 ± 0.07 

K332L 
0 302 ± 2 47 ± 5 0.15 ± 0.01 378 ± 55 48 ± 6 0.13 ± 0 02 

10 642 ± 166
#
 42 ± 6 0.07 ± 0.01

##
 677 ± 277 42 ± 8 0.07 ± 0.02

#
 

Students t-test; 
#
 p < 0.05, 

##
 p < 0.01, compared to K332L (0 μM).  
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5.4.3 Alteration of MRP1 Electrophoretic Mobility by 2,5-GS-HQ 

 Three MAbs against different regions of MRP1 exists, and can be used to 

determine alterations in protein conformation, stability, and electrophoretic mobility 

(Hipfner, et al., 1998; Rothnie, et al., 2006).  Fig 5.5 shows the three MRP1-specific 

MAbs used in this study, along with the localization of their epitopes in the primary 

amino acid sequence of MRP1.  Given the known chemical reactivity of 2,5-GS-HQ, it 

was hypothesized that it may be forming a covalent adduct.  To test this hypothesis, 

evidence for covalent modification of MRP1 was sought.  Thus, membrane vesicles 

prepared from cells transfected with wild-type or mutant K332L MRP1 expression 

vectors were incubated with 500 μM 2,5-GS-HQ at three different temperatures (0°, 21°, 

37°C) prior to being resolved by SDS-PAGE and immunoblotted with MAb QCRL-1.  As 

shown in Fig 5.6, the addition of 2,5-GS-HQ caused a reduction in the electrophoretic 

mobility of MRP1 and of both the NH2- and COOH-proximal halves of the transporter.  

There also appeared to be an increase in MRP1 aggregation at 21° and 37°C indicated by 

an increase in MAb QCRL1-reactive protein at the interface between the stacking and 

resolving gels.  Similar results were obtained for the K332L MRP1 mutant (data not 

shown).   

To further explore the possibility of GS-HQ binding to MRP1, similar 

experiments were performed at 37°C using 2,5-GS-HQ as well as the non-reactive 

metabolite 2,3,5,6-GS-HQ and GSH-conjugated MRP1 substrates GSSG and LTC4.  

Because all of the carbon atoms of the benzene ring of 2,3,5,6-GS-HQ are occupied, there 

is no potential for protein arylation and therefore this molecule serves as a control along 

with the GSH-conjugated MRP1 substrates LTC4 and GSSG.  As shown in Fig 5.7 (A – 
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C), only 2,5-GS-HQ causes an increase in the mobility of MRP1, while the relatively 

chemically stable compounds 2,3,5,6-GS-HQ, GSSG, and LTC4 had no effect, supporting 

the idea that 2,5-GS-HQ may covalently bind MRP1. 

 

 
Figure 5.5 General MRP1 topology and tryptic fragments detected by monoclonal 

antibodies. 

The amino acids corresponding with the epitopes of the MRP1 specific MAbs are shown 

below each labeled antibody (Hipfner, et al., 1996; Hipfner, et al., 1998; Hou, et al., 2000; 

Scheffer, et al., 2000) with their approximate location along the full length MRP1 

peptide, shown relative to the general topology of MRP1.  EC, extracellular loop; CL, 

cytoplasmic loop; NBD, nucleotide binding domain; N1, glycosylated 120 kDa MSD0 + 

MSD1 + NBD1 fragment; N2, NH2-terminal 30 – 50 kDa MSD0 fragment; N3, 60 kDa 

CL3 + MSD1 + NBD1 fragment; C1, glycosylated 75 kDa MSD2 + NBD2 fragment; C2, 

40 kDa partial MSD2 + NBD2 fragment; C3, 30 kDa NBD2 COOH-terminal fragment.  

Adapted from (Hipfner, et al., 1998)
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Figure 5.6 Effect of temperature and 2,5-GS-HQ on the electrophoretic mobility of 

MRP1. 

Shown is a representative immunoblot of MRP1 containing membrane vesicles pre-

incubated with 2,5-GS-HQ as described in Chapter 5.3  Briefly, MRP1-enriched 

membrane vesicles (5 μg) were incubated for 30 min at the temperatures indicated with or 

without the addition of 500 μM 2,5-GS-HQ in TSB.  Samples were prepared in non-

reducing Laemmli buffer (without β-mercaptoethanol) and resolved by 7% SDS-PAGE 

and immunoblotting using MAb QCRL-1 (1:10,000).  Band shifts are observed when 

MRP1 is incubated with 2,5-GS-HQ (+), although they are more readily seen in both the 

NH2-terminal (N1) and COOH-terminal (C1) fragments of MRP1.  The epitope for 

QCRL-1 lies within the linker region where full-length MRP1 is cleaved into the N1 and 

C1 fragments.  As the cleavage site is variable around the QCRL-1 epitope, this MAb can 

detect both fragments under certain conditions. 
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Figure 5.7 Effect of GSH conjugates on electrophoretic mobility of MRP1. 

Shown are representative immunoblots of MRP1 containing membrane vesicles pre-

incubated with the GSH conjugates indicated as outlined in Chapter 5.3.  Briefly, 2 μg of 

vesicle protein was incubated for 30 min at 37°C in the presence of various GSH 

conjugates at the concentrations indicated, and entire samples were subsequently loaded 

into each corresponding lane shown in the Fig labels.  (A) MRP1 immunoblots using 

MAb QCRL-1 (1:10,000) with a short (upper panel) and long (lower panel) exposure.  

(B) MRP1 immunoblots using MAb 897.2 (1:5,000) with a short (upper panel) and long 

(lower panel) exposure.  The long exposures show the degraded NH2-proximal (N1) and 

COOH-proximal (C1) fragments. 

 

5.4.4 Limited Trypsin Digest of MRP1 in the Presence of GSH Conjugates 

 Trypsin preferentially cleaves the amide-bond in polypeptides at the COOH-

terminal side of Lys and Arg residues (Keil-Dlouha, et al., 1971).  To assess whether 2,5-

GS-HQ binding causes conformational changes encompassing these Lys and Arg residues 
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in MRP1, a limited trypsin digest was performed.  As shown in Fig 5.8, incubation of 

MRP1-enriched membrane vesicles with 100 μM 2,5-GS-HQ had very little influence on 

the tryptic digestion profile as detected by the MRP1-specific MAbs 897.2 and MRPr1.  

These results indicate that 2,5-GS-HQ does not change the conformation of MRP1 in 

such a way as to alter accessible trypsin sensitive cleavage sites in the MRP1 peptide 

fragments detected by the MAbs used (Fig 5.5).   Interestingly, 2,3,5,6-GS-HQ appears to 

increase the extent of trypsinolysis of full-length MRP1, as evident by the relatively 

weaker signals corresponding to MRP1 as detected by MAbs 897.2, and MRPr1 (upper 

panels), suggesting this compound may bind to a region distinct from that of 2,5-GS-HQ.   
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Figure 5.8 Tryptic digestion profiles of MRP1 in the presence or absence of 2,5-GS-HQ, 2,3,5,6-GS-HQ and GSSG. 

Shown are representative limited trypsin digests of MRP1 in the presence of various GSH conjugates.  Briefly, membrane vesicles 

prepared from MRP1 transfected HEK cells (2 μg) were pre-incubated with 100 μM of 2,5-GS-HQ or 2,3,5,6-GS-HQ (upper panel) or 

100 μM 2,5-GS-HQ or GSSG (lower panel) for 15 min at 37°C prior to centrifugation.  The recovered membrane pellets were 

resuspended in TSB, and trypsin was added at trypsin:protein ratios of 1:3000 to 1:100, as described in Chapter 5.3.  Samples were 

mixed with Laemmli buffer and resolved by 9% SDS-PAGE and immunoblotted with the MAbs indicated.  Membranes were probed 

with the COOH-terminal MAb 897.2 followed by the NH2-terminal MAb MRPr1, and the figure represents the same blot from left to 

right under these different conditions.  The first lane contains MRP1-enriched membranes that were not subject to trypsinolysis; 

however, due to the labile nature of the linker region between MSD1 and MSD2, the corresponding NH2- and COOH-terminal regions 

were detected.  Control samples refer to MRP1-enriched membrane vesicles subjected to increasing concentrations of trypsin.   
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5.5 Discussion 

 The aim of the present study was to investigate the ability of several GSH-

conjugated hydroquinone metabolites to modulate the E217βG transport activity of 

MRP1.  Based on previous results with GSH-conjugated catechol metabolites (Slot, et al., 

2008), it was hypothesized that GS-HQ metabolites would also act as competitive 

inhibitors of MRP1 in vitro, and thus be potential substrates for these transporters.  In 

general, these GS-HQ metabolites were moderately potent inhibitors (see Table 5.2) of 

MRP1-mediated E217βG transport in vitro, as expected.  Fig 5.2 clearly shows the dose 

dependent inhibition of MRP1-mediated transport by GS-HQs, while there was no effect 

by HQ alone or in combination with GSH, suggesting that conjugation with GSH is 

required for HQ to interact with MRP1.  Thus, although GSH has been shown to enhance 

the ability of certain molecules to be transported by MRP1 or to inhibit MRP1-mediated 

transport (Loe, et al., 1996b; Maeno, et al., 2009; Mao, et al., 2002; Qian, et al., 2001b), 

this is not the case for HQ.  The 2,5-GS-HQ metabolite was approximately 3 to 10-fold 

more potent than the other GS-HQ metabolites tested against MRP1-mediated E217βG 

transport (Table 5.2).   

To further investigate the mechanism of GS-HQ inhibition of MRP1 in vitro, the 

kinetics of 2,5-GS-HQ inhibition of MRP1-mediated E217βG transport were investigated.  

The results obtained suggest that 2,5-GS-HQ modulates both the interaction of ATP with 

MRP1 during E217βG transport as well as E217βG itself (Fig 5.3 and Fig 5.4).  

Furthermore, the kinetics of E217βG transport by K332L appears to be biphasic, 

suggesting this mutant possesses a phenotype more similar to that of MRP2 with respect 

to E217βG transport.  Together, these data suggest a complex mechanism of interaction 
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with MRP1.  It is possible that 2,5-GS-HQ is binding to multiple sites (e.g. substrate 

translocation binding site and ATP binding site) on MRP1, leading to altered transport 

kinetics, or it may be exerting these effects through binding at a distinct location.  The 

latter hypothesis was proposed for the ABCG2 inhibitor PZ-39, which was shown to 

decrease the Km and Vmax of mitoxantrone transport, while also altering the interaction of 

this transporter with ATP during mitoxantrone transport (Peng, et al., 2009).  The authors 

concluded that PZ-39 binds to a different site on ABCG2 from both mitoxantrone and 

ATP, thus not acting as a competitive inhibitor of either substrate.  As similar results were 

obtained in this study, perhaps a parallel hypothesis is warranted.  However, experiments 

with membrane protein-enriched fractions are not the same as experiment with purified 

protein as the relative MRP1 content is variable between vesicle preparations.  Thus, the 

validity of interpretations of kinetic parameters obtained from these studies are limited.  

Furthermore, as covalent binding of 2,5-GS-HQ to MRP1 would decrease the free 

concentration of metabolite available for non-covalent binding (either to substrate and/or 

allosteric sites), the E217βG transport results summarized in Tables 5.3 and 5.4 are not 

entirely reliable.   

Jungsuwadee et al. (2006) previously demonstrated that mouse Mrp1 may be 

covalently modified by 4-hydroxy-2-nonenal (4-HNE) in vivo, and that 4-HNE inhibited 

Mrp1-mediated E217βG transport in vitro.  In this study, doxorubicin (a pro-oxidative 

antineoplastic and MRP1 substrate) was shown to increase 4-HNE levels and Mrp1 

expression in sarcoplasmic reticulum of mice, as well as a specific 190 kDa 4-HNE 

reactive protein, suggesting covalent modification of Mrp1 in vivo (Jungsuwadee, et al., 

2006).  The authors suggested that Mrp1 may play a role in protecting cardiac tissue from 

doxorubicin-induced oxidative stress by effluxing 4-HNE derived metabolites.  
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Additionally, MRP1 has been shown to transport glutathionylated 4-HNE metabolites, in 

vitro (Renes, et al., 2000). 

It was initially anticipated that 2,5-GS-HQ would act as a competitive inhibitor of 

MRP1 based on previous results with GSH-conjugated catechol metabolites (Slot, et al., 

2008); however, it was also possible that GS-HQ metabolites might interact with MRP1 

quite differently given the noted chemical reactivity of hydroquinones and their GSH 

conjugates (Lau, et al., 2010).  Thus, a previous mass spectrometry study has shown that 

GS-HQs preferentially bind to solvent-exposed Lys-rich regions (EBRs) within 

cytochrome c (Fisher, et al., 2007).  Given the presence of multiple EBRs in MRP1 and 

MRP2 (Table 5.1), there is also a possibility that these proteins could be covalently 

modified by GS-HQs.  

Based on the observations described above, the potential of 2,5-GS-HQ to 

covalently modify MRP1 in vitro was investigated.  As shown in Fig 5.6 and Fig 5.7, 2,5-

GS-HQ causes a shift in the mobility of MRP1, suggestive of a strong protein interaction 

(e.g. covalent modification).  In support of this conclusion, the chemically stable 

metabolite 2,3,5,6-GS-HQ did not induce any such changes.  Interestingly, both the NH2- 

and COOH-proximal halves of the protein were subject to changes in electrophoretic 

mobility, suggesting more than one adduction site.  Interestingly, four of the eight 

putative EBRs in MRP1 reside in CL5, a region believed to interact with NBD2 during 

biosynthesis and to play an important role in membrane localization and activity (Iram 

and Cole, 2010).  Furthermore, there was one EBR located adjacent to the Walker B motif 

in NBD2 of both MRP1 and MRP2. 

A limited trypsin digest of MRP1-enriched membrane vesicles was carried out at 

in the presence of 2,5-GS-HQ (Fig 5.8).  No substantial changes in the digestion profile 
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were observed.  As changes in the tryptic profile would imply that either Lys or Arg 

residues are no longer accessible, either due to conformational changes in the protein or 

covalent modification, the results presented here neither support nor refute the possibility 

that 2,5-GS-HQ covalently (or otherwise) binds to MRP1.  It remains possible that 2,5-

GS-HQ may covalently bind nucleophilic amino acids other than Lys, for example Arg or 

Cys.  The latter is the case for the arylation of metallothionein by oxidized dopamine 

(Gauthier, et al., 2008).  In these experiments, radiolabeled oxidized dopamine was 

incubated with purified rabbit metallothionein, and resolved by SDS-PAGE, and 

increases in electrophoretic mobility were detected by autoradiography, suggestive of a 

covalent modification (Gauthier, et al., 2008).  However, covalent modification of MT 

was not confirmed by mass spectrometry.   

Previous mass spectrometry studies have identified several specific regions of 

MRP1 modified by LTC4 and several MRP1 modulators.  For example, photolabeling of 

MRP1-enriched vesicles with [
3
H]LTC4 resulted in labeling of both NH2 and COOH-

terminal portions of the protein (Qian, et al., 2001a).  Furthermore, vanadate-induced 

trapping of ADP at NBD2 decreased the labeling of the NH2-termial portion of the 

protein by [
3
H]LTC4, suggesting that conformational changes driven by ATP binding 

and/or hydrolysis affect the conformation of the LTC4 binding regions NH2-proximal to 

NBD2 (Qian, et al., 2001a).  The observation by Qian et al. (2001) that both NH2- and 

COOH-terminal portions of MRP1 are labeled by [
3
H]LTC4 were consistent with studies 

demonstrating that the [
125

I]azido LTC4 analogue labeled regions spanning TMs 10-11, 

and TMs 16-17, as well as TM12 (Karwatsky, et al., 2005).  This study also concluded 

that LTC4 binds to a region in MSD0 NH2-proximal to CL3.  The labeling of TMs 10-11 

and TMs 16-17 have also been reported for other modulators of MRP1, including 



186 

 

quinoline-based azido derivatives and iodoaryl azidorhodamine (Ren, et al., 2001; Daoud, 

et al., 2000; Daoud, et al., 2001).  Lastly, TMs 16-17 of MRP2 have also been identified 

as sites of [
125

I]azido LTC4 analogue photolabeling (Leimanis et al., in press). 

Wu et al. (2005) demonstrated that peptides derived from LTC4 photolabeled 

MRP1 could be detected using mass spectrometry.  Five peptides of MRP1 were modified 

by LTC4, including peptides from within CL3, TM6, TM7, TM10, and proximal regions 

of CL5, and TM17 (Wu, et al., 2005).  The CL3 peptide identified in this study 

(
260

NWKKECAKTRKQPVK
274

) also contains a putative EBR (KKE) and a conserved 

nucleophilic site (KTRK) (Table 5.1).  Whether these specific amino acids are involved in 

either LTC4 or 2,5-GS-HQ binding is not known.  Although a change in electrophoretic 

mobility was observed for MRP1 pre-incubated with 2,5-GS-HQ, this has not been 

observed for LTC4 photolabeled MRP1.  There is a modest difference in the molecular 

mass of 2,5-GS-HQ and LTC4 (MW 721 and 626, respectively); however, it seems 

unlikely that the greater molecular weight of 2,5-GS-HQ would be responsible for the 

band shifts observed in Fig 5.6 and Fig 5.7.  Although the efficiency of LTC4 

photolabeling is low, the efficiency with which 2,5-GS-HQ interacts with MRP1 is 

unknown.  Therefore, caution must be taken when comparing the effects of LTC4 and 2,5-

GS-HQ on electrophoretic mobility.  Furthermore, the exact number of binding locations 

for either of these compounds has yet to be determined.  Thus, perhaps 2,5-GS-HQ binds 

to significantly more locations on MRP1, having a more profound effect on mobility than 

LTC4. 

The results presented here are the first to describe an interaction of GS-HQ 

metabolites with MRP1 in vitro.  Although the mechanism of 2,5-GS-HQ inhibition of 

MRP1 is still unclear, 2,5-GS-HQ (and other GS-HQ metabolites) could potentially alter 
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its function in vivo.  One possibility presented here is that some GS-HQ metabolites 

covalently modify MRP1 in such a way as to alter substrate transport.  As the redox stable 

metabolite 2,3,5,6-GS-HQ also inhibits transport by MRP1, this cannot be the only 

explanation.  The impurity of the 2,3,5,6-GS-HQ samples (which contain 2,3-GS-HQ) 

may contribute more to the inhibitory results presented here; however, the ability of 2,3-

GS-HQ to interact with MRP1 has not been established.  Future studies directed at 

determining MRP1 sites of interaction using tandem mass spectrometry may be 

insightful.  A more detailed investigation of whether these conjugates affect ATP binding, 

hydrolysis or ADP release at either NBD of MRP1 (or MRP2) would also be informative 

regarding regions of the protein involved in linking ATP-driven conformational changes 

to substrate transport.  
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Chapter 6 – General Discussion 

Humans are continuously exposed to phenolic compounds via their diet, 

environment, and medications.  Thus, our bodies require adequate means of managing 

these compounds.  As is the case with many xenobiotics, phenolics are often substrates 

for cytochrome P450s and other oxidative enzymes.  Given that phenolic compounds can 

be metabolically oxidized (and thus rendered more reactive, e.g. to a quinone), they are 

often conjugated with GSH, glucuronide, or sulfate for inactivation and elimination.  As 

the reactivity of thio-ether quinone metabolites can exceed those of the parent compound, 

these conjugates are often toxic (Lau, et al., 2010; Monks, et al., 2004).  Thus, 

considerable evidence supports the ideas that MDMA elicits neurotoxicity via GSH-

conjugated α-MeDA metabolites, that estrogens can induce carcinogenesis in estrogen-

responsive tissues (at least in part) by catechol metabolites and possibly their respective 

GSH conjugates, and that benzene elicits hematopoietic and renal cell mutagenesis and 

toxicity (at least in part) via oxidized primary metabolites as well as GSH-conjugated 

HQs (Lau, et al., 2010; Monks, et al., 2010).   

Both MRP1 and MRP2 are known to interact with GSH-conjugated organic 

anions (Slot et al., in press); thus, it was reasonable to assume that the GSH-conjugated 

quinone-based metabolites investigated would interact with these transporters in vitro.  

Hence, the potential of several structurally diverse GSH-conjugated quinone metabolites 

to interact with MRP1 and MRP2 was investigated to gain insight into which of these 

ABC transporters might be involved in the disposition of these metabolites in vivo.   
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In Chapter 3, the six GSH conjugates investigated were more potent at inhibiting 

MRP1-mediated E217βG transport than LTC4 transport, and the GSH conjugates were 

also more potent at inhibiting MRP1- than MRP2-mediated E217βG transport.  These 

observations were anticipated as MRP1 exhibits a significantly greater apparent affinity 

for LTC4 than E217βG (Km values of 0.1 and 2.5 μM, respectively) (Loe, et al., 1996a; 

Loe, et al., 1996b), and that GSH conjugates are generally poorer substrates for MRP2 

than MRP1 (Keppler, et al., 1999).  However, given that LTC4 transport experiments are 

conducted at 23°C (versus 37°C for E217βG), the possibility that the binding kinetics of 

the GSH-conjugated metabolites were significantly different for the transporter cannot be 

dismissed. 

Established substrates of MRP1 and MRP2 (e.g. E217βG and LTC4), are often 

competitive inhibitors of the transport of other substrates (Loe, et al., 1996a; Dantzig, et 

al., 2004).  In the present study, each of the six GSH-conjugated catechol metabolites 

inhibited both E217βG and LTC4 transport by MRP1, and in the case of E217βG, this 

inhibition was competitive.  The observed IC50 and Ki values showed agreement in the 

rank order of inhibitory potency, where GS-estrogens > 2-GS-CA > 5-GS-N-Me-α-

MeDA at inhibiting MRP1-mediated E217βG transport.  This rank order was similar for 

inhibition of MRP2-mediated transport with the notable exception that 2-OH-4-GS-E2 

and 4-OH-2-GS-E2 were markedly less potent (50- and 300-fold, respectively) than 2-

OH-1-GS-E1 or 2-OH-1-GS-E2.   

While all four of the estrogen conjugates investigated in Chapter 3 were potent 

inhibitors of MRP1-mediated E217βG transport (IC50 < 0.3 µM), only the two metabolites 

conjugated at the 1-position of the steroid nucleus strongly inhibited MRP2 transport 

(IC50 < 2.1 µM), compared to those conjugated at position 2 and 4.  This difference in 
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inhibitory potency for MRP1 and MRP2 was somewhat surprising since the estrogen 

conjugates are structurally quite similar and had comparable effects on MRP1-mediated 

transport.  Whether any of these conjugates interact with MRP1 and/or MRP2 at a 

substrate binding site and/or an allosteric binding site remains to be elucidated.  

Nevertheless, it seems apparent that the 2-OH-4-GS-E2 and 4-OH-2-GS-E2 conjugates 

interact in a different way with the substrate and/or modulatory binding sites of MRP2 

than 2-OH-1-GS-E2 and 2-OH-1-GS-E1.  For example, in MRP1 the binding sites of 2-

OH-1-GS-E2 and 4-OH-1-GS-E2 may overlap with that of E217βG, thus resulting in 

similar modulation of E217βG transport by these two metabolites.  For MRP2, the binding 

site of 4-OH-2-GS-E2 may not overlap with that of E217βG, thus 4-OH-2-GS-E2 is 

capable of being transported by MRP2 without significantly interfering with E217βG 

transport, unlike 2-OH-1-GS-E2 (Fig 6.1). 
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Figure 6.1 Model of the binding of GS-estrogens to MRP1 and MRP2 

Shown is one possible model illustrating potential binding regions of MRP1 and MRP2.  

(1) 2-OH-1-GS-E2 binding site; (2) E217βG binding site; (3) 4-OH-2-GS-E2 binding site; 

(4) low affinity MRP2 modulatory site. 

 

The differential inhibitory potency of the GSH-conjugated catechol estradiol 

metabolites described in Chapter 3 for MRP2-mediated E217βG transport was confirmed 

in Chapter 4; however, it was somewhat surprising that 4-OH-2-GS-E2 was more potent 

than 2-OH-1-GS-E2 at inhibiting [
3
H]LTC4 photolabeling of MRP2 when LTC4 

photolabeling was examined.  Thus, 4-OH-2-GS-E2 appears to be a poor inhibitor of 

MRP2-mediated E217βG transport while being a good inhibitor of [
3
H]LTC4 

photolabeling.  Possible explanations include that the binding of 4-OH-2-GS-E2 to an 

allosteric site on MRP2 modulates the LTC4 binding site differently than the E217βG 

binding site, and/or that 4-OH-1-GS-E2 overlaps the common elements of the shared 

LTC4/E217βG binding pocket such that E217βG binding is less inhibited.  Interestingly, 

while 4-OH-2-GS-E2 binding to MRP2 may inhibit LTC4 binding, and hence decrease 

transport, it may also increase the binding and/or transport of E217βG at low 
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concentrations.  The notion that a compound may interfere with the binding of one 

substrate, but not the transport of another has been previously reported.  For example, 

although 17β-estradiol-3β-glucuronide does not modulate MRP1-mediated E217βG 

transport, it can inhibit [
3
H]LTC4 photolabeling (Loe, et al., 1996b). 

As the Ki determined for 2-OH-1-GS-E2 inhibition of MRP1-mediated E217βG 

transport was approximately 300 nM, this metabolite may very well interfere with the 

physiological functions of MRP1.  Thus, further investigations as to whether GSH-

conjugated catechol estrogens are substrates of MRP1 (and MRP2) were performed.  The 

vesicular transport studies reported in Chapter 4 show that transport is both time and 

ATP-dependent, and that 2-OH-1-GS-E2 and 4-OH-2-GS-E2 transport levels were higher 

for MRP1 than MRP2.  Furthermore, the transport of 2-OH-1-GS-E2 by MRP1 was 

inhibited by several physiological substrates, including LTC4, E217βG, and GSSG, as 

well as by the MRP1 modulators MK571 and S-decyl-GSH.  As MRP1 and MRP2 

transport kinetics were not performed, the relative Km and Vmax values for 2-OH-1-GS-E2 

and 4-OH-2-GS-E2 remain unknown.   

 

The results in Chapter 4 were largely obtained from newly developed methods for 

measuring vesicular transport of GSH-conjugated catechol estradiol metabolites.  

Typically, vesicular transport experiments are performed with radiolabeled substrates 

with relatively high specific activity (e.g. [
3
H]LTC4 and [

3
H]E217βG).  Unfortunately, 

radiolabeled estradiol conjugates were unavailable for this study.  Instead, the intrinsic 

electrochemical properties of these catechols were used in conjunction with HPLC to 

determine their relative transport by MRP1 and MRP2 containing vesicles.  The data 

reported in Chapter 4 are primarily based on indirect measures of vesicular uptake (e.g. 



197 

 

substrate depletion assay); however, direct measurements for the intravesicular 

accumulation of these estradiol conjugates were made and thus validated this method.  

Both the direct and indirect methods were capable of measuring ATP-dependent transport 

of these metabolites in a reproducible manner; however, there was some inter-assay 

variability with respect to the absolute transport values obtained.  One limitation of the 

indirect method is that it does not distinguish between the intra-vesicular trapping (e.g. 

transport) of GSH-conjugated metabolites and their non-specific binding to the 

membranes or membrane-associated proteins.  However, given the relatively low (~ 30%) 

difference between the transport values obtained with the two assays the indirect method 

seems adequate for demonstrating both ATP- and MRP-dependent transport.   

The consequences of MRP1- and MRP2-mediated transport of these conjugates 

are as of yet unknown, although differences in the relative transport capabilities of these 

transporters may in part explain how they accumulate in some tissues to a greater extent 

than others, thus modulating their organ-specific toxic effects.  For example, estrogen-

responsive tissues, which express MRP/ABCC-related transporters, are often targets for 

catechol estrogen-mediated mutagenesis (Markides and Liehr, 2005; Liehr and Ricci, 

1996; Alcorn, et al., 2002; Abaan, et al., 2009; Sandusky, et al., 2002).  Thus, future 

studies aimed at investigating the role of these transporters in modulating GSH-

conjugated estradiol metabolite-induced toxicity are warranted.  For example, Mrp1 and 

Mrp2 knockout rodent models exist which may help resolve the role of MRP2 in GS-

estradiol disposition.  Furthermore, the cause and effect relationship between GSH-

conjugated catechol estrogens and mutagenesis is unknown.   

Future studies aimed at investigating the disposition of GSH-conjugated catechol 

estradiols in vivo would prove useful.  Thus, questions addressing whether these 
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metabolites are sequestered in tissues prone to estrogen-dependent carcinogenesis like the 

breast or how these metabolites are eliminated from the body would help in the 

understanding of their importance to carcinogenesis in vivo.  Furthermore, whether GSH-

conjugated catechol estradiols could be used as biomarkers for either the diagnosis or 

prognosis of cancer remains to be determined.  As several ABCC transporters are capable 

of transporting other steroid conjugates (e.g. E217βG, E13SO4), studies aimed at 

investigating the role of other MRP transporters in modulating GSH-conjugated estradiol 

metabolite-induced toxicity are warranted.  Good candidates are MRP3 and MRP8.  As 

mentioned previously in Chapter 2, MRP3 can transport GSH conjugates, albeit with 

much lower affinity than for MRP1 or MPR2; however, it is an efficient E217βG 

transporter.  MRP8 has been shown to transport sulfated and glucuronidated steroids as 

well as bile acids, and GSH conjugates like LTC4, in vitro (Chen, et al., 2005; Guo, et al., 

2003).  Furthermore, a role for MRP8 in neuromodulatory steroid transport has been 

proposed (Bortfeld, et al., 2006; Monnet and Maurice, 2006). 

 

The aim of Chapter 5 was to investigate the ability of several GS-HQs to modulate 

the E217βG transport activity of MRP1.  In general, these GS-HQ metabolites were 

moderately potent (IC50 3 – 30 μM) inhibitors of MRP1-mediated E217βG transport in 

vitro, with 2,5-GS-HQ being the most potent.  To further investigate the mechanism of 

GS-HQ inhibition of MRP1, the kinetics of 2,5-GS-HQ inhibition of MRP1-mediated 

E217βG transport were investigated in vitro.  The results obtained suggest that 2,5-GS-

HQ modulates both the interaction of ATP with MRP1 (and the MRP1 mutant K332L) 

during E217βG transport as well as E217βG itself.  Together, these data suggest a 

complex mechanism of interaction with MRP1.  It is possible that 2,5-GS-HQ is binding 
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to multiple sites (e.g. substrate translocation binding site and ATP binding site) on MRP1, 

leading to altered transport kinetics, or it may be exerting these effects through binding at 

a distinct location(s) (Fig 6.2).  The ABCG2 inhibitor PZ-39, which was shown to 

decrease the Km and Vmax of mitoxantrone transport, while also altering the interaction of 

this transporter with ATP during mitoxantrone transport, is thought to bind at a distinct 

location (other than ATP or substrate binding sites) (Peng, et al., 2009).  The authors 

concluded that PZ-39 binds to a different site on ABCG2 from both mitoxantrone and 

ATP, thus not acting as a competitive inhibitor of either substrate.  As similar results were 

obtained for 2,5-GS-HQ, perhaps a parallel hypothesis is warranted.   

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Model of the binding of 2,5-GS-HQ to MRP1 

Specific binding regions of MRP1 are shown.  (1) Elements from TM6 which are 

important for substrate binding (e.g. LTC4); (2) Elements from TM17 which are 

important for substrate binding (e.g. E217βG); (3) Possible binding region for 2,5-GS-

HQ, which may include or interact directly or indirectly with CL5/NBD2, region (2) and 

region (1). 
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It was initially anticipated that 2,5-GS-HQ would act as a competitive inhibitor of 

MRP1 based on the results presented in Chapter 3; however, it was also possible that GS-

HQ metabolites might interact with MRP1 quite differently given their noted chemical 

reactivity (Lau, et al., 2010).  A previous mass spectrometry study has shown that GS-

HQs preferentially bind to Lys-rich regions (EBRs) within cytochrome c (Fisher, et al., 

2007).  Given the presence of multiple EBRs in MRP1 and MRP2, there is also a 

possibility that these proteins could be covalently modified by GS-HQs.  Thus, the 

potential of 2,5-GS-HQ to covalently modify MRP1 in vitro was investigated.  2,5-GS-

HQ caused a shift in the apparent mobility of MRP1 (and the MRP1 mutant K332L), 

suggesting a strong protein interaction (e.g. covalent modification).  Furthermore, as 

covalent binding of 2,5-GS-HQ to MRP1 would decrease the free concentration of 

metabolite available for non-covalent binding (either to substrate and/or allosteric sites), 

the E217βG transport results presented in Chapter 5 are not completely dependable.   

As both the NH2- and COOH-proximal halves of MRP1 were subject to changes 

in electrophoretic mobility, it is likely that there are several adduction sites.  Interestingly, 

four of the eight putative EBRs in MRP1 reside in CL5, a region believed to interact with 

NBD2 during biosynthesis and to play an important role in membrane localization and 

transport activity (Iram and Cole, 2010). 

Although the mechanism by which 2,5-GS-HQ binding to MRP1 reduces E217βG 

transport is not completely clear, adduction of this metabolite to Lys residues present in 

EBRs may induce conformational changes in the transporter, limiting its function.  

Conformational changes often alter the accessibility of trypsin sensitive cleavage sites, 

e.g. COOH-terminal amide bonds involving Lys or Arg.  Thus, a limited trypsin digest of 

MRP1-enriched membrane vesicles was carried out at in the presence of 2,5-GS-HQ; 
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however, no substantial changes in the digestion profile were observed.  As changes in 

the tryptic profile would imply that either Lys or Arg residues are no longer accessible, 

either due to conformational changes in the protein or covalent modification, the results 

presented here neither support nor refute the possibility that 2,5-GS-HQ covalently (or 

otherwise) binds to MRP1.  It remains possible that 2,5-GS-HQ may covalently bind 

nucleophilic amino acids other than Lys, for example Arg or Cys.  The latter is the case 

for the arylation of metallothionein by oxidized dopamine (Gauthier, et al., 2008).   

Previous mass spectrometry studies have identified several specific regions of 

MRP1 modified by LTC4 and several MRP1 modulators.  For example, photolabeling of 

MRP1-enriched vesicles with [
3
H]LTC4 resulted in labeling of both NH2 and COOH-

terminal portions of the protein (Qian, et al., 2001).  The observation by Qian et al. 

(2001) that both NH2- and COOH-terminal portions of MRP1 are labeled by [
3
H]LTC4 

were consistent with studies demonstrating that the [
125

I]azido LTC4 analogue labeled 

regions spanning TMs 10-11, and TMs 16-17, as well as TM12 of MRP1 (Karwatsky, et 

al., 2005), as well as TMs 16-17 of MRP2 (Leimanis, et al., 2011).  Wu et al. (2005) 

demonstrated that peptides derived from LTC4 photolabeled MRP1 could be detected 

using mass spectrometry.  Five peptides of MRP1 were modified by LTC4, including 

peptides from within CL3, TM6, TM7, TM10, and proximal regions of CL5, and TM17 

(Wu, et al., 2005).  The CL3 peptide identified by Wu et al. 

(
260

NWKKECAKTRKQPVK
274

) also contains a putative EBR (KKE) and a conserved 

nucleophilic site (KTRK).  Whether these specific amino acids are involved in either 

LTC4 or 2,5-GS-HQ binding is not known.   

Although the efficiency of LTC4 photolabeling is low, it is still unclear what the 

interaction is between MRP1 and 2,5-GS-HQ.  Furthermore, the exact number of binding 
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locations for either LTC4 or 2,5-GS-HQ has yet to be determined.  Therefore, caution 

must be taken when comparing the effects of these compounds on the electrophoretic 

mobility of MRP1.   

Two important Lys residues (Lys
513

 and Lys
516

) exist in a helix of CL5 that could 

potentially modulate MRP1-mediated transport if covalently modified (DeGorter, et al., 

2008; Hollenstein, et al., 2007).  Several amino acids in this short helix may make 

intimate contact with regions in NBD2 such that conformational changes brought about 

by substrate binding could be mediated through this interaction (DeGorter, et al., 2008; 

Hollenstein, et al., 2007).  Furthermore, mutation of Lys
513

 to Ala leads to improper 

protein folding (Iram and Cole, 2010).  Homology models suggest that the side chains of 

both Lys
513

 and Lys
516

 are in close proximity, and are likely to be accessible to the cytosol 

due to their outward facing orientation and position above the NBDs.  Thus, there is a 

possibility that 2,5-GS-HQ is mediating its effects through binding to either or both of 

these Lys residues.  Unfortunately, both Lys
513

 and Lys
516

 mutants generated to date do 

not express in transiently transfected HEK cells (Iram and Cole, 2010), thus arylation 

studies with these mutants have not been performed.  Furthermore, homology models of 

MRP1 only represents a snapshot of  one possible conformation (nucleotide bound), thus 

conclusions drawn from these models are speculative, at best.   

Of potential relevance is a report that a cyclized benzoquinone adduct forms 

between Lys
25

 and Lys
27

 of cytochrome c (Fisher, et al., 2007).  According to the crystal 

structure of cytochrome c, the side chains of these Lys residues are 5.3Å apart, but after 

covalent modification of these two residues, models suggest a new distance of 9.3Å to 

accommodate for the adduct (Fisher, et al., 2007).  Based on one model of MRP1 
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(DeGorter, et al., 2008), Lys
513

 and Lys
516

 are 5.1Å apart, thus a similar modification 

involving these two residues may occur.   

Future studies directed at determining MRP1 sites of interaction using tandem 

mass spectrometry may be useful in determining specific amino acids involved in 

substrate/modulator binding.  A more detailed investigation of whether these conjugates 

affect ATP binding, hydrolysis or ADP release at either NBD of MRP1 (or MRP2) would 

also be informative regarding regions of the protein involved in linking ATP-driven 

conformational changes to substrate transport. 

In conclusion, the data presented here indicate for the first time that GSH-

conjugated quinone metabolites are capable of modulating the transport function of 

MRP1 and MRP2, and that GSH-conjugated catechol estradiols are substrates for these 

transporters in vitro.  GSH-conjugated quinones may covalently modify and inactivate 

MRP1, although more evidence is required to substantiate this possibility.  The inclusion 

of in vivo models (particularly those utilizing Abcc null animals) would be useful in 

identifying an in vivo role for Abcc efflux proteins with respect to GSH-conjugated 

quinone-mediated toxicity, as other endogenous or therapeutic-based metabolites may 

interact with MRP-related proteins in such a way as to negatively impact human health. 
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Summary and Conclusions 

The results of this study show that several structurally and biologically distinct 

classes of both endogenous and exogenous GSH-conjugated quinone metabolites can 

modulate both MRP1- and MRP2-mediated function in vitro.  However, the potencies of 

the metabolites vary substantially, most notably with respect to the estradiol metabolites 

(Chapter 3).  Nonetheless, these data show for the first time that physiological metabolites 

of biologically active catechol estradiol metabolites are substrates for both MRP1 and 

MRP2 in vitro.  Although the repercussions of MRP-mediated transport of these 

conjugates are unknown, differences in the relative transport values (Vmax and Km) of 

these proteins may in part explain how these conjugates accumulate in some tissues to a 

greater extent than others, thus modulating their organ-specific toxic effects.  The 

ubiquitous environmental contaminant, benzene, readily undergoes metabolic oxidation to 

quinone species, which can then be conjugated to GSH.  Several of these GS-HQ 

metabolites inhibited MRP1 (Chapter 5), although the mechanism of inhibition is still 

unclear.  These observations raise the possibility that GS-HQs may inhibit MRP1 by 

covalently modifying the transporter in such a way as to alter substrate transport. 

While several MRPs interact with GSH conjugates, by and large, MRP1 has the 

highest affinity for these organic anions.  Both MRP1 and MRP2 have a broad tissue 

distribution, and they are also expressed at opposite ends of polarized cells, thus allowing 

for tissue-specific vectorial transport of mutual substrates.  This difference in membrane 

expression allows for conjugated metabolites to be eliminated (e.g. via the bile by 

MRP2), or excluded from sensitive tissues (e.g. by MRP1 at the blood-testis barrier).  
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Interestingly, many GSH-conjugated quinones are toxic and/or chemically reactive (as 

compared to most other detoxified conjugated metabolites), and are somehow exerting 

their toxic effects in tissues which often express MRP1 and/or MRP2.  There are 

similarities among the tissue/cell types targeted by MDMA (e.g. BBB endothelial cells), 

catechol estrogens (e.g. ductal mammary epithelial cells), and oxidized HQ metabolites 

(e.g. proximal tubular epithelial cells) with respect to toxicity.  Each of these cellular 

systems exhibit tight junctions, express γGT, and are polarized in such a way that bulk 

vectorial transport is towards the luminal side.  Given the interaction of the GSH-

conjugated metabolites shown in this study with MRP1 and MRP2, it seems likely that 

these transporters are responsible for the extrusion of these compounds to the luminal side 

of target tissues.  As γGT resides on the luminal boarder of these cells, MRPs may be 

prolonging these tissues to potentially toxic cysteinyl conjugates.  However, given the 

relative reactivity of these compounds, it also seems likely that covalent modification of 

MRPs may interfere with their function, thus ultimately allowing for the accumulation of 

these toxic metabolites. 
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Appendix 1: Partial Characterization of the MRP2 Mutant 

K329L 

A1.1 Rationale 

In MRP1, amino acids required for functional interaction between GSH 

conjugates and molecules requiring GSH for MRP1 binding have been identified, many 

of which are reviewed in Chapter 2.1.3.  For example, a mutation in mouse Mrp2 

(K325M), similar to the human MRP1-K332L mutation has been reported to abolish 

LTC4 and DNP-SG vesicular uptake, while having no effect on the uptake of 

taurolithocholate sulfate, and increases the affinity for E217βG seven-fold in membrane 

vesicles prepared from infected Sf9 cells (Ito, et al., 2001b).  It is unclear how this relates 

to human MRP2 as there are large inter-species differences with respect to their substrate 

profiles and kinetics; however, the analogous human mutant (K329A) showed no 

difference in the extrusion of GS-methylfluorescein by intact cells (Ryu, et al., 2000).  

Despite the conservation of MRP1 Lys
332

 in MRP2 (Lys
329

) and MRP3 (Lys
318

), the 

affinity of MRPs 1 through 3 for LTC4 vary significantly (reviewed in Chapter 2). 

Thus, the aim this of study was to characterize the vesicular transport of organic 

anions by the human MRP2 mutant K329L and to assess whether Lys
329

 supports the 

same role in MRP2 as it does in MRP1 with respect to GSH recognition and substrate 

translocation. 
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A1.2 Methods 

A1.2.1 Mutagenesis 

Site-directed mutagenesis was performed by Kathy Sparks.  The pcDNA3.1(–) 

MRP2 expression vector has been described previously (Ito, et al., 2001a).  Briefly, the 

template for site-directed mutagenesis of Lys
329

 of MRP2 was prepared by cloning a 1523 

bp XhoI/KpnI fragment of MRP2 into pBluescriptII SK+ (Stratagene, La Jolla, CA).  

PCR mutagenesis was accomplished using Pfu turbo (Agilent Technologies, Mississauga, 

Canada).  The sequence of the sense mutagenic primer, with the altered codon underlined 

was: (K329L) 5‟-CTG AAA TCA TTC CTA CTG CTG CTA GTG AAT GAC ATC-3‟.  

After confirming the mutation by sequencing (TCAG Centre for Applied Genomics, 

Toronto, ON), a 887 bp Esp31/HpaI fragment containing the desired mutation was 

subcloned back into pcDNA3.1(–)-MRP2, and the Esp31/HpaI fragment in the full-length 

construct was sequenced as before. 

 

A1.2.2 Transfection and Vesicle Preparation 

The expression vectors containing the WT and mutant MRP2 cDNAs in HEK 

cells, the preparation of membrane vesicles, and the determination of relative MRP2 

levels were performed as described previously in Chapter 3.3.3 and 3.3.4. 

 

A1.2.3 Organic Anion Transport 

ATP-dependent uptake of the 
3
H-labeled organic anion substrates was performed 

as described in Chapter 3.3.5.  Briefly, for MRP2-mediated LTC4 uptake, 6 µg of vesicle 

protein were incubated with [
3
H]LTC4 (50 nM, 20 nCi) for 3 min at 37°C.  To measure 
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MRP2-mediated E217βG uptake, 6 µg of vesicle protein were incubated with [
3
H]E217βG 

(400 nM, 40 nCi) for 5 min at 37°C.  To measure MTX uptake, 4 µg of vesicle protein 

were incubated with [
3
H]MTX (1000 nM, 125 nCi) for 10 min at 37°C (Létourneau, et 

al., 2007). 

 

A1.3 Results 

The MRP2 mutant K329L was expressed in HEK cells at approximately 50% of 

that of WT MRP2 as shown in Fig A1 panel B.  Amido black staining and 

immunoblotting with a Na
+
/K

+
-ATPase specific antibody indicate that equal amounts of 

protein were loaded.  Vesicular transport experiments were performed as a 

characterization of the K329L mutant.  Thus, as shown in Table A1, this mutant showed 

approximately 70% WT activity for the transport of LTC4 and approximately 140% WT 

activity for the transport of MTX.  Unexpectedly, K329L showed approximately a 2-fold 

and 4-fold increase in activity for E217βG transport compared to WT.  These data have 

been corrected for protein expression based on the results shown in Fig A1. 
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Figure A1 Decreased expression of the MRP2 mutant K329L.  Shown are the results 

of two independent membrane vesicle preparations indicating that K329L is expressed at 

lower levels than WT MRP2.  Immunoblotting experiments were performed as described 

in Chapter A1.2.2, using 2 µg of membrane protein.  (A), amido black stained PVDF 

membrane showing equal protein loading; (B), Western blot using the MRP2 specific 

MAb M21-4 (1:5,000) showing decreased K329L expression, with relative densitometry 

values shown; Pane (C), Western blot showing equal loading of membrane vesicles using 

a Na
+
/K

+
-ATPase MAb, with relative densitometry values shown (1:5,000). 

 

Table A1 Relative vesicular transport of MRP2 organic anion substrates by the 

MRP2 mutant K329L 

 
Transport was carried out as described in Chapter A1.2.3.  Transport values 

 were corrected for relative MRP2 expression based on the results of Fig A1. 

MRP2 K329L 

Substrate 

% relative transport compared to WT MRP2 

Equally loaded vesicle 

 protein
1
 

Vesicle protein adjusted  

for relative expression
2
 

LTC4 

E217βG 

M|TX 

61, 35 

426 

115 

83 

230, 296 

188 
1
 Equal amounts of total vesicle protein (6 µg) were used for WT and mutant K329L, and transport values 

were corrected mathematically post-hoc. 
2
 Unequal amounts of total vesicle protein were used for WT and mutant K329L; however, membrane 

vesicles from untransfected HEK cells were used to adjust the total amount of protein used for transport 

back to 6 µg. 
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A1.4 Discussion 

To produce the analogous MRP2 mutant to MRP1 K332L, site-directed 

mutagenesis was performed and HEK cells were transiently transfected with the resulting 

expression vector.  After immunoblotting of an initial whole cell lysate showed lower 

levels of K329L protein relative to WT MRP2 (not shown), the presence of the expected 

mutation in the pcDNA3.1 expression vector was again confirmed by sequencing to 

exclude the possibility of an unanticipated unknown mutation.  Subsequently, two 

independent transfections and membrane vesicle preparations were performed.  As shown 

in Fig A1, the K329L mutant was expressed at levels approximately 50% those of WT 

MRP2.  To take into account the different levels of WT and K329L protein expression, 

two independent methods were used to correct for MRP2 expression.  One method was to 

multiply the transport results from K329L by two to correct for the lower protein 

expression, while the other method decreased the amount of WT MRP2 protein by 

diluting the samples by 50% using untransfected HEK membrane vesicles.  Both methods 

showed similar results (Table A1).  Given the previously demonstrated importance of 

Lys
332

 in conferring the ability of LTC4 to interact with MRP1, and that mutation of this 

residue had little effect on the transport of other MRP1 GSH substrates in vitro, the 

present results that LTC4 transport by MRP2 K329L was only moderately decreased were 

somewhat surprizing.  Furthermore, accumulation assays using intact cells expressing 

MRP2 K329A showed a decreased ability to efflux GS-methylfluorescein (Ryu, et al., 

2000).  Interestingly, although MTX transport was only moderately increased (by 15 – 

88%) compared to WT MRP2, E217βG transport was greatly increased (2 – 4 fold).   
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Thus, although Lys
332

 appears to reside in a unique part of the binding pocket of 

MRP1 that confers the ability to interact with GSH and GSH conjugates, the analogous 

amino acid in MRP2 (Lys
329

) appears to play a different role, and thus interacts with GSH 

conjugates as well as non-GSH associated substrates.  However, although Ryu et al. 

(2000) demonstrated both comparable expression of their human Lys
329

 mutant and 

reduced GS-methylfluorescein transport, they replaced Lys with Ala, versus the Lys to 

Leu substitution described here.  This difference in amino acid substitution may be 

responsible for some of these phenotypic differences observed.  Furthermore, they used 

transfected COS-7 cells versus our transfected HEK system.  The increased E217βG 

transport by the K329L mutant was unanticipated, but not entirely unexpected.  Previous 

studies have shown that analogous mutations in MRP1 and MRP2 (and MRP3) do not 

always produce similar phenotypes.  Thus, although mutation of MRP1 Pro
1150

 to Ala led 

to decreased LTC4 transport and increased E217βG transport, mutation of MRP2 Pro
1158

 

to Ala led to decreased LTC4 transport and unchanged E217βG transport, and mutation of 

MRP3 Pro
1147

 to Ala led to increased LTC4 transport and unaffected E217βG transport, in 

vitro (Létourneau, et al., 2007). 

Due to the relatively poor expression of the MRP2 mutant K329L, and the 

difficulties surrounding the accurate determination of corrected transport values, no 

further characterization or experiments were performed using this mutant. 
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