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ABSTRACT: ATP-binding cassette (ABC)-transporters protect
tissues by pumping their substrates out of the cells in many
physiological barriers, such as the blood−brain barrier, intestine,
liver, and kidney. These substrates include various endogenous
metabolites, but, in addition, ABC transporters recognize a wide
range of compounds, therefore affecting the disposition and
elimination of clinically used drugs and their metabolites. Although
numerous ABC-transporter inhibitors are known, the underlying
mechanism of inhibition is not well characterized. The aim of this study is to deepen our understanding of transporter inhibition by
studying the molecular basis of ligand recognition. In the current work, we compared the effect of 44 compounds on the active
transport mediated by three ABC transporters: breast cancer resistance protein (BCRP and ABCG2), multidrug-resistance
associated protein (MRP2 and ABCC2), and P-glycoprotein (P-gp and ABCB1). Eight compounds were strong inhibitors of all
three transporters, while the activity of 36 compounds was transporter-specific. Of the tested compounds, 39, 25, and 11 were
considered as strong inhibitors, while 1, 4, and 11 compounds were inactive against BCRP, MRP2, and P-gp, respectively. In
addition, six transport-enhancing stimulators were observed for P-gp. In order to understand the observed selectivity, we compared
the surface properties of binding cavities in the transporters and performed structure−activity analysis and computational docking of
the compounds to known binding sites in the transmembrane domains and nucleotide-binding domains. Based on the results, the
studied compounds are more likely to interact with the transmembrane domain than the nucleotide-binding domain. Additionally,
the surface properties of the substrate binding site in the transmembrane domains of the three transporters were in line with the
observed selectivity. Because of the high activity toward BCRP, we lacked the dynamic range needed to draw conclusions on
favorable interactions; however, we identified amino acids in both P-gp and MRP2 that appear to be important for ligand
recognition.
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■ INTRODUCTION

ATP-binding cassette (ABC) transporters are found in tissues
and at physiological barriers throughout the body, where they
hydrolyze ATP to pump their substrates out of the cells, thus
limiting the access and exposure of toxic compounds. Their
substrates range from endogenous metabolites and hormones
to drugs and xenobiotics. Breast cancer resistance protein
(BCRP or ABCG2), multidrug-resistance associated protein 2
(MRP2, ABCC2), and P-glycoprotein (P-gp, ABCB1) are
among the most studied drug transporters. Originally, these
transporters were associated with drug resistance in cancer, but
later considerable interest has been directed toward their
physiological role and impact on drug therapies.1−3

BCRP is abundantly present in the intestine, where it
hinders the permeation of drugs such as rosuvastatin,
atorvastatin, and sulfasalazine.4 As a consequence of drug−
drug interactions (DDIs), the peak plasma concentration and
exposure of a drug substrate may be significantly elevated by
the inhibition of BCRP.5 BCRP is found in many other tissues

as well, for instance the blood−brain barrier, placenta, liver,
and kidney. Hepatic BCRP is located on the canalicular
membrane of hepatocytes and confers the excretion of estrone
sulfate into bile6 but other estrogen conjugates are substrates
as well.7 In the kidney, BCRP faces the lumen of the urinary
tract and is responsible for translocating urate into primary
urine. Patients with nonfunctional variants of BCRP are more
susceptible to hyperuricemia, which increases the risk of gout.8

MRP2 is expressed mainly in the intestine, kidney, and liver.
The main physiological function of hepatic MRP2 is pumping
bile salts as well as glucuronide, glutathione, and to a smaller
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extent sulfate conjugates to the bile. Patients with a
dysfunctional variant of MRP2 suffer from the Dubin−Johnson
syndrome, where bilirubin-glucuronide excretion and bile flow
may be disrupted.9,10 This leads to elevated serum levels of
conjugated bilirubin, but otherwise the syndrome is benign.
Currently, no clinically significant DDIs are known for MRP2,
which may be due to other MRP transporters with overlapping
substrate specificity acting as compensatory pumps. However,
animal studies suggest that MRP2 may limit oral bioavailability
of its substrate,11,12 and it is suggested that drugs inhibiting
multiple MRP transporters may lead to iatrogenic hepatotox-
icity or nephrotoxicity.2,13

P-gp affects the pharmacokinetics of many drugs, including
digoxin,14 fexofenadine,15 doxorubicin,16 vinblastine,17 and
loperamide.18 In addition, several DDIs involving P-gp are
reported in the literature. For instance, oral bioavailability and
plasma levels of digoxin and dabigatran increase significantly
upon P-gp inhibition.19,20 At the blood−brain barrier, the P-gp
inhibitor quinidine promotes the permeation of loperamide to
the central nervous system, causing depressed respiratory
activity.21 P-gp is well expressed in the placenta, adrenal glands,
liver, and kidney as well.22,23

Because of the localization and ability to affect pharmaco-
kinetics of many drugs and drug metabolites, alteration of a
transporter’s function may cause accumulation of its substrates
and lead to adverse events. The Food and Drug Administration
(FDA) and European Medicines Agency (EMA) consider
BCRP and P-gp as clinically relevant transporters and
recommend studying them during drug development to
characterize potential DDIs and reveal underlying mechanisms
of action.24,25 In addition, the International Transporter
Consortium recommends that new drug candidates are
investigated for MRP2 inhibition, if signs of cholestasis or
conjugated hyperbilirubinemia surface in clinical trials.2

The interaction between the inhibitor and transporter can be
explored with various in vitro and in silico methods. Cell assays
are recommended for substrate studies and may provide
kinetic parameters for inhibition as well. However, inhibitors
concentrations inside the cell cannot be controlled, which is a
drawback in the case of efflux transporters. However, this
limitation can be circumvented in the vesicular transport assay
with inverted membrane vesicles, where the studied inhibitors
are not required to penetrate into the cell but have direct
access to transporters. Several structure−activity relationship
(SAR) analyses, mechanistic hypotheses and pharmacophore
models have been reported based on in vitro inhibition data for
BCRP and P-gp (reviewed by Gandhi & Morris26 and Wang et
al.27) or MRP2.28−30 Matsson and co-workers31 compared the
inhibitory activity of 122 registered drugs for BCRP, MRP2,
and P-gp inhibition. They identified several specific inhibitors
in the set, and found that inhibitors generally had a larger
molecular size, lipophilicity, and aromaticity than noninhibitors
but did not provide structural explanation for the observed
selectivity. In ligand-based methods, the information about
ligand−protein interactions is assumed to lie in the chemical
structure and properties of the ligand in contrast to structure-
based in silico docking methods, where the three-dimensional
protein structure is considered as well. For instance, molecular
docking scores describe the physicochemical interaction
between a ligand and protein, which can be used to predict
relative substrate affinities32 but also to visualize the binding of
ligands and to map the binding sites.33 The structure-based
approach relies heavily on the quality of the used structure.

This restriction has limited its application, as, until recently,
only few experimentally determined structures of ABC
transporters were available.
In this work, we studied in vitro and in silico the interaction

of 44 compounds with BCRP, MRP2, and P-gp in order to
investigate the molecular basis of their selectivity to these
transporters. These compounds belong to three different
scaffolds for which we have previously studied the SAR for
MRP2.29,30 Our in silico study points to amino acid residues in
the transporters that may play an important role in the
interaction with these compounds.

■ MATERIALS AND METHODS
Materials. Spodoptera frugiperda (Sf9) insect cells were

obtained from the American Type Culture Collection (ATCC,
USA). The cells were cultured in HyClone SFX Insect medium
(GE Healthcare, USA) supplemented with the fetal bovine
serum (Gibco). Lucifer yellow (LY, Sigma-Aldrich, USA),
5(6)-carboxy-2′,7′-dichlorofluorescein (CDCF, Sigma-Aldrich,
USA), and N-methyl-quinidine (NMQ, Solvo Biotechnology,
Hungary) were used as substrate probes. The 44 tested
inhibitors were provided by the University of Pittsburgh
Chemical Methodologies and Library Development Center
(UPCMLD, USA) and were described previously.29,30 The
remainder of the chemicals were purchased from Sigma-
Aldrich (USA) unless stated otherwise.

Vesicle Preparation. Using a Bac-to-Bac Baculovirus
expression system (Invitrogen Life Technologies, USA), we
generated BCRP, MRP2, and P-gp (corresponding to Uniprot
entries Q9UNQ0, Q92887, and P08183, respectively)
encoding baculoviruses in Sf9 cells. Inside-out membrane
vesicles containing investigated transporters were prepared as
described previously.34 In short, Sf9 cells were transfected with
an amplified virus solution and cultivated for approximately 60
h, where after the cells were harvested and washed with harvest
buffer (50 mM Tris-HCl, 300 mM D-mannitol). Then, the cells
were lysed and homogenized with a Dounce tissue
homogenizator with pestle B (Sigma-Aldrich) in membrane
buffer (50 mM Tris-HCl, 50 mM D-mannitol, 2 mM ethylene
glycol tetraacetic acid) on ice. The supernatant of the lysate
was centrifuged at 100,000g for 75 min to collect the crude
membrane. This membrane pellet was resuspended in
membrane buffer, passed through a 27-gauge needle 20
times, and measured for protein concentration before storing
at −80 °C until use.
The BCRP and P-gp membrane vesicles were loaded with

cholesterol to improve their activity in the VT-assay.35

Membranes were incubated on ice with a cholesterol-
RAMED (randomly methylated-β-cyclodextrin) complex
(Cyclolab, Hungary). During the incubation, the concentration
of cholesterol was set to 2.5 mM. After 20 min of incubation,
the excess cholesterol was removed and vesicles were
resuspended in membrane buffer. Finally, the newly acquired
suspension was passed through a 27-gauge needle 20 times
before storing at −80 °C.

Vesicular Transport Assay. The vesicular transport assay
was performed as described previously.34 As substrate probes
for BRCP, MRP2, and P-gp, we used 50 μM LY, 5 μM CDCF,
and 2 μM NMQ, respectively. Each investigated compound
was tested as triplicates in the presence and absence of ATP
using a concentration of 80 μM. Membrane vesicles in assay
buffer (40 mM pH 7.0 MOPS-tris, 55 mM KCl, and 6 mM
MgCl2) were first incubated at 37 °C with the substrate probe
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and test compounds for 10 min. In MRP2 assays, additionally,
2 mM glutathione was included. The transport was started by
adding a prewarmed 4 mM ATP-solution or assay solution.
The total reaction time depended on the substrate probe and
was 10 min for LY and NMQ, and 30 min for CDCF. At the
end of incubation, the reaction was terminated with ice-cold
assay buffer (40 mM pH 7.0 MOPS-tris and 70 mM KCl).
After termination, the membrane solution was quickly
transferred and filtered on glass fiber filter plates (Multi-
ScreenHTS-FB, Millipore, USA) and then washed five times
with ice cold assay buffer. Finally, depending on the probe,
either 0.1 M NaOH (LY, CDCF) or 3:1 MeOH/H2O + 0.1%
formic acid (NMQ) was added to break down the vesicles and
release the probe.
LY samples in NaOH were treated with an equal volume of

0.1 M HCl before they were fluorometrically detected with a
Varioskan Flash (Thermo Fisher Scientific, Finland) using
excitation and emission wavelengths of 430 and 538 nm,
respectively. The corresponding wavelengths for CDCF were
510 and 535 nm. The analysis of NMQ was performed with
Agilent 110 series high-performance liquid chromatography
(Agilent Technologies, USA) using a Poroshell 120 EC-C18
column with a size of 4.6 mm × 100 mm and 2.7 μm particle
size (Agilent Technologies, USA). The temperature of the
column was kept at 40 °C. The following method was used for
analysis: 0−1 min(15% B), 1−3 min(15−35% B), 3−4 min
(90% B), and 4−6.5 min (15% B), where eluent A was 0.1%
formic acid and eluent B was acetonitrile. The flow rate of the
eluent was 1 mL/min. The injection volume of samples was 10
μL, and the retention time for NMQ was 2.6 min. A
fluorescence detector was used for detection with the
excitation and emission at 248 and 442 nm, respectively.
Interference by the aggregation of the studied compounds in

the assay were evaluated with a Nepheloskan Ascent
nephelometer (Thermo Fisher Scientific, USA). In the
aggregation control test, the turbidity by light scattering of a
vesicular transport assay solution, which contained 80 μM of
the test compound, was measured.
Transport Data Analysis. The ATP-dependent transport

was determined by subtracting the substrate probe transport in
the absence of ATP from the transport in the presence of ATP
(eq 1). Relative inhibitory activity from the vesicular transport
assay was calculated by comparing the ATP-dependent
transport in the presence of the tested compound with a
control containing vehicle (eq 2).

= −+ −ATP dependent transport transport transportATP ATP
(1)

= −

×

Relative inhibitory activity

100%
ATP dependent transport

ATP dependent transport

100%

with test compound

without test compound

(2)

The statistical analysis whether docking scores or ligand
interactions correlated with in vitro activity was determined by
Graph Pad Prism 6.07 using an F-test (GraphPad Software
Inc., USA).
Homology Modeling. Homology models were generated

using MODELLER (v. 9.18)36 (see Supporting Information 1
for more details). MRP2 was modeled on the template of
bovine MRP1 bound to leukotriene C4 (PDB ID 5UJA).
Alignment of MRP2 to MRP1 was fetched from the Ensembl

database (release 89),37 where we selected the gene tree
containing MRP1, MRP2, and MRP3 genes. The tree had
around 200 sequences, which were curated manually, resulting
in a tree of 196 sequences. We generated 200 models using a
MODELLER’s slow refinement protocol and selected the best
model as assessed by the global DOPE score.38 P-gp had
multiple mouse structures available in the PDB in different
conformations (apo and substrate-bound). We selected three
templates upon which to model human P-gp: PDB IDs 3G5U,
4Q9K, and 5KO2. Alignment was done with Clustal Omega
(v.1.2.4).39 One hundred models were generated with a
standard MODELLER protocol, and the best one was selected
by the global DOPE score. For illustrations of the binding
cavity, the electrostatic surfaces were calculated with the APBS
plugin40 in PyMOL version 2.1 (Schrödinger LLC, USA).

Docking Simulations. To characterize the active site
residues and predict binding modes for the scaffold 1, 2B, 2C,
and 3 compounds, we conducted docking simulations to the
human BCRP structure in the inward-facing translocation
pathway conformation (PDB ID 5NJ3) and homology models
generated for MRP2 and P-gp using GLIDE software
(Schrödinger LLC, USA).41 The proteins were prepared
using Maestro (Schrödinger LLC, USA), applying the OPLS-
2005 force field. The protein GRID was calculated for a box
that was defined to cover the substrate binding cavity (SBC) or
the nucleotide binding site. A standard box size of 10 Å from
each side was used. Neither positional nor hydrogen bonding
constraints were applied. The compounds were prepared for
docking using the LigPrep module (Schrödinger LLC, USA).
For docking simulations, the extra precision (XP) parameters
of GLIDE were selected with a flexible ligand and flexible
receptor routine for identifying the best molecular interaction
pose of the ligand with the target protein. We generated up to
one million poses during the docking run and then selected
100 best poses for post-docking minimization. Ten docking
poses were saved for each molecule, the docking being
terminated if two consecutive solutions were within a root-
mean-square deviation (rmsd) of 0.5 Å.
The interaction fingerprint program (Schrödinger LLC,

USA), which implements a variant of the method described by
Deng et al.,42 was used to compute interaction fingerprints
between a protein and ligands. The R statistic program was
used to analyse the protein−ligand interaction matrix and
identify key binding site residues and interactions.43

■ RESULTS
Vesicular Transport Assay. We have previously inves-

tigated the inhibitory activity of the 44 compounds in this
study with MRP2,30 but now also tested their capacity to
inhibit transport by BCRP and P-gp, as well as retested them
with MRP2. The set contains compounds from three main
scaffolds (Figure 1). Scaffold 2 is further divided into three
sub-scaffolds based on the R1 substituent.

29 The results from

Figure 1. Markush structures of the three main scaffolds in the set of
compounds.
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the vesicular transport assays are presented in Figure 2 and
Tables 1−5 (and summarized in Supporting Information 2).
The data of MRP2 are in line with our previous studies
(Supporting Information 3), with every scaffold except 2A
being highly active toward MRP2. Out of 44 compounds, 39,
25, and 11 inhibited strongly (>75% inhibition) BCRP, MRP2,
and P-gp, respectively, while 8 of these compounds exerted
inhibition toward all studied transporters. In contrast, only 1, 4,

and 11 compounds were considered inactive (inhibitory
activity between 25 and −25%) against BCRP, MRP2, and
P-gp, respectively. Transport enhancing compounds, stimula-
tors, were observed only for P-gp. In total, 6 compounds
stimulated P-gp-mediated transport by more than 25%
(inhibitory activity −25% or less). In addition, the P-gp
stimulators were spread across different scaffolds. No intrinsic
fluorescence of the test compounds was found in our previous

Figure 2. Heatmap of the interactions between test compounds and transporters. Intensity of the color stands for the degree of interaction. Red
color indicates inhibition, while blue color describes stimulation. SARs within the scaffolds.

Table 1. Inhibitory Activity and Docking Scores in Scaffold 1a

aIn every cell, below the name of the compound are first given the relative inhibitory activities and then the docking scores for BCRP, MRP2, and
P-gp, respectively. R4 in all compounds is 2-cyclopentene.
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study.30 To rule out false inhibition caused by aggregation, we
examined the assay interference potential of each compound.
Only three compounds (2ab, 2g, and 2h, the compounds in
scaffold 2A) exhibited turbidity in the assay environment
(Supporting Information 4).
Compounds of scaffold 1 were highly active toward all

transporters (Table 1). The positive impact of the carboxylic
acid in the R3-position on MRP2 inhibition was observed
earlier.30 For P-gp, the introduction of a carboxylic acid in the
R3-position (e.g. 1a vs 1b and 1e vs 1f) or fluorine (1k vs 1i) in
the R1-position weakened inhibition, while compound 1g with
fluorine in the R2-position was a good inhibitor of P-gp.
Scaffold 2A was the least active scaffold in interacting with

MRP2 in our previous studies and therefore only three
compounds (2ab, 2g, 2h), all with an ethyl group in the R2-
position, were selected (Table 2). All three compounds were
good BCRP and P-gp inhibitors. These compounds lack a
carboxyl group in position R1, which was present in scaffold 2B

and 2C and was previously suggested to be connected with the
weak MRP2 interaction.30

According to our previous findings, halogen substituents in
position R2 are important for MRP2 inhibition in scaffold 2B
(Table 3). Similarly, as for MRP2, aromatic and halogen
groups at R2 are beneficial for the inhibition of BCRP by
scaffold 2B compounds. Interestingly, benzyl at R2 may cause
P-gp stimulation as demonstrated by 2ag and 2ah, but the
effect is disrupted by two chlorine substituents in the aromatic
ring of the R2 substituent in compound 2al.
Scaffold 2C contains inhibitors for all three transporters. An

aromatic ring in the R2 position (2ax, 2bb, 2av, and 2az) is
connected with markedly better inhibitory activity compared
to the ethyl substituent (2p, 2o, 2ao, and 2an) (Table 4).
Previously, we have already observed that scaffold 2C had an
overall higher inhibitory activity toward MRP2 than scaffold
2B.30 Both scaffolds 2B and 2C contain a carboxylic acid group
in position R1, butyric acid in 2B and hexanoic acid in 2C. The

Table 2. Inhibitory Activity and Docking Scores of Scaffold 2Aa

aIn every cell, below the name of the compound are first given the relative inhibitory activities and then the docking scores for BCRP, MRP2, and
P-gp, respectively. R1 and R4 are free amide (−H) and ethylbenzene, respectively.

Table 3. Inhibitory Activity and Docking Scores of Scaffold 2Ba

aIn every cell, below the name of the compound are first given the relative inhibitory activities and then the docking scores for BCRP, MRP2, and
P-gp, respectively. R1 in all compounds is a butyric acid and R4 a methyl group.
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longer chain seems to increase the inhibitory activity also for P-
gp and BCRP. This can especially be seen for P-gp in
compounds 2al (scaffold 2B) and 2bb (scaffold 2C), and for
BCRP in 2af (scaffold 2B) and 2ao (scaffold 2C) that differ
only by the length of the carbonyl chain in the R1 substituent.
Bulkiness and aromaticity of scaffold 3 compounds,

predominantly in the R2 position, were previously reported
to improve MRP2 inhibition (Table 5).30 The size of the R2

position appears to have a great impact on the activity of P-gp
as well but with the opposite effect, as compounds with smaller
substituents (3c, 3aa) stimulate P-gp transport while the
bulkiest compounds (3ad, 3ac) inhibit P-gp.
Binding Site Analysis. Known ABC transporters share a

large SBC that is located half-way across the membrane and
can recognize multiple compounds, with a stoichiometry that
can be more than 1. We also focus the study on the SBC, the
most likely binding site, although binding to the nucleotide
binding domains (NBDs) or to other allosteric sites may not
be excluded. The electrostatic surfaces, the SBC of BCRP,
MRP2, and P-gp, are illustrated in Figure 3, and we can
observe clear differences in the surface properties of the
binding cavities. The SBC of BCRP is relatively nonpolar, but
there is a small positively charged area that may interact with
polar ligands. The binding cavity of P-gp is also mostly
nonpolar with minor polar regions but predominantly with a
negative charge. In contrast, the MRP2 SBC is strongly polar,
containing large positively charged and small negatively
charged regions.

In addition to the transmembrane binding cavity, the ABC
transporters contain binding sites for ATP in the NBDs. The
NBDs are structurally similar, with rmsd values ranging from
2.1 to 3 Å between transporters (Supporting Information 5),
even though the sequence identity is rather low, only 20−33%.
The ATP-binding site is formed by several conserved motifs
such as the Walker A (GXXGXGK(S/T)), Walker B
(ϕϕϕϕDE, where ϕ is a hydrophobic residue), the H-motif,
as well as the ABC signature motif LSGGQ. Therefore, it is
possible that binding to the conserved ATP-binding site
provides a means to the nonselective inhibition by compounds
that inhibited all three transporters.

Ligand-Residue Interaction Analysis. In order to
investigate the molecular basis of the specificity of the tested
compounds to BCRP, MRP2, and P-gp, we docked the test
compounds and substrates to the crystal structure of BCRP
and the homology models of MRP2 and P-gp. All test
compounds were docked to both the SBC in the trans-
membrane domain and the ATP-binding site in the NBD of
each transporter. The substrates (LY, CDCF, and NMQ) were
docked to the SBC, and ATP was docked to the NBD of each
transporter. The docking scores for the highest ranked pose of
the substrates in BCRP were −5.3 (LY) and −9.5 (ATP), in
MRP2 -6.8 (CDCF) and −8.2 (ATP), and in P-gp −8.1
(NMQ) and −7.7 (ATP). The docking of the test compounds
was performed at both sites, as interaction at either site could
interfere with transport and it is not possible to conclude from
the results in the vesicle transport assays where the compounds
bind. Eight compounds (1b, 1f, 1g, 1i, 2aw, 2ax, 2bb, and 3ad)

Table 4. Inhibitory Activity and Docking Scores of Scaffold 2Ca

aIn every cell, below the name of the compound are first given the relative inhibitory activities and then the docking scores for BCRP, MRP2, and
P-gp, respectively. R1 in all compounds is a hexanoic acid and R4 a methyl group.
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were considered to be nonselective inhibitors as they showed
inhibitory activity of 75% or more toward all studied
transporters. The docking scores for these compounds to the
NBD were not different from the more specific or non-
interacting compounds (Supporting Information 2) and
markedly higher than for ATP (higher docking scores indicate
lower binding affinity). In general, the docking scores to the
NBD were much higher than to the TMD (Supporting
Information 2). It should be noted that while it is fair to
compare docking scores relatively across a set of compounds
(for a given binding site, as indicator of experimental binding
affinity), comparing docking scores across binding sites is more
likely to be biased, for example, by binding site composition,
and appears to be a very speculative exercise. Thus, we decided
to focus the theoretical part of this study on the SBC, the most
likely binding site. The three substrates docked to the SBC of
the transporters are visualized in Supporting Information 6.
The lowest single pose SBC docking score of each compound
is listed in Tables 1−5, and the docking scores are compared to
the in vitro inhibitory activity in Supporting Information 7. In
general, MRP2 compounds with good (low) docking scores
are found in scaffolds 2B and 2C. In BCRP and P-gp, the
compounds with the lowest docking scores are found in
scaffolds 2A, 2C, and 3, yet the difference between scaffolds is
less marked than for MRP2.

In scaffold 1, the impact of the decreased inhibition of P-gp
by carboxyl groups is reflected by the docking scores. The
effect of the trifluoromethyl group at the R1 position on probe
transport cannot be connected to the docking scores (Table
1). In contrast, the pattern of halogen substitutions in scaffold
2B compounds for MRP2 somewhat followed the docking
score (Table 3). In scaffold 2C, the aromatic ring at the R2

position lowered docking scores considerably compared to an
ethyl substituent (Table 4). This was in the line with the in
vitro data, where the introduction of an aromatic ring improved
MRP2 and P-gp inhibition. The scaffold 3 compounds with
hexanol at the R1 position had higher docking scores for both
MRP2 and P-gp; yet, the in vitro activity was similar or even
greater compared to the aromatic substituents (Table 5).
As there were considerable differences in the specificity of

the tested compounds in vitro, we further investigated in more
detail the molecular interactions between the tested com-
pounds and transporter residues in the SBC, with the intention
to identify key interactions for the observed differences in
activity. First, the number of and types of interactions that each
tested compound had with the transporters was compared to
the in vitro activity (Supporting Information 8). For instance, a
higher number of polar interactions with MRP2 in scaffold 2C
compounds and hydrophobic interactions with P-gp by the
compounds of scaffold 3 correlated with in vitro activity. Then,
we examined the interactions in order to identify specific

Table 5. Inhibitory Activity and Docking Scores of Scaffold 3a

aIn every cell, below the name of the compound are first given the relative inhibitory activities and then the docking scores for BCRP, MRP2, and
P-gp, respectively. R3 in all compounds is a hydrogen (−H)
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residues that were associated with modulated transport activity
(Table 6). For instance, in MRP2 where scaffold 2C
compounds with high activity had several polar interactions,
particularly interactions with Ser594 distinguished weak
inhibitors from strong ones. On the other hand, in P-gp the
hydrophobic and aromatic residues Phe72, Phe957, and
Phe978 appeared to be important for stimulation of transport.

These residues are located near the extracellular side of the
TMD (Figure 4). In scaffold 2C, the only compound (2ao)
that stimulated transport was also the only one that interacted
with Phe72 and Phe957, while the two stimulating compounds
in scaffold 3 (3c and 3aa) were not interacting with Phe978,
unlike the inhibitors and noninteracting compounds in that
scaffold. Based on the docking results, the binding sites of
NMQ, the substrate used in our in vitro assay and the tested
compounds partially overlap, but NMQ does not interact with
Phe978 or with Phe72 or Phe957.
Because of the high correlation of polar interactions for

compounds in scaffold 2C and MRP2 inhibition (Table 6), the
binding mode was studied in more detail in the MRP2
homology model. The carboxyl group orients the compounds
by interacting to either Arg1205, Arg1257, and Asn1253 or to
Arg590 (Figure 5, Supporting Information 9). These residues
are located in the inner leaflet of the plasma membrane (Figure
4). Ser594 lies in the end of a small sub-pocket and the
inhibitors interacting with the residues in this pocket (Asn477,
Val546, Ser594, Met595, Met598) have either a phenyl ring or
tert-butyl group reaching into the sub-pocket, while the
inactive compounds or the CDCF substrate do not reach
into the sub-pocket (Figure 6).

■ DISCUSSION
We compared the ability of 44 compounds to inhibit the in
vitro activity of the active transport mediated by BCRP, MRP2,
and P-gp. We found that eight compounds were strong
inhibitors of all three transporters at the tested concentration,
while the activity of the other 36 compounds was transporter
specific. We then aimed to find an explanation on a molecular
level for the observed similarities and differences in activity
toward the transporters. Visualization of the surface properties
of the SBC showed that MRP2 has the most polar surface with
both negatively and positively charged regions, while P-gp and
BCRP have mostly nonpolar SBC surfaces, with small
negatively and positively charged regions, respectively. We
chose to focus the in silico characterization of binding
interactions within the SBC in the TMD.
Almost all tested compounds were able to inhibit BCRP to

some degree, as only one compound (2af) was inactive and
four were weak inhibitors while the 39 remaining strong
inhibitors were able to decrease the transport by >75%.
Unfortunately, the strong inhibition of BCRP by almost all
compounds in the study reduced the dynamic range of analysis,
thus limiting the conclusions we could draw. The docking
results were in line with the in vitro results, as the docking
score for the LY substrate (−5.3) was similar to or higher than
for the test compounds (average −8.2). The high BCRP
activity was unexpected, even though BCRP has been reported
to be more susceptible for inhibition by natural compounds
and drugs compared to MRP2.31,34,44 Furthermore, the large
difference in the inhibition profile of BCRP compared to P-gp
was surprising. P-gp and BCRP are reported to have a
considerable overlap in inhibitors,31 but within our set of
compounds, we found that the activity patterns were rather
distinctive. Only 11 of the tested compounds were strong
inhibitors of P-gp, while, in contrast, six compounds were able
to stimulate the active transport of P-gp by >25%. A likely
explanation for the observed differences in activity of BCRP
and P-gp is that the narrow chemical space of the compound
library, which was selected based on inhibition toward MRP2,
favored BCRP inhibition. For instance, many tested com-

Figure 3. Transporters were separated into halves and rotated to
show the inner part, as depicted in the schematic. Electrostatic
surfaces were calculated with APBS plugin in PyMOL version 2.1.
The negatively and positively charged surfaces are illustrated by red
and blue colors, respectively. The plasma membrane region is
indicated with horizontal blue and red lines.
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pounds contained a negative charge, which is present in many
conjugated metabolites transported by BCRP and therefore

should interact more favorably with BCRP than with P-
gp.7,45,46 The negative charge in these compounds also favors
binding to the positively charged regions found in the SBC of
BCRP, compared to the negatively charged regions in P-gp
that would repel these compounds. The substrates and
competitive inhibitors of P-gp are generally hydrophobic and
positively charged,47,48 providing for favorable interactions
with negatively charged regions in the SBC in P-gp. Our
observations that bulkiness and aromaticity, in the inhibitors,
increase the activity are in line with these findings. Halogen
substitutions are thought to increase the lipophilicity and
membrane permeation and favor interactions with electron-
rich aromatic and negatively charged oxygen containing
residues.49−51 However, the aliphatic halogenated compounds
in our study showed decreased activity toward P-gp.
Particularly in scaffold 1, the replacement of hydrogens
(compounds 1f, 1ad, 1i) with fluorine (1j, 1ag, 1k) in the R1
position reduced inhibition. The size of the R2 substitution in
scaffold 3 affected the activity of P-gp, where the compounds
with the smallest substituents (3aa, 3c) were in fact stimulating
active transport. Our docking studies suggest that these
stimulators in scaffold 3 were not interacting with Phe978, in
contrast to the inhibitors and inactive compounds in that
scaffold. Phe978 is located in TM12 (Figure 4) and has been
previously been found to play a key role in substrate
recognition and drug resistance in P-gp expressing cells.52

MRP2 is well known as an organic anion transporter,
pumping out numerous negatively charged drugs and
conjugates. Therefore, it was expected that the ligand-binding
cavity in the MRP2 model is highly positively charged and that
a negative charge in the tested compounds was beneficial for
inhibition in our assay. With the help of docking studies, we
suggest several amino acids that may have a key role in the

Table 6. Selected Residues in the Transporter Proteins Interacting with Inhibitors Based on the Docking Analysisa

aThe impact of tested compounds on MRP2 and P-gp transport is described with an activity value. A positive value indicates inhibition, while a
negative value stands for stimulation. The interaction of tested compounds with each residue is defined with the − (no interaction) or +
(interaction) sign. The type of interaction is described above the name of the residue.

Figure 4. C alpha-trace of MRP2 and P-gp models. Selected residues
in the binding cavity are labeled. The membrane approximation
(horizontal red and blue lines) was fetched from OPM database
(Lomize et al. 2012) (PDB ID 5UJA for MRP2 and 5KO2 for P-gp).
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binding of active compounds. The carboxyl group in scaffold
2C compounds interacts with Arg1205 (located in trans-
membrane helix 16, TM16), Asn1253, and Arg1257 (TM17)
or alternatively with Arg590 (TM11) (Figure 4). Arg1257 has
previously been identified to participate in the binding of
substrates, as the Arg1257Ala mutant had decreased transport
activity, while the Arg590Ala mutant did not have altered
transport properties.53 These three arginines are conserved in
MRP1 (Arg593, Arg1197, and Arg1249), and the mutation of
any of them to a differently charged amino acid affects the
transport activity significantly.54,55 The transmembrane helices
corresponding to TM11 and TM17 in MRP2 have previously
been identified to be involved in substrate binding in MRP1,
MRP2, and MRP4.56−61 We identified a sub-pocket of the
MRP2 binding site that is particularly interesting as the
interaction is associated with high inhibitory activity for the
scaffold 2C compounds in our study. Interestingly, the MRP2
substrate CDCF that was used in the in vitro assay, does not
reach into this pocket, which support that these interactions
are important for inhibiting the transporter. It is, however, still
unclear which of the interactions with the residues

(Asn477, Val546, Ser594, Met595, and Met598) in the
binding site sub-pocket can affect inhibition. This region is
not highly conserved and could therefore play a role in ligand
specificity. Mutagenesis studies are required to reveal the
importance of the individual residues in the sub-pocket for the
activity of inhibitors.

■ CONCLUSIONS
Our study revealed unexpected differences in the inhibitor rec-
ognition of BCRP, MRP2, and P-gp. The selectivity of the
inhibitors was partially explained by the different surface
charges in the SBCs of the three transporters. We identified
a sub-pocket and three conserved arginines in the MRP2
binding site that potentially have a key role in inhibitor
binding.
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The Supporting Information is available free of charge at
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ceut.0c00155.

Figure 5. Binding site residues in MRP2 interacting with 2au and 2avtwo inhibitors belonging to scaffold 2C.

Figure 6. Binding pocket in MRP2. (A) Inhibitors in scaffold 2 reach into the sub-pocket formed by Asn477, Val546, Ser594, Met595, and Met598,
while the substrate, CDCF (in yellow) or (B) noninteracting compounds in scaffold 2 do not extend into the sub-pocket.
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docking score values, comparison of MRP2 assay results,
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