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Abstract 

 ATP-binding cassette (ABC) transporters are a diverse family of transmembrane proteins 

that facilitate the ATP powered translocation of substrates across cellular membranes.  Multidrug 

resistance-associated protein 4 (MRP4) is a highly polymorphic, human ABC transporter with a 

wide array of substrates, including, antiviral drugs and prostaglandins.  Previously, altered antiviral 

drug transport capacities of nonsynonymous single nucleotide polymorphic MRP4 variants, 

relative to reference MRP4 transport activity, were reported.   

This project focused on characterizing the ATP hydrolysis capabilities of the G487E MRP4 

variant (rs11568668); G487 is located in an ATP binding cassette, also known as the nucleotide 

binding domain, of MRP4.  Previously published works report a 0.008 minor allele frequency in 

Asian American individuals (n = 120) and show decreased transport activity with G487E.   Novel 

data on G487E MRP4 activity from this study corroborate the decreased drug transport findings.  

 This study characterized prostaglandin E2 – stimulated ATP hydrolysis by human MRP4 

reference and G487E variant expressed in insect cells. MRP4 specific activity was determined by 

its selective inhibition with beryllium fluoride. Reference MRP4 reached a maximal ATP 

hydrolysis velocity of 27.4 ± 1.07 nmoles Pi/mg protein/minute; for comparison, ATP hydrolysis 

in Sf21 membranes absent of exogenous transporters reached a maximum velocity of 18.4 ± 0.55 

nmoles Pi/mg protein/minute. The G487E MRP4 variant had an intermediate Vmax value of 24.4 ± 

0.93 nmoles Pi/mg protein/minute. As measured by an ANOVA, Vmax values for the Sf21, MRP4 

reference and G487E MRP4 membranes were significantly different (p < 0.0001).  

In contrast, Km values were similar for the three sample types and ranged from 0.34 ± 0.16 

µM for reference MRP4 to 0.44 ± 0.18 µM for G487E MRP4.  Structural rationales for these data 
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were explored using novel homology models of the first nucleotide binding domain of MRP4.  The 

G487E mutation was determined to only affect the MRP4 binding affinity of ATP; prostaglandin 

E2 binding was not impacted. These results suggest that the reduced transport phenotype of G487E 

MRP4 relative to reference MRP4 is due, at least in part, to impaired ATP hydrolysis.  
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Chapter 1 : Introduction 

 
Membrane transporter proteins, which exist in all eukaryotes (and most prokaryotes), can 

be classified as ion channels, transporters, aquaporins, or ATP-powered pumps.  Their function is 

to move molecules across cellular and organelle membranes that are too large or too hydrophilic 

to diffuse directly through membranes [1].  

 

ABC Transporters 

 ATP-powered pumps use the energy generated from ATP hydrolysis to translocate 

substrates across membranes against their concentration gradients.  The diverse and ubiquitous 

superfamily of ATP-binding cassette (ABC) transporters is within this category.  ABC transporters 

function as importers or exporters; importers move extracellular substrates into the cell, while 

exporters push cytosolic substrates outside of the cell [2].  Most eukaryotic ABC transporters are 

exporters with wide arrays of substrates including hormones, lipids, drugs, and other xenobiotics.  

 Many ABC transporters are involved in maintaining cellular homeostasis.  Under benign 

conditions, they transport lipids and broad-spectrum metabolites, but under toxic conditions, ABC 

transporters eradicate toxic exogenous compounds from the cell [3].  In addition to their roles in 

homeostasis, ABC transporters are involved in multi-drug resistance (MDR).  MDR occurs when 

cancers, bacteria, and viruses become resistant to several structurally unique compounds [4].  

Human ABC Transporters 

 Forty-nine genes within the human genome code for ABC transporters; these transporters 

are divided into seven subfamilies designated A through G (Figure 1.1).  The diversity within this 
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transporter family and their ubiquitous expression in many human cell types and tissues (Figure 

1.2) facilitates their involvement in a variety of cellular processes.  

 
Figure 1.1  ABC transporter gene dendrogram 
Dendrogram showing the evolutionary relatedness of all members of the human ABC transporter 
superfamily. Image is taken from Vasiliae et al. [1]. 
 

 Subfamily A transporters are found in a variety of organs and cell types; they are mostly 

involved in lipid trafficking.  ‘MDR family of ABC transporters’ is the alias for the mammalian 

specific superfamily B transporters.  This non-de plume stems from their documented involvement 

in multidrug resistance in cancer cells [5].  One of the most highly studied ABC transporters, P-

glycoprotein (P-gp), is a member of this subfamily.  P-gp mediates multi-drug resistance through 

efflux of a variety of structurally diverse compounds [6]. 

ABC 
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Subfamily C (MRP – multidrug resistance-associated proteins) transporters are involved 

in toxin excretion, ion transport, and cell surface reception [5].  In particular, MRP1-MRP6 play 

important roles in drug and xenobiotic transport [7].  All four human half-transporter genes of 

the subfamily D are alternatively spliced to form 49 unique transporters that function in 

peroxisomes [1].  Both subfamily E and subfamily F contain ATP-binding domains, but lack 

transmembrane domains.  Without transmembrane domains, they cannot function as transporters; 

instead, ABCE and ABCF proteins are involved in the regulation of protein synthesis and 

expression [8].  Members of subfamily G have suggested involvement in cellular lipid 

homeostasis, multidrug resistance transport, control of intestinal absorption, and promotion of 

biliary excretion of sterols [9].  

Many different research groups catalogued ABC transporter gene expression; initial 

catalogs were generated using microarray data, followed by qPCR analyses, and most recently by 

RNA-seq. The NIH-sponsored Genotype-Tissue Expression (GTEx) project includes a 

comprehensive survey of ABC transporter mRNA levels in multiple tissues [10]. The UCSF 

Pharmacogenomics of Membrane Transporters project compiled these data and Figure 1.2 

provides a visual representation of relative expression levels of ABC genes in human tissues and 

organs, illustrating the broad tissue distribution of these important transporters.  
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Figure 1.2  ABC Transporter Superfamily Genotype-Tissue Expression Plot 
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Figure 1.2 continued 
The heat map above was assembled by the UCSF Pharmacogenomics of Membrane Transporters 
project and summarizes relative expression of ABC transporter genes in major human tissue types. 
The represented values are the medians of quantile normalized (QN) reads per kilobase transcript 
per million mapped reads (RPKM).   http://pharmacogenetics.ucsf.edu/gtex/index.html [11]. 
 

 

Functional Characteristics  

 All human ABC transporters contain two nucleotide-binding domains (NBD), known as 

ATP-binding cassettes, and two transmembrane domains (TMD). Generally, these domains are 

ordered N-term-TMD-NBD-TMD-NBD-C-term in ‘full’ human ABC transporters (Figure 1.3) 

[5].  ATP hydrolysis powering substrate transport occurs in the NBD.  Interwoven alpha helices 

compose TMDs to form a hydrophilic path transecting lipid membranes for hydrophilic substrates 

[12]. Most human ABC transporters contain two TMDs composed of six helices. TMDs enable 

transport by swapping two helices of one domain to the four remaining helices of the other domain 

to create two distinct helical clusters [13]. The initial helical conformation is depicted in Figure 

1.3. 

Structures used to demonstrate inward (open to the cytosol) and outward (open to 

extracellular space) conformations are not of human ABC transporters, but of crystalized relatives. 

In 2006, the structure of a homodimeric ABC transporter from Staphylococcus aureus, Sav1866, 

was solved in the presence of ADP and AMP-PNP, a non-hydrolysable ATP mimetic (PDB: 

2HYD) [14].  Sav1866 is a human transporter homolog and is most closely related to ABCB 

transporters involved in drug export.  The bound non-hydrolysable nucleotides captured the 

transporter in the outward conformation. In 2009, an apo state of P-gp from Mus musculus was the 

first inward facing human ABC transporter homolog crystal structure (PDB: 3G5U) [15].  
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A       B 

 
Figure 1.3  Organization of ABC Transporter Domains  
Figure duplicated from Martinez and Falson ABC transporter review article [16]. (A) Domain and 
helix (protein topology) identification in multidrug resistance (MDR) subfamily sequence.  (B) 
Inward facing 3D-structure cartoon of mouse P-gp with transporter domains colored in yellow and 
blue. Topology labels are included.  
 

ABC Transporter Associated Diseases 

 NBD-NBD regions and NBD-TMD regions are considered putative ABC transporter 

interfaces; point mutations and deletions within these areas would likely lead to altered transporter 

function.  Multiple point mutations in ABC transporters are associated with a wide array of 

diseases. Some of these diseases include: Dubin-Johnson syndrome (DJS), Cystic Fibrosis (CF), 

and X-linked adrenoleukodystrophy (ALD).  Mutations in ABCC2/MRP2 (multidrug-resistance-

associated protein 2) can lead to DJS, an autosomal recessive disorder characterized by chronic or 

intermittent conjugated hyperbilirubmenia with stable liver enzyme levels [17]. CF is most 

commonly caused by mutations in ABCC7, aptly named Cystic Fibrosis transmembrane regulator 

(CFTR). The disease is characterized by inflammation and tissue damage caused by abnormally 

viscous secretions in lung airways and pancreatic ducts [18].  Defects in ABCD1 leads to ALD, 

which affects nervous system white matter and adrenal cortex due to accumulation of saturated, 

very long chain fatty acids [19]. 
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Multidrug Resistance-Associated Protein 4 (MRP4) 

 ABCC4 on chromosome 13q32 encodes the multidrug resistance-associated protein 4 

(MRP4), a member of the ABC transporter superfamily.  MRP4 was previously known as multi-

specific organic anion transporter B (MOAT-B).  At 1325 amino acids and nearly 150 kDa, MRP4 

is the smallest exporter in the ABCC subfamily.  

 

Tissue Distribution  

ABCC4 is expressed ubiquitously (Figure 1.4 and Figure 1.5).  It is highly expressed in the 

bladder, prostate, blood cells, and hematopoietic stem cells [20]; it is also expressed in the brain 

[21], liver [22], and kidney proximal tubules [23].  

 

 
Figure 1.5  Relative ABCC4 gene expression in major tissue types 
mRNA expression of ABCC4 in various tissues was measured by RNA-seq, as part of the GTEx 
project. This heat map was compiled by the UCSF Pharmacogenomics of Membrane Transporters 
project [11]. It summarizes relative expression of ABCC4/MRP4 transporter gene in major tissue 
types. The represented values are the medians of QN of RPKM.   
 

Interaction with Drugs 

MRP4 has been implicated in the export of anti-viral agents, anti-cancer drugs, and 

multiple endogenous compounds, fueling investigations into its role in pharmacokinetics and 
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pharmacodynamics [24].  Anti-viral agents transported by MRP4 include the 

nucleoside/nucleotide analogs azidothymidine (AZT), adefovir (9-(2-phosphonylmethoxyethyl) 

adenine or PMEA), and tenofovir [25, 26]. MRP4 also transports 6-mercaptopurine, an important 

drug in leukemia treatment [27].  Endogenous compounds exported by MRP4 include bile acids, 

steroids, cyclic nucleotides, prostaglandins, and folate [28, 23, 29, 27, 30]. 

 
Table 1.1  Select MRP4 Substrates 

Drugs Endogenous Competitive Inhibitors 
 
 

AZT 

 

 
 

DHEAS 

 

 

 
 

AEBSF 

 

 

 
 

Adefovir  

 

 
 

PGE1 

 

 

 
 

Dipyridamole 

 
 
 

Tenofovir 

 

 
 

PGE2 

 

 

 
 

Indomethacin 

 
 
 

6-Mercap- 
topurine 

 

 
 

cAMP 

 

 

 
 

Celecoxib 

 
1 Abbreviations: AZT, azidothymidine; DHEAS, dehydroepiandrosterone sulphate; PGE1, prostaglandin E1; PGE2 
prostaglandin E2,; cAMP, cyclic adenosine monophosphate; AEBSF, 4-(2-aminoethyl)benzenesulfonylfluoride. [24] 

 
Additionally, MRP4 has been implicated in the transport of the endogenous steroid 

metabolite dehydroepiandrosterone 3-sulphate (DHEAS) [29]. DHEAS, made in the adrenal 

gland, is the most abundant circulating steroid in humans. In 2003, Zelcer et al. showed MRP4 

dependent transport of DHEAS with [3H]-DHEA uptake assays using inside-out MRP4 vesicles 

[29].  Specifically, they showed the impact of DHEA concentration on MRP4 export capabilities 

(Figure 1.6).  
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Figure 1.6  MRP4 export of DHEAS 
Data published by Zelcer et al in 2003 shows DHEAS transport by MRP4 using substrate uptake 
assays in Sf9 membrane vesicles. See publication for experimental conditions [29]. The chemical 
structure of DHEAS (dehydroepiandrosterone 3-sulphate) is also shown. 
 

                         

                          
Figure 1.7  Antiviral drug concentrations in Abcc4 (Mrp4) knockout mouse kidneys 
The chemical structures of adefovir and tenofovir are shown. Data from Imaoka et al. reported 
significant accumulation of [3H]-adefovir and [3H]-tenofovir, respectively, in Mrp4 deficient 
mouse kidneys after intravenous drug infusion [31].  
 

 In the kidney, MRP4 is localized to the apical membrane, where it facilitates the transport 

of substrates into the urine.  A role for MRP4 in renal drug elimination is most apparent in Abcc4 

knockout mice. Although Abcc4-/- mice do not exhibit visible phenotypic changes, they show 

significantly altered pharmacokinetics for multiple antiviral drugs.  For example, Abcc4-/- mice 



 11 

showed an increased accumulation of adefovir and tenofovir in the kidneys, which indicates 

reduced renal clearance (Figure 1.7) [31].  These data suggest high toxicity risk with nephrotoxic 

drugs like adefovir and tenofovir if MRP4 becomes altered or inhibited.  

 

ATP Binding and Hydrolysis  

 As a member of the ABC transporter superfamily, MRP4 contains two nucleotide-binding 

domains (NBD) [16]. To bind and hydrolyze ATP, NBDs contain highly conserved motifs known 

as Walker A and Walker B motifs [32]. The Walker A motif, also known as the phosphate binding 

loop, is defined by the residue pattern GXXXXGK(T/S), where X represents any amino acid. The 

Walker B motif binds a metal ion, Mg2+, through a conserved acidic residue (glutamate or 

aspartate). Magnesium ions enable coordination of ATP phosphates [33].  

 To facilitate coordination through the transporter (from the NBDs to the TMDs), ABC 

transporters contain a signature motif, LSGGQ [13]. The sequence of events in transporter 

conformational changes (Figure 1.8) is as follows:  substrate and ATP molecules bind 

cooperatively to each Walker A motif in the NBDs. This facilitates NBD dimerizization with two 

ATP molecules bound at the dimer interface. In each case, the ATP is sandwiched between the 

Walker A motif in one NBD and the signature ABC motif of the opposite NBD in a head-to-tail 

arrangement. The NBD dimerization triggers the shift from an inward-facing conformation to an 

outward-facing conformation. At NBD dimerization, the substrate is trapped within the transporter 

transmembrane pocket and released extracellularly when the transporter adopts the outward-facing 

conformation [33].  Figure 1.8 depicts initial and final conformations facilitating drug transport.  
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Figure 1.8  ABC exporter conformational change initiated by ATP and substrate binding 
Graphic reproduced from Martinez and Falson ABC transporter review article [16].  3D cartoon 
structures of ABC exporters convert between the inward conformation (left) and outward 
conformation (right). Conformational changes powered by ATP hydrolysis facilitate the transport 
of drug (green starburst). The inward-conformation structure is of mouse apo-P-gp [15, 34] and 
the outward-conformation structure captured with a non-hydrolysable ATP mimetic is of Sav1866, 
a bacterial homodimer [14].   

MRP4 is one of many of the ‘full’ human ABC transporters with a degenerate signature 

motif within the second NBD, which prevents ATP hydrolysis, but still allows ATP to bind [32]. 

Despite the loss of hydrolysis capabilities in NBD2, the transporter is able to function with the 

energy obtained from hydrolyzing one ATP molecule.  

 Since a single hydrolysis of ATP initiates MRP4 conformational changes, ATP hydrolysis 

activity can indicate individual substrate transport events. MRP4 ATPase activity experiments 

were adapted from assays developed for P-glycoprotein. In 2004, Sauna et al characterized and 

optimized multiple conditions for MRP4 ATP hydrolysis activity [35]. Amongst these conditions 

were the quantification of substrate stimulated ATP hydrolysis, specifically, stimulation with 

prostaglandin E1, prostaglandin E2, cGMP, and GMP (Figure 1.9). 
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Figure 1.9  Effect of substrate concentration on MRP4 ATPase activity 
(A-C) Data displayed above come from Sauna et al.’s characterization of the effect of putative 
substrates on MRP4 ATP-hydrolysis. Beryllium-fluoride sensitive ATP hydrolysis activity was 
measured under defined concentrations of PGE1, PGE2, cGMP, and GMP (respective chemical 
structures shown below the graphs) in control (open circles) and MRP4 (black circles) containing 
crude membranes.  [35] 
 

MRP4 Homology Modeling 

 Most ABC transporters are not structurally characterized; to date, only two whole 

transporter crystal structures have been solved. In 2008, Azza et al. created a hybrid template of 

the Sav1866 x-ray crystal structure (PDB: 2HYD), a bacterial homolog with 26% sequence 

identity, with a truncated and solubilized MRP1 nucleotide-binding domain x-ray crystal structure 

(PDB: 2CBZ) with the YASARA for homology modeling [36]. Sav1866’s outward conformation 

was frozen by the addition of a non-hydrolysable ATP mimetic [14]. The 2HYD-2CBZ hybrid 

template enabled the creation of an ATP bound MRP4 model [36].  Figure 1.10 depicts MRP4’s 

two sets of six helices open to extracellular space; the helical clustering stems from the merged 

ATP bound, cytosolic NBDs. This conformation facilitates substrate export into extracellular 

space.  
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Figure 1.10  Homology model of human MRP4 in membrane – Outward-Facing 
The MRP4 outward model is colored to emphasize the dimerization of monomers reported with 
Sav1866 [14]; each monomer provided a template for one half of the full MRP4. The first half is 
colored by chain highlighting transmembrane helices 1 through 6 and ATP-bound NBD1. The 
second half is colored in grey; it indicates helices 7-12 and ATP-bound NBD2. A 180° rotation 
around the vertical axis would yield a nearly identical image of helices 7 through 12 and NBD2 
[35]. Graphics created with www.YASARA.org. 
 

 After the P-gp crystal structure was released in 2009 [34], Jan Koendrink from the Radboud 

University Nijmegen Medical Center created an inward-facing homology model for MRP4. This 

model is not published, but was provided to the Kroetz lab by request. Koendrink generated the 

model using a hybrid template of P-gp structure Mus musulus (PDB: 3G5U) with a structure of 

MRP1’s nucleotide-binding domain (PDB: 2CBZ) [37]. Figure 1.11 provides a superimposed 

image of the rainbow colored MRP4 homology model over the pink P-gp crystal structure.  

MRP4’s inward-facing conformation is characterized by NBD separation and two distinct 

groupings of six nearly parallel transmembrane helices.  This separation provides an opening for 

substrate binding, but the converging of the two helical groupings prevents substrate transport.  
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Figure 1.11  Comparison of human MRP4 homology model and P-gp structure 
Inward-facing MRP4 model was kindly provided by the Koendrink laboratory. The MRP4 
homology model (rainbow chains) is superimposed on the inward-facing P-gp structure (pink). 
Unlike the conventional orientation, the structure on the left is imaged from “behind”; NBD2 (red, 
left domain) and NBD1 (green, right domain) are separated.  The structures on the right are rotated 
90° and emphasize the parallel orientation of helices 1 through 6 relative to NBD1.  Graphics 
generated in MacPyMOL.  
 

ABCC4 Genetic Variants 

A 2-D transmembrane predicted representation of MRP4 is depicted in Figure 1.12. This 

depiction highlights multiple MRP4 single nucleotide polymorphisms (SNPs) that exist in the 

population. Several evolutionarily conserved, non-synonymous SNPs (nsSNP) in MRP4 have 

either ≥ 5% minor allele frequencies in at least one population or high Grantham scores.  These 

nsSNPs include P78A, G187W, K293E, K304N, P403L, G487E, K498E, E757K, C956S, and 

V1071I [38].  

 

90º 
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Figure 1.12  MRP4 transmembrane prediction and location of SNPs 
Predicted transmembrane folding for MRP4 highlighting NBDs and localized sSNPs (red circles) 
and nsSNPs (green circles) from the UCSF Pharmacogenomics of Membrane Transporters project 
database [37].  Abla et al. added additional notations to the graphic: NBDs: nucleotide binding 
domains, EC: evolutionarily conserved, EU: evolutionarily unconserved, black circle: inactive 
MRP4 mutation, G538D [38]. 
 

Previously, the Kroetz lab examined the effects of MRP4 coding variants on transporter 

function. The SOPHIE (Studies of Pharmacogenetics in Ethnically Diverse Populations) project 

sequenced 270 healthy, ethnically diverse individuals. Ten MRP4 nsSNPs were selected for further 

investigation based on allele frequency, evolutionary conservation, and potential impact of residue 

substitution (quantified by Grantham scores) [38].   

 Initial variation of transporter function was quantified using an intracellular accumulation 

assay and published in 2008 (Figure 1.13). HEK293 cells transfected with reference or variant 

ABCC4 cDNA were exposed to either AZT or PMEA (anti-viral drugs known to be MRP4 

substrates, Figure 1.9).  Variants with higher intracellular accumulation than MRP4 reference had 
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decreased drug export capabilities. All of the variants retained some export capabilities. Reduced 

function variants were P78A, G187W, P403L, and G487E.  Western blots revealed that G187W 

was the only variant with lower expression, which confirms the functional impact of these non-

synonymous single nucleotide polymorphisms on MRP4 transport activity [38]. The functional 

and clinical implications of additional MRP4 variants have been explored in other laboratories.  

Some findings include clinical association of 6-mercaptopurine sensitivity with MRP4 E757K, 

MRP4 variants associated with platelet function, and ABCC4 variants affecting risk of Kawasaki 

disease [40, 41, 42]. These findings are not central to the studies in this thesis and will not be 

discussed further.   

 
Figure 1.13  MRP4 variants affect intracellular accumulation of antiviral drugs  
Intracellular accumulation of AZT (grey) and PMEA (white) for MRP4 variants (P78A, G187W, 
K293E, K304N, P403L, G487E, K498E, M744V, E757K, C956S, and V1071I) relative to 
reference MRP4. (*, p < 0.005; **, p < 0.001.) See publication for experimental conditions [38]. 
Reproduced from Abla et al. J Pharm Exp Ther 2008.  
 
 Subsequent functional studies of MRP4 variants in the Kroetz lab expanded upon the 

potential disease possibilities and efflux capabilities of G487E, K498E, and V1071I. G487E and 

K498E are located in NBD1, while V1071I is located in NBD2, adjacent to the degenerate ATP 

Grey = AZT 
White = PMEA 
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hydrolysis site (Figure 1.14).  Of these variants, G487E was the only variation predicted to lead to 

disease.  G487E was predicted to be deleterious with a glutamic acid residue substituting for a 

glycine residue. K498E was predicted to be neutral, where lysine, a basic residue, is substituted 

with glutamic acid.  V1071I, where valine is replaced with a slightly larger aliphatic residue, 

isoleucine, was also predicted to be neutral [43].  

 
Figure 1.14  Location of the MRP4 variants G487E, K498E, and V1071I  
Cartoon representations of regional MRP4 homology models focusing on MRP4 variants: K498E, 
G487E, and V1081I. Reproduced from Kelly et al. Protein Sci 19:2110-21, 2010. Human MRP1 
(PDB: 2CBZ)  [37] was the template for (A) K498E and (B) G487E. Plasmodium yoelii MRP2 
(PDB: 2GHI) was the template for (C) V1071I [44]. Structural alignment of the MRP4 models 
with bacterial ABC (PDB: 1L2T) [45] provided ATP coordinates.  Residues within 3.5 Å of the 
cognate NBD (light blue) and ATP (yellow) are highlighted [43]. 
 

 In the same publication, two of the three nsSNP disease and structural impact predictions 

were corroborated with [3H]-tenofovir efflux activity. The G487E variant showed reduced 

function, while K498E did not affect MRP4 transport (Figure 1.15). Unlike the original prediction, 

V1091I showed significantly reduced MRP4 transport capabilities [43]. 
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Figure 1.15  Effect of MRP4 variants on [3H]- tenofovir transport 
MRP4 G487E, K498E, and V1071I tenofovir efflux activity is expressed relative to reference 
MRP4; data reported as mean with S.D. (n = 9 – 22).  Reproduced from Kelly et al. Protein Sci 
19:2110-21, 2010.  Significant differences were assessed by one-way ANOVA and Bonferroni’s 
multiple comparison test (*p < 0.05, **p < 0.001) [43].  
 

Goals and Rationale for Project 

 From published literature and active exploration in the Kroetz lab by Michael Martin, 

MRP4 is an interesting transporter for pharmacogenetic and pharmacokinetic study. As described 

above, some studies have characterized nonsynonymous MRP4 variants and the effects on export 

function. These studies only explore the phenotypic impact of nsSNPs related to drug 

translocation; they have not explored the root of these functional changes. This project sought to 

explain the molecular basis for these functional shifts.  Since MRP4 transport is powered by ATP 

hydrolysis, testing ATPase activity could reveal a molecular explanation of altered export function.  

 This project focused on the G487E MRP4 variant (rs11568668) found in the SOPHIE 

project at a 0.008 allele frequency (n = 120) amongst Asian American individuals [38].  The G487E 

variant is of interest because of its location and the severity of the residue substitution.  G487 is 

located in the first nucleotide-binding domain of MRP4 and falls within a loop adjacent to the 

transmembrane domain [43].  A Grantham score of 98 is due to the substitution of an insignificant 
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-H side chain of glycine with a large, negatively charged ( ) side chain of glutamate in 

this putative region [38]; this replacement is likely to affect transporter function.  

Previously reported transport phenotypes of MRP4 variants, including G487E, are shown 

in Figures 1.13 and 1.15.  MRP4 G487E expressing cells show 20-30% higher intracellular 

accumulation of AZT and adefovir compared to reference MRP4 expressing cells (Figure 1.13) 

[38].  In 2010, Kelly et al. further characterized impaired export capacity for cells containing 

MRP4 variants with tenofovir; the G487E variant showed 40% lower tenofovir efflux relative to 

reference MRP4 (Figure 1.15) [43].  The goal of the studies performed for this thesis was to 

quantify the effect of the G487E variant on MRP4 ATPase activity. Noted differences in ATPase 

activity would provide further support for the functional and clinical significance of this variant 

and extend our understanding of the molecular basis for differences in transport associated with 

the MRP4 G487E variant.  
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Chapter 2 : Effect of MRP4 G487E Variant on ATPase Activity 

The G487E MRP4 variant has reduced antiviral drug transport activity, relative to reference 

MRP4 [1, 2].  The goal of this project was to form a mechanistic explanation for this variant’s 

transport phenotype.   To achieve this, ATPase activity was characterized for G487E MRP4.  To 

facilitate a true mechanistic explanation, the previously reported transport activity and newly 

quantified Michaelis-Menten kinetic characterization of ATPase activity will be supported by 

novel nucleotide binding domain 1 (NBD1) homology models for both reference and G487E 

MRP4.  

Materials and Methods 

Sf21 Cell Culture 

Sf21 insect cells were kindly provided by the Fujimori lab at University of California, San 

Francisco (UCSF). Cell growth was maintained in vent-cap sealed 1 L baffled flasks at      28 °C 

in an incubator with orbital shaker at 125 rpm. Baffled flasks were neither cleansed with soap, nor 

sterilized with bleach. Flasks were rinsed out and scrubbed repeatedly with water, then cleansed 

with 1 L of 70% ethanol overnight. The following day, the flasks were scrubbed again and 1 L of 

70% ethanol was added overnight. To sterilize, the clean empty flasks and caps were autoclaved 

twice at 250 °C using a 30 minute sterilization time and 30 minute dry time.  

Sf21 cells were grown in Sf II 900 SFM media (Life Technologies, Carlsbad, CA) 

supplemented with 1X penicillin-streptomycin.  For healthy cell growth, cell density was 

maintained between 0.5 and 4 x 106 cells/mL by splitting every 2-3 days. Cell density was 

monitored with Trypan blue staining.   
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Sf21 Cell Infection and Harvest 

Baculovirus containing genes encoding MRP4 variants were previously made by Michael 

Martin in the Kroetz lab using standard cloning, selection and propagation strategies.  

Recombinant viruses encoding the following MRP4 transporters were used in the studies described 

below: reference MRP4, catalytically dead G538D MRP4, and G487E MRP4. A recombinant virus 

expressing the empty pFastBac1 vector was used as a background control. Passage 3 viral stocks 

stored at 4 °C were used to infect 500 mL of Sf21 cells (~2 x 106 cells/mL > 90% alive) grown in 

vent-cap sealed 1 L baffled flasks as described above.  

Over the following 48-72 hours, the cells were monitored (via Trypan blue staining) for 

arrested cell growth and cell death to suggest successful viral infection and protein expression. 

When cell density was < 70% alive, the cells were harvested.  Cell suspensions were divided into 

50 mL Falcon tubes and spun at 500g for 5 minutes in an Eppendorf Centrifuge 5430 (Hamburg, 

Germany) to pellet the cells. Cell pellets were resuspended in 30 mL of the remaining supernatant 

in a 50 mL Falcon tube. The single tube containing the cell suspension was spun for 5 minutes at 

500g.  For highest protein yield, the isolated cell pellet was immediately lysed for membrane 

isolation. Alternatively, the pellets could be frozen in a dry ice-ethanol bath and stored at -80 °C 

until membrane isolation. 

Membrane Isolation 

The following protocol was adapted from methods reported earlier for expression and 

isolation of ABC transporters in baculovirus (Figure 2.1) [3].  Freshly harvested cells (or quickly 

thawed pellets) were resuspended in 50 mL of hypotonic lysis buffer (0.5 mM Tris, 0.5 mM 

HEPES, 0.1 mM EDTA, pH 7.4) supplemented with protease inhibitors (2 mM PMSF from freshly 

prepared 200 mM ethanol stock, 5 µg/mL Aprotinin from 10 mg/mL water stock at 4 °C, 1 µg/mL 
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Pepstatin A from 5 µg/mL DMSO stock at -20 °C, and 5 µg/mL Leupeptin from         25 mg/mL 

water stock at -20 °C).  Resuspended cells were placed on an orbital shaker at 4 °C for 30 minutes.  

A Dounce tissue grinder with glass pestle “A” was used to homogenize the 50 mL of cell 

lysate on ice; to achieve complete homogenization the pestle was depressed >20 times. To pellet 

the membrane, the homogenate was transferred into large ultracentrifuge tubes and spun at 

approximately 100,000g using the Ti-60 rotor in an Optima LE-80k Ultracentrifuge (Beckman 

Coulter, Inc, Palo Alto, CA) for 30 minutes at 4 °C.  After the supernatant was removed, the 

membrane pellets were resuspended in 20 mL of “isolation” buffer (250 mM sucrose, 10 mM Tris, 

10 mM HEPES, pH 7.4) and homogenized further on ice with glass pestle “B”.  

A volume of 10 mL of separation buffer (40% W/V sucrose, 10 mM Tris, 10 mM HEPES, 

pH 7.4) was added to three clean ultracentrifuge tubes. Approximately 8 mL of the post-“B” 

homogenate was gently layered on the “separation” buffer.  The layered solutions were spun at 

approximately 100,000g using the Ti-60 rotor in an Optima LE-80k Ultracentrifuge for         30 

minutes at 4 °C. After gently removing the tubes from the rotor, a cloudy middle layer containing 

the membrane was visible under a strong light source. This middle layer was carefully removed in 

500 µL volumes (ensuring that only the middle and top layers were removed) and added to a 15 

mL Falcon tube.  The membranes were diluted to 15 mL with the “isolation” buffer and divided 

equally into fresh ultracentrifuge tubes, then spun again for 30 minutes at 100,000g to pellet the 

isolated membranes.  Supernatant was carefully removed and the pellets were resuspended in a 

small amount of the remaining “isolation” buffer.  

BCA assays were performed to determine the protein concentrations within the purified 

membrane samples (diluted 2:25).  From the calculated concentrations, the membranes were 
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diluted to 2 µg/µL in 160 µL aliquots and frozen on dry ice. The small aliquots were stored at     -

80 °C until needed for experiments.  

 
Figure 2.1  Membrane vesicle preparation protocol  
Crude membrane preparation was adapted from Ishikawa’s protocol shown in this pictorial 
representation [3].  

Western Blotting  

Samples were loaded onto 4-12% BisTris-acetate gels (Novex by Life Technologies) and 

run at 150 V using a Criterion electrophoresis cell and NuPAGE MOPS SDS running buffer 

(Novex by Life Technologies). Gels were run until the 50 kDa band on the ladder standard 

(Precision Plus ProteinTM Standards Kaleidoscope, Bio-Rad) was just above the gel’s edge. For 

supernatants of crude membrane preps, 15 µg of protein was diluted in 2X Laemmli Sample Buffer 

(Bio-Rad) to a total volume of 30 µL.  

Samples were transferred overnight at 4 °C onto nitrocellulose membranes (BioTraceTM 

NT, PALL Life Sciences) using conditions of 200 mA and 10 V in Tris/glycine buffer with 10% 

methanol. Membranes were washed in 10 mL of 1X PBS-1% Tween for 5 minutes and then 

blocked for 30 minutes at room temperature in 10 mL of 5% milk, 1X PBS-1% Tween. MRP4 
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primary antibodies (clone M4I-10, Enzo Life Sciences; Farmingdale, NY) were added at a 1:500 

dilution and incubated for 1 hour on a blot rocker at room temperature. Blots were quickly rinsed 

and then washed three times with 10 mL 1X PBS-1% Tween 20 for 5 minutes. After the washes, 

the nitrocellulose membrane was incubated with secondary antibodies in 1X PBS-1% Tween for 

30 minutes on a blot rocker at room temperature in a light tight tray. Goat anti-rat 800CW (Licor; 

Lincoln, NE) was used to detect the MRP4 primary antibodies. Blots were imaged on a Licor 

Odyssey and densitometry was performed using Image Studio Lite version 5.0. Statistical analysis 

was done using GraphPad Prism v5.0. Dunnett’s test was used to test for significant differences in 

normalized blot density between MRP4 variants and reference. 

ATPase Activity Assay 

The following assay was adapted from previously published methods [5, 4]. ATP 

hydrolysis in isolated plasma membranes was determined by measuring the release of inorganic 

phosphate (Pi) from Mg-ATP in the presence of F- and P- type ATPase inhibitors (sodium azide, 

EGTA, and oubain) with PiColorLock Gold Phosphate Detection System (Innova Biosciences, 

Cambridge, UK). MRP4-mediated ATPase activity is inhibited by incubation with 200 µM 

beryllium fluoride [5].  The difference in Pi measured in the presence and absence of beryllium 

fluoride represents the MRP4-specific ATPase activity.  

ATPase assays were all performed at 37 °C in a 96-well plate Flat Bottom Cell Culture 

Plate with Low Evaporation Lid (Denville Scientific Inc., South Plainfield, NJ) while shaking.   

Membrane protein (6 µg) was used in final reaction volume of 60 µL.  Prior to setting up the 

experiment, 10 mL of MilliQ water and 10 mL of the 2X ATPase Assay Buffer (100 mM MES, 100 

mM Tris HCl, 100 mM KCl, 4 mM EGTA, 20 mM MgCl2 pH 6.8) were pre-warmed to 37 °C and 
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the frozen membrane stocks were thawed slowly on ice over ~2 hours.  Thawed membrane stocks 

were kept on ice and only added to the reaction mixture just before incubation. 

The following concentrations of non-ABC transporter ATPase inhibitors were used in the 

reactions: 1 mM oubain (from 30 mM water stock), 2 mM DTT (from 60 mM water stock), 5 mM 

NaN3 (from 100 mM water stock).  These inhibitors were required since the crude membranes 

contain multiple ATPases. Ethylene glycol tetraacetic acid (EGTA) was used to inhibit Ca2+-

ATPase activity, oubain and dithioreitol (DTT) to inhibit Na+/K+-ATPases, and sodium azide 

(NaN3) to inhibit mitochondrial ATPases. Additional components for the reaction include 30 µL 

of 2X ATPase buffer, 3 µL of 2.0 µg/µL crude membrane, varying concentrations of PGE2, and 

MilliQ water up to a final volume of 60 µL.  This reaction mixture was incubated for 5-10 minutes 

in a 37 °C room while shaking.  

 To determine MRP4-specific ATPase activity the reaction conditions (varying PGE2 

concentrations or time) were tested in the presence and absence of 200 µM beryllium fluoride (an 

MRP4 specific ATPase inhibitor). Reactions were initiated by the addition of 2 µL of freshly 

prepared 60 mM ATP (Adenosine 5' triphosphate disodium salt hydrate, BioXtra ≥ 99%, Sigma, 

St Louis, MO).  For each reaction condition, background amounts of inorganic phosphate from 

ATP were determined by substituting 6 µL membrane with 6 µL of water.  

Reactions were terminated by the addition of very acidic PiColorLock GoldTM; the exact 

time for each reaction was noted and incorporated in the data processing.  Stabilizer from the kit 

was added 5 minutes after termination. Following incubation with shaking at 37 °C for 30 minutes 

the yellow-green color intensity was measured at 620 nm. Background contamination was 

measured in the reaction mixture without membrane and was subtracted from the samples. The 

color claims to be stable for multiple hours following addition of the PiColorLock GoldTM reagent, 
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but ATP breaks down in acidic conditions leading to higher Pi levels [5]. To minimize 

contributions of non-catalytic ATP hydrolysis all measurements were completed within            10 

minutes of stopping the reaction.  

Homology Template Search and Selection.   

Residues within the first nucleotide binding domain (NBD1) were input into SWISS-

MODEL’s template search; specifically, residues L428 through D634 were used. Templates for 

this primary amino acid sequence were searched for with Blast [6] against the SWISS-MODEL 

template library (SMTL, last update: 2015-07-30, last included PDB release: 2015-07-24 – when 

models were generated).  A total of 174 templates were found. From these templates an initial 

HHBlits profile was built [7] and then iterated against NR20 [8]. The new profile was compared 

to all SMTL profiles and yielded 2009 templates.  Three templates with the highest sequence 

identity and the most refined crystal structures were manually selected to build models.  

Model Building and Quality Assessment 

SWISS-MODEL was set to auto-model mode.  Auto-model mode built models based on 

the selected target-template alignments using Promod-II [9]. Coordinates conserved between the 

target and template were copied directly from the template to the model. Meanwhile, insertions 

and deletions were remodeled using a fragment library; the side chains were then rebuilt. Finally, 

regularization of the model’s geometry was performed with a force field. In situations where loop 

modeling with ProMod-II did not give satisfactory results, alternative models were built using 

MODELLER [10]. The QMEAN scoring function was used to assess the overall and the per-

residue model quality [11]. Additional, weights of the individual QMEAN terms have been trained 

specifically for SWISS-MODEL.  Finally, models were downloaded as PDBs, and then 

stylistically modified in PyMOL Molecular Graphics System, Version 1.7.4 Schrödinger, LLC. 
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Results 

Assay Development 

The ATPase assay used in these experiments was adapted from published protocols [4], 

then validated and optimized for use in the Kroetz laboratory. The linear range for measurement 

of Pi concentrations was up to 55 µM (Figure 2.2 A). Above this concentration, the signal was 

saturated. Measurements of Pi produced in preliminary MRP4 ATPase assays were above the 

linear range (Figure 2.2 B), requiring the optimization of assay conditions.  

 

        
Figure 2.2  Linear range of Pi detection. 
Pi standards (black circles) ranging from 0 µM to 100 µM were used to determine the linear range 
of detection. (A) The black trendline represents the linear relationship for values between 0 and 50 
µM Pi (r2 = 0.997).  (B) The red squares represent calculated Pi levels from preliminary MRP4 
ATPase assays based on the standard curve between 0 and 50 µM Pi. Pi levels were measured using 
the PiColor Lock Gold Phosphate Detection System. 
 

 ATPase activity in crude membranes was sensitive to pH. ABC transporter specific activity 

measured in the presence of EGTA, DTT, oubain, and sodium azide was slightly higher at pH 6.8 

than at pH 7.2 (Figure 2.3) for all of the membranes tested.  

Appropriate incubation times for measurement of Pi were also established. ABC transporter 

specific ATP hydrolysis during 20 minute reactions with 5 mM ATP generated Pi concentrations 
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above the linear measurable range for the assay (Figure 2.4A).  Decreasing the reaction time to 16 

minutes reduced Pi production to levels within the linear range (albeit on the high end; Figure 

2.4B) 

  
Figure 2.3  Impact of pH on ABC transporter-dependent ATPase activity 
ATPase activity was measured for 20 minutes at 37 °C using 10 µg of crude membrane (Empty 
Vector (EV), G538D MRP4, and Reference (Ref) MRP4) in the presence of 1 mM oubain, 2 mM 
DTT, and 5 mM NaN3.  Reactions were initiated with the addition of 25 µM PGE2 and 5 mM ATP 
and were performed at pH 7.2 and pH 6.8.  Pi from ABC transport activity was measured using the 
PiColor Lock Gold Phosphate Detection System and are shown for a single assay.   

 

           
Figure 2.4  Time-dependent ABC transporter ATPase activity 
ATPase assays were performed at pH 6.8 and 37°C with 6 µg of crude reference MRP4 membrane 
and background ATPase inhibitors. Reactions were initiated with 25 µM PGE2 and    5 mM ATP 
and were run for either (A) 20 minutes (orange squares) or (B) 16 minutes (blue squares).  Pi 
generated from ABC transporter activity was calculated based on a linear standard curve between 
0 and 50 µM (black circles).  Pi levels were measured using the PiColor Lock Gold Phosphate 
Detection System. 
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 ATP concentrations also required optimization to reduce background Pi. Reactions with 5 

mM ATP (Figure 2.5A) had high Pi contamination and Pi produced by ABC transporter ATP 

hydrolysis fell above the linear range for measurement.  A reduction of ATP to 2 mM (Figure 

2.5B) significantly decreased background Pi contamination and ABC transporter specific Pi 

formation was detected within the linear range of the assay.  

                    
Figure 2.5  Impact of ATP concentration on Pi levels 
Absorption measurements and estimated Pi concentrations for background Pi (red squares) and 
ABC transporter specific Pi (green triangles) production are shown for different ATP 
concentrations relative to defined Pi standard curve values.  Pi levels were measured using the 
PiColor Lock Gold Phosphate Detection System in 16 min reactions at pH 6.8 using 6 µg of crude 
reference MRP4 membrane, background ATPase inhibitors, 25 µM PGE2 and (A) 5 mM or (B) 2 
mM ATP.   
 

 Based on the initial assays described above, final conditions for measuring ABC 

transporter-specific ATPase activity were selected as follows: 6 µg crude membrane protein, 1 

mM oubain, 2 mM DTT, 5 mM NaN3, and 2 mM ATP run for 15 minutes at pH 6.8. Samples with 

Pi concentrations out of the standard range of 0-50 µM were diluted and remeasured. 

MRP4 Specific ATPase Activity 

After assay development was complete, MRP4 specific ATPase activity was determined.  

MRP4 expression in the crude membranes was confirmed for MRP4 reference and MRP4 G487E 

via Western blotting with MRP4 antibodies (Figure 2.6).  Absence of detectable human MRP4 in 
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Sf21 membranes was also confirmed. Immunoreactive MRP4 was also detected in membranes 

containing inactive G538D MRP4 (data not shown). 

Optimized ATPase assays with crude membranes were performed under three conditions: 

no inhibitors, non-ABC transporter inhibitors (oubain, DTT, and sodium azide), and MRP4 

inhibitor (beryllium fluoride) plus non-ABC transporter inhibitors.  Under these three conditions, 

ATPase activity was highest without inhibitors (Figure 2.7). The addition of oubain, DTT and 

sodium azide significantly reduced ATPase activity by 35% on average and this was reduced 70% 

further with the addition of beryllium fluoride. Baculovirus membranes from cells that expressed 

active (reference and G487E) and inactive (G538D) MRP4 behaved in a similar fashion (Figure 

2.7). The difference in ATPase activity between oubain/DTT/azide and BeFx/oubain/DTT/azide 

represents MRP4-specific activity [4]. 

 
Figure 2.6  MRP4 Expression in Baculovirus membranes 
MRP4 expression was detected by Western blotting using the MRP4 primary antibodies (clone 
M4I-10) with Goat anti-rat 800CW for the secondary antibody. Baculovirus membranes 
expressing the empty pFastBac1 vector were used as a negative control. 
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Figure 2.7  MRP4 Specific ATPase Activity  
ATPase activity was measured in four different crude Sf21 membranes (EV membranes without 
MRP4 (blue circles), ATPase inactive G538D MRP4 (red squares), MRP4 Reference (green 
triangles), and the MRP4 G487E variant (purple inverted-triangles) in the absence of any ATPase 
inhibitors, with background ATPase inhibitors (1 mM oubain, 2 mM DTT, and 5 mM NaN3), and 
with background ATPase inhibitors plus a MRP4 specific inhibitor (200 µM beryllium fluoride).  
A total of 1 - 5 measurements were made for each condition and are indicated by the individual 
symbols. Median values for each condition (for n >2) are indicated with horizontal lines. Pi levels 
were measured using the PiColor Lock Gold Phosphate Detection System in 15 min reactions at 
pH 6.8, 6 µg of crude membrane, 25 µM PGE2 and 2 mM ATP. 
 

Substrate-Dependent MRP4 ATPase Activity 

Substrate-stimulated MRP4 ATPase activity was measured in Sf21 membranes expressing 

MRP4 reference and the G487E variant using varying concentrations of PGE2; similar assays were 

performed in Sf21 membranes expressing no exogenous proteins.  ATPase activity followed 

single-substrate Michaelis-Menten kinetics (Figure 2.8); Vmax and Km estimates were obtained by 

fitting the data to this equation (Table 2.1).  The Vmax was 1.5-fold higher in membranes expressing 

MRP4 reference transporter compared to Sf21 membranes from cells expressing no exogenous 

transporters (27.4 ± 1.07 nmoles Pi/mg protein/minute and 18.4 ± 0.55 nmoles Pi/mg 

protein/minute, respectively). The G487E MRP4 variant had an intermediate Vmax value which 

was reduced 11% relative to the reference MRP4 (24.4 ± 0.93 nmoles Pi/mg protein/minute). Vmax 

values for the Sf21, MRP4 reference and G487E MRP4 membranes were significantly different as 
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measured by ANOVA (p < 0.0001). The Vmax values for the MRP4 reference and G487E variant 

were significantly different (p < 0.05, extra sum of squares F-test), indicating reduced transport 

capacity of this variant transporter. In contrast, Km values were similar for the three membrane 

preps and ranged from 0.34 ± 0.16 µM for reference MRP4 to 0.44 ± 0.18 µM for G487E MRP4 

(Table 2.1). It should be noted that the relatively large error rates for the Km estimates reflect the 

lack of tested substrate concentrations below the Km. 

 
Figure 2.8  PGE2 stimulated ATP hydrolysis for MRP4 Reference and the G487E variant 
Impact of PGE2 concentration on beryllium fluoride sensitive ATPase activity was measured in 
crude Sf21 membranes without MRP4 (circles), expressing MRP4 reference (squares), and 
expressing the MRP4 G487E variant (diamonds). Each value represents the mean ± SE from 3-5 
independent assays. The data were fit to a single substrate Michaelis-Menten equation and the 
fitted line is shown.  Michaelis-Menten parameter estimates are provided in Table 2.1.  MRP4 
specific activity was determined by comparing ATPase activity with background ATPase 
inhibitors (1 mM oubain, 2 mM DTT, and 5 mM NaN3) and ATPase activity with background 
ATPase inhibitors plus 200 µM beryllium fluoride (MRP4 specific inhibitor).  Pi levels were 
measured using the PiColor Lock Gold Phosphate Detection System in 15 min reactions at pH 6.8 
with 6 µg of crude membrane, 2 mM ATP, and varying concentrations of PGE2.   
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Table 2.1  Kinetic Parameters of PGE2 stimulated ATP hydrolysis with Crude Membranes 
 Vmax1  (nmoles Pi/mg protein/min) Km  (µM) 
 Best-fit Values Std. Error Best-fit Values Std. Error 

Sf21 18.42 0.55 0.39 0.13 
MRP4 Reference 27.35 1.07 0.34 0.16 

MRP4 G487E 24.45 0.93 0.44 0.18 
1Vmax values are significantly different for the three membrane preps  (p < 0.0001) and between 

the MRP4 reference and G487E variant (p < 0.05). 

Proposed Reaction Mechanism  

To explore the causes of phenotypic variation in ATPase activity, a mechanistic model of 

MRP4 activity was developed (Figure 2.9).  The model design draws from the scheme proposed 

by Sauna et al. for the related ABC transporter P-gp [4]. Figure 2.9 illustrates the reversible 

complexing of MRP4 and ATP (k1) and subsequent ATP hydrolysis (k2).  This reaction is not 

favorable but always takes place, even in the background of MRP4 transport activity (powered by 

ATP hydrolysis).  Inorganic phosphate molecules (Pi) are produced from this ATPase activity, 

independent of transport activity. When intracellular substrate is introduced to the reaction, MRP4 

and ATP complex with substrate readily (k3).  Under these conditions, ATP hydrolysis facilitates 

substrate transport to the extracellular space (k4).  Table 2.2 defines the reactions corresponding to 

the rate constants used in Figure 2.9. Figure 2.9B depicts the impact of beryllium fluoride (BeFx) 

inhibition of MRP4. BeFx prevents MRP4 from hydrolyzing ATP when in complex with substrate, 

in turn, preventing substrate transport.  Background ATP hydrolysis (k2) still occurs when BeFx 

is present; therefore, some Pi molecules are generated.  

Table 2.2  MRP4 Transport Model Parameters 

Rate Constant1 Reaction 
k1 ATP binding to MRP4 
k2 ATP hydrolysis by MRP4 
k3 Substrate and ATP binding to MRP4 
k4 ATP hydrolysis and substrate transport by MRP4 

1 The rate constants represent those in Figure 2.9. 
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A 

 
B  

 
Figure 2.9  Simple Reaction Scheme Proposed for MRP4 

Figure 2.9 continued 
Panels A and B illustrate reaction schemes representing MRP4 under the conditions of the current 
experiments. In the presence of ATP, MRP4 reversibly complexes with ATP in the NBD (k1). (For 
simplicity, only the active NBD, NBD1, is considered).  The MRP4•ATP complex disassociates 
with or without ATP hydrolysis. When ATP is hydrolyzed (k2), one ADP molecule and one Pi 
molecule are formed. In the presence of substrate, MRP4 and ATP complex with substrate (k3) in 
a highly favorable reaction. When MRP4 hydrolyzes ATP, one ADP molecule and one Pi molecule 
are produced and substrate is transported across the membrane. In panel B the inhibition of MRP4 
by beryllium fluoride (BeFx) is indicated. BeFx inhibits k4. 

Structural Observations 

Protein structure dictates protein function. The locations of ten known MRP4 variants are 

highlighted in pink and noted with white arrows on Koendrink’s inward-facing MRP4 homology 

model generated from the P-gp crystal structure (Figure 2.10). These variants include: P78A, 

G187W, K293E, K304N, P403L, G487E, K498E, M744V, E757K, and V1071I.  Most of the 

variants showed altered transport capacities [1,2]. Based on the locations of the nsSNPs there are 

a few structural explanations for the phenotypic changes: altered transport cavity, impeded NBD 

interactions, and decreased ATP binding in NBDs (both functional and degenerate domains).  
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The current project focused on the G487E MRP4 variant; residue 487 is located in the 

soluble NBD1. To explain the altered transport [1, 2] and PGE2 dependent ATPase activity (Figure 

2.8), homology models of Reference MRP4 NBD1 and G487E MRP4 NBD1 were generated in 

SWISS-MODEL.  Models were based on PDB: 2CBZ [12] (Figure 2.11).  MRP4 reference and 

variant NBD1s have approximately 50% sequence identity to 2CBZ. 2CBZ is a crystal structure 

of the nucleotide-binding domain 1 in human multidrug resistance protein 1 (MRP1) with Mg2+ 

and ATP. Since 2CBZ was crystallized with ATP and Mg2+, the domain is assumed to represent 

the NBD1 in the transporter’s inward-facing conformation.  

  
Figure 2.10  MRP4 with nsSNP locations 
Cartoon representation of inward facing MRP4 highlighting the location of several nsSNPs. The 
angle presented is from “behind”. nsSNPs are highlighted in pink and indicated with white arrows. 
The variants include P78A, G187W, K293E, K304N, P403L, G487E, K498E, M744V, E757K, 
and V1071I.  These variants are found throughout the entire transporter.  The MRP4 structure was 
generated by Associate Professor Koendrink at the Radboud University Nijmegen Medical Center 
and is colored in rainbow order by chain.  
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Reference MRP4 NBD1 

     

G487E MRP4 NBD1  

 
Figure 2.11  Template alignments for G487 and G487E NBD models 
Model sequences are aligned to a known nucleotide-binding domain 1, PDB: 2CBZ.  2CBZ is the 
crystal structure of the nucleotide-binding domain 1 in human multidrug resistance protein 1 
(MRP1) with Mg2+ and ATP. “Model_02” is the sequence for Reference MRP4 NBD1 and 
“Model_01” is the sequence for G487E MRP4 NBD1. Homology models were generated with 
SWISS-MODEL. Confidence of the individual residues in the models ranges from high (blue) to 
low (orange) relative to 2CBZ.  Reference MRP4 NBD1 shares 51.2% sequence identity with 
2CBZ and G487E MRP4 NBD1 shares 50.5% sequence identity with 2CBZ. Important regions 
are highlighted in both alignments: residue 487 (cyan box), P-loop (green box), and ABC signature 
motif (pink box).  Known secondary structures of 2CBZ are noted with symbols overlapping the 
residues; arrows indicate beta-sheets and elongated circles indicate alpha helices.  
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 Figure 2.11 aligns the MRP4 NBD1 sequences to the 2CBZ template; the confidence of 

the homology model is high in the regions of residue 487, P-loop, and ABC signature motif.  Figure 

2.12 provides Z-scores for the homology NBD1 models. Z-scores were determined for QMEAN4, 

Cβ, All Atom, Solvation, and Torsion.  Average Z-scores for x-ray structures are zero. Negative 

values indicate poor scores and positive values indicate good scores.  

 
Reference MRP4 NBD1       G487E MRP4 NBD1 

              
Figure 2.12  Z-scores for reference and G487E models 
Z-scores for NBD1 homology models generated for reference MRP4 and G487E MRP4 with 
SWISS-MODEL with 2CBZ as a template. Z-scores were calculated for QMEAN4, Cβ, All Atom, 
Solvation, and Torsion.  

 
According to Benkert et al, “QMEAN shows a statistically significant improvement over 

nearly all quality measures describing the ability of the scoring function to identify the native 

structure and to discriminate good from bad models” [13].  Cβ is the second carbon atom in amino 

acids; the Z-score values the Cβ distance dependent interactions. Z-scores for all atoms value the 

distance-dependence interaction potential for all atoms.  Solvation energy identified residues’ 

accessibility to water accessibility. The torsion score evaluates local geometrics; specifically, 

torsion angle potential between three consecutive residues.  Most of the Z-scores are negative 

values. Poor scores indicate that the model requires additional optimization and should not be used 

for docking experiments. Despite the low confidence in the models, they provide initial structural 

insights into NBD1.  
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Reference MRP4     G487E MRP4  

                             

     
Figure 2.13 NBD features for G487 and G487E relative to MRP4 homology model 
Inward-facing homology models of Reference MRP4 and G487E MRP4 represented in cartoon 
form highlighting important regions of NBD1. For the best view of these NBD regions the 
structure is flipped 180°, showing the “backside” of the transporter. Inward facing full MRP4 
homology structure (light grey) based on mouse P-gp was generated by Associate Professor 
Koendrink at the Radboud University Nijmegen Medical Center. The full model is hybridized with 
the new SWISS-MODEL generated NBD models – reference NBD1 (white) and G487E NBD1 
(purple).  Important regions are highlighted: residue 487 (cyan), neighboring residues (orange), 
P-loop/Walker A motif (green), and ABC transporter signature motif (pink).  Neighboring residues 
are all within 3.5 Å from residue 487. The P-loop is about 20 Å from residue 487.  Graphics 
generate in Mac PyMOL.  
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Newly generated NBD1 models replaced the NBD1s in Koendrink’s inward facing MRP4 

homology model (light grey) in Figure 2.13.  Figure 2.14 shows a cartoon representation of the 

full transporter from “behind” and zooms into the respective NBD1s.   Figure 2.14 focuses on the 

NBD1 domains independently with the same color schemes as Figure 2.13.  Although 20 Å 

separate residue 487 from the P-loop, there is a series of beta sheets that lay between these regions.  

Glycine at 487 just facilitates a turn/loop to form; when substituted with glutamate, many sterics 

of polar neighbors are impacted. This model shows glutamate 487 in close proximity to polar 

neighbors with like charges. If energy minimizations were performed, the series of beta sheets 

would shift to accommodate the increased sterics and added polarity. The shifting of the beta sheets 

would likely shift the P-loop in the G487E transporter variant. 

 

Reference MRP4 NBD1    G487E MRP4 NBD1 

         
Figure 2.14 NBD1 ATP binding features relative to residue 487 and neighbors  
Cartoon representation of homology models of Reference MRP4 (white) and G487E MRP4 
(purple) NBD1s generated in SWISS-MODEL.  Important residues are represented by sticks and 
highlighted: residue 487 (cyan), neighboring residues (orange), P-loop/Walker A motif (green), 
and ABC transporter signature motif (pink).  Neighboring residues are all within 3.5 Å from 
residue 487. The P-loop is about 20 Å from residue 487.  Graphics generated in MacPyMOL.  
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Discussion  

MRP4 is a key protein involved in the export of endogenous and exogenous compounds in 

many tissues including the kidneys, colon, bladder, and prostate.  This study focused on the variant, 

G487E, found at the allele frequency of 0.008 in Asian Americans (n = 120) from the SOPHIE 

project [1].  G487E MRP4 showed impaired anti-viral drug export activity relative to reference 

MRP4 [1, 2]. This project quantifies Michaelis-Menten kinetics of G487E MRP4 ATP hydrolysis 

activity and corroborates the previously published findings [1, 2]. Current data suggest 

compromised ATP hydrolysis as a mechanism that facilitates transport reduction by G487E MRP4 

.   

Assay Optimization 

Protocols reported by Sauna et al. [4] for MRP4 ATPase activity assays were optimized 

for the aforementioned experiments; the most notable sources of variation are from batch of MRP4 

crude membranes and the use of PiColorLock Gold Phosphate Detection System.  The optimal 

range for detection of Pi was determined to be below 55 µM. To ensure final Pi concentrations in 

a measurable range, the reaction length was decreased and the initial ATP concentration was 

decreased.  Sauna et al. found that 5 mM ATP initiating transport yielded optimal activity [4]. In 

contrast, a concentration of 2 mM ATP gave optimal results in our assay. Closer inspection of the 

published data shows minimal difference in ATPase activity between     2 mM and 5 mM ATP 

(Figure 2.15).  Therefore, it is unlikely that initiating the transport reaction with only 2 mM ATP 

would have significantly lower ATPase activity. These differences in ATP concentration likely 

reflect small differences in sensitivity with the reagents used for detection of inorganic phosphate.  
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Figure 2.15  Impact of ATP concentration on MRP4 ATPase Activity 
Reproduced from Sauna et al J Biol Chem. 2004;279(47):48855-48864. ATP concentration 
dependent MRP4 specific ATPase activity data. Km (ATP) was determined to be 0.62±0.07 mM.  
 

Impact of G487E Variant 

MRP4 ATPase optimization facilitated the exploration of substrate dependent activity. 

Specifically, defining the impact of prostaglandin E2 on ATP hydrolysis in reference MRP4, 

G487E MRP4, and Sf21 (sans exogenous transporters) crude membranes. Previously, the Kroetz 

lab published MRP4 antiviral drug transport data; these data demonstrated reduced transport 

capabilities of G487E relative to reference MRP4 using AZT, adefovir and tenofovir as substrates 

[1, 2].  The data reported in this thesis corroborates these findings and provides a mechanistic 

explanation of the decreased transport phenotype.  

As measured by an ANOVA and confirmed with multiple comparison tests, Vmax values 

from Sf21, MRP4 reference, and MRP4 G487E PGE2 dependent ATPase activity are significantly 

different (p < 0.0001).  Calculated Vmax values are 18.4 ± 0.55 nmoles Pi/mg protein/minute, 27.4 

± 1.07 nmoles Pi/mg protein/minute, and 24.4 ± 0.93 nmoles Pi/mg protein/minute, respectively 

(Table 2.1).   Vmax represents the maximum rate at which the transporters could hydrolyze ATP 

while stimulated by PGE2.  Identification of altered G487E MRP4 function lead to an interest in 

potential structure based explanations for these findings.  
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Residue 487 exists in the first nucleotide binding domain (NBD1) of MRP4 [2].  Therefore, 

homology models of NBD1 for reference and G487E models were generated using SWISS-

MODEL; MRP1 NBD (PDB: 2CBZ) was used as a template [12].  Note the homology models 

generated only copied structurally solved templates in highly conserved regions and then 

approximated the differences through fragment modeling or simply by swapping template residues 

for the desired sequence where needed.  Energy minimizations were not performed.  

Homology models provided preliminary insight into the severity of the glycine to 

glutamate substitution at position 487 in MRP4. Generally, glycine residues are important in loops 

and turns; the lack of a true side chain provides structural flexibility.  Indeed, based on these 

models glycine-487 facilitates a loop in NBD1. As illustrated in Figure 2.14, glycine 487 in 

reference MRP4 has a minimal impact on neighboring residues and motifs.  

Figure 2.16 emphasizes this with a direct substitution of glycine-487 with a glutamate 

residue in the reference MRP4 NBD1 model.  A glutamate substitution introduces large sterics and 

polar interactions.  When directly substituted in the reference NBD1 model (Figure 2.16), G487E 

overlaps a neighboring glutamate; these glutamates would repel each other.  These opposing 

neighbors abut a series of beta sheets sandwiched between residue 487 and the P-loop, a 20 Å 

distance (Figure 2.14).   I hypothesize that G487E alters this set of parallel beta sheets; the altered 

beta sheets shift the P-loop, which in turn decreases NBD1 affinity for ATP.  Lower affinity for 

ATP would prevent maximum ATP hydrolysis.  

A decreased ATP affinity hypothesis holds true with the calculated Km values. Km is an 

inverse measure of a substrate’s affinity for the enzyme. Although, measured activity was initiated 

by substrates, ATP and PGE2, Km refers to the titrated substrate, PGE2.  Since Km does not change 
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significantly between Sf21 (sans exogenous transporters), reference MRP4, or G487E MRP4 crude 

membranes, PGE2 affinity is not affected by the glycine to glutamate substitution.    

 

 
Figure 2.16  Reference MRP4 NBD1 with G487E substitution  
Cartoon representation of Reference MRP4 NBD1 homology model (white) generated in SWISS-
MODEL.  Glutamate (cyan) was directly substituted for G487 and is emphasized with stick and 
dot representations.  Important regions are represented by sticks and highlighted: neighboring 
residues (orange), P-loop/Walker A motif (green), and ABC transporter signature motif (pink).  
Neighboring residues are all within 3.5 Å from residue 487. The P-loop is about 20 Å from residue 
487.  Graphics generated in MacPyMOL 
 

If maximum hydrolysis capabilities and previously shown transport activity are reduced, 

while retaining substrate affinity, then we can conclude that G487E affects the affinity of MRP4 

for ATP.  Therefore the most likely mechanism for impaired transport function via G487E MRP4, 

relative to reference MRP4, is a lowered affinity for ATP in NBD1.  
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Future Directions 

This project provides initial mechanistic insights into the G487E MRP4 variant. Additional 

pharmacokinetic characterization of this variant needs to be performed.  An extension of these 

reported data would explore if initial ATPase velocity rates are significantly different for reference 

MRP4 and G487E MRP4; this will be determined through time dependent ATPase activity and 

with 25 µM PGE2, the lowest substrate concentration to achieve Vmax.   

To corroborate the previously published G487E transport data, substrate dependent 

ATPase assays will be performed with tenofovir and adefovir.  Optimal substrate concentrations 

calculated in these experiments will determine the substrate concentrations for time dependent 

ATPase assays.  I predict that tenofovir and adefovir dependent ATPase activity will show 

significant decrease in Vmax of G487E MRP4 relative to reference MRP4.   

           
Figure 2.17  MRP4 highlighting NBD Variants 
Cartoon representation of inward facing MRP4, as shown in Figure 2.10, highlighting the NBDs 
with nsSNPs; the angles presented are from “behind”. nsSNPs G487E and G187W in NBD1 
(green) and V1071I in NBD2 (red) are labeled and identified with white arrows. The MRP4 
structure was generated by Associate Professor Koendrink at the Radboud University Nijmegen 
Medical Center and is colored in rainbow order by chain. 
 



 51 

 ATPase activity assays will then be performed with other MRP4 variants: V1071I 

(rs11568653) and G187W (rs11568658).  Similar to the G487E variant, the V1071I variant has 

low allele frequency - 0.006 in African Americans (n = 160) [1].  Phenotypically, this variant is 

interesting because of its 60% reduction in tenofovir export relative to reference MRP4 [2].  

G187W has the highest potential for clinical significance, but was not explored in this study for 

logistical reasons.  In the SOPHIE project, allele frequencies were 0.025 in Caucasian Americans 

(n = 160), 0.108 in Asian Americans (n = 120), and 0.130 in Mexican Americans (n = 100) [1].  

Phenotypically, G187W has severely impaired export capabilities; Figure 1.13 shows significant 

anti-viral drug accumulation intracellularly.  

I propose that V1071I, in NBD2, and G187W, between NBD1 and the TMD (Figure 2.17), 

would impact the maximum ATP hydrolysis velocity. Conversely, substrate dependent ATPase 

activity with transmembrane variants may indicate altered substrate affinities through shifted Km 

values.  Transmembrane nsSNPs were highlighted in Figure 1.12 and Figure 2.10. 

MRP4 is ubiquitously expressed in human tissue (Figure 1.5) and exports a wide array of 

endogenous and xenobiotic compounds (Table 1.1).  The prevalence and impaired function of 

MRP4 variants and the diverse substrate profile for MRP4 reference makes a compelling case for 

further study. A long term goal is to apply knowledge of MRP4 genetic variation and function for 

precision medicine.  
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