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Purpose. To study the inhibition patterns of the three major human ABC transporters P-gp (ABCBL1),
BCRP (ABCG2) and MRP2 (ABCC2), using a dataset of 122 structurally diverse drugs.

Methods. Inhibition was investigated in cellular and vesicular systems over-expressing single transporters.
Computational models discriminating either single or general inhibitors from non-inhibitors were
developed using multivariate statistics.

Results. Specific (n=23) and overlapping (n=19) inhibitors of the three ABC transporters were
identified. GF120918 and Ko143 were verified to specifically inhibit P-gp/BCRP and BCRP in defined
concentration intervals, whereas the MRP inhibitor MK571 was revealed to inhibit all three transporters
within one log unit of concentration. Virtual docking experiments showed that MK571 binds to the ATP
catalytic site, which could contribute to its multi-specific inhibition profile. A computational model
predicting general ABC inhibition correctly classified 80% of both ABC transporter inhibitors and non-
inhibitors in an external test set.

Conclusions. The inhibitor specificities of P-gp, BCRP and MRP2 were shown to be highly overlapping.
General ABC inhibitors were more lipophilic and aromatic than specific inhibitors and non-inhibitors.
The identified specific inhibitors can be used to delineate transport processes in complex experimental
systems, whereas the multi-specific inhibitors are useful in primary ABC transporter screening in drug
discovery settings.
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INTRODUCTION

ATP-Binding Cassette (ABC) transporters are mem-
brane proteins that mediate energy-dependent translocation
of substrates across cellular membranes, with the potential of
significantly affecting the disposition of drugs in tissues
throughout the body (1,2). While some ABC transporters
seem to be relatively specific for their endogenous substrates,
others, including P-glycoprotein (P-gp/ABCB1), Breast Cancer
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Resistance Protein (BCRP/ABCG?2), and Multidrug Resistance-
Associated Protein 2 (MRP2/ABCC2), exhibit broad substrate
specificities for a variety of drugs, toxins, metabolites and
endogenous compounds (2-4).

In the intestine, these transporters are the three major
proteins mediating efflux of drug-like compounds to the
intestinal lumen, thereby limiting the intestinal absorption of
foreign substances (5,60). A corresponding role in tissue
detoxification is seen in the liver, where P-gp, BCRP and
MRP2 are co-localized to the canalicular membrane and
mediate the secretion of drugs and metabolites to bile (7-9).
Consequently, inhibition of these transporters can lead to
serious adverse effects, for instance through the accumulation
of toxic drugs and metabolites in the liver (10,11), or by
allowing drugs to access tissues that are normally protected,
such as the brain or the placenta (12-16).

P-gp is the most well-studied member of the ABC
transporter family and has been shown to transport substrates
of high structural diversity (17-20). Owing to this promiscuity,
describing the structural requirements for interaction with the
transporting binding site with a single pharmacophore model
has proven difficult (18,19,21). One reason for this could be the
existence of several, partly overlapping binding sites in P-gp
(22-25). Defining the exact binding mechanism of P-gp and
related proteins is also hampered by the lack of high-resolution
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crystal structures for human ABC transporters (25-27).'
Although several homology models based on bacterial ABC
transporters have been presented for P-gp (28-33), sequence
identity with the bacterial transporters used as templates is
primarily found in the ATP-binding domains. In contrast, the
transmembrane domains that contain the ligand recognition
sites exhibit larger variations between the bacterial and human
transporters, making high-precision modeling of these regions
more difficult.

Ligand-based approaches have demonstrated that P-gp
substrates and inhibitors are generally of a lipophilic nature and
contain hydrogen bond acceptors or basic functionalities
(20,30). It is generally accepted that the ligands access the
P-gp binding site from within the plasma membrane bilayer,
explaining the transporter’s preference for lipophilic compounds
(30,34,35). We recently observed a similar preference towards
lipophilic inhibitors for BCRP (36), whereas both lipophilic
cationic compounds and relatively hydrophilic and often
negatively charged compounds were found among MRP2
inhibitors (37), suggesting the involvement of different binding
sites (38). These results indicate that the structural requirements
for inhibition of the three major human ABC transporters,
P-gp, BCRP and MRP2 may be at least partly similar. However,
knowledge gained so far of the affinity overlap between ABC
transporters has been derived from scattered observations for
individual compounds or small series (e.g., 39-43). Therefore,
more systematic studies of affinity patterns and the molecular
features determining inhibition specificity are of interest.

In this paper, we studied the specificity pattern of inhibi-
tion for the three major human ABC transporters P-gp
(ABCB1), BCRP (ABCG2) and MRP2 (ABCC2) using a
dataset of 122 structurally diverse drugs tested at a single
concentration. Specific and general inhibitors (=23 and 19,
respectively) of the three ABC transporters were identified,
and concentration-dependent inhibition experiments conducted
for nine selected compounds confirmed these results. Structural
characteristics of the inhibitors of each transporter, as well as of
compounds with general ABC transporter affinity, were
determined using computational modeling techniques designed
to discriminate transporter inhibitors from non-inhibitors.

MATERIALS AND METHODS
Materials

Fumitremorgin C was kindly provided by Dr. Robert Robey
of the National Institutes of Health, Bethesda, MD. Ko143 was a
kind gift from Dr. Gerrit-Jan Koomen of the Van’t Hoff Institute
for Molecular Sciences, University of Amsterdam, the Nether-
lands. All other compounds were purchased from Sigma-
Aldrich, St. Louis, MO, and were of at least 95% purity.

Dataset Selection

The 122 compounds included in the dataset were
selected to be structurally diverse and to represent the major
part of the chemical space of registered oral drugs. All

'A recently published structure of mouse P-gp will facilitate more
accurate modeling of the binding of both P-gp substrates and
inhibitors (Aller et al., Science 2009;323:1718-22. doi:10.1126/science.
1168750).
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compounds were examined for transport inhibition in all of
the three investigated proteins. BCRP inhibition data for 81
compounds were obtained from Matsson et al. (36), and were
complemented with 41 new determinations in this study. The
MRP2 inhibition data included in the present investigation were
recently reported in Pedersen et al. (37). The P-gp data
presented in Table I were obtained from the extensive literature
on this well-studied ABC transporter, whereas the concentra-
tion dependent inhibition was determined experimentally as
part of this study. The wealth of P-gp data in the literature made
it possible to select data of high quality obtained under
conditions comparable to those used in our studies of BCRP
and MRP2 inhibition (see below: “Classification of ABC
Transporter Inhibition Data”). The structural diversity of the
final dataset was illustrated by the fact that it covered the
chemical space of registered oral drugs (Supporting Informa-
tion, Fig. S1).

The solubility of all compounds included in the data set
was predicted using a previously published in silico model
(47). Compounds predicted to have lower solubility than the
concentrations used in this assay were excluded. In addition,
all compounds were tested for the formation of reversible
aggregates using dynamic light scattering (Zetasizer, Malvern
Instruments Limited, Malvern, UK). Compounds that formed
aggregates at the same concentration and buffer conditions as
used in the inhibition screen were excluded from the analysis
unless they: (a) showed specificity towards one or two of the
ABC transporters under investigation, or (b) had been
reported as transported substrates, since this indicates that
the inhibitory effect is competitive and caused by a specific
interaction with the transport binding site (48).

Cell Culture Procedure

Saos-2 cells transfected with wild-type (Arg**) human
BCRP (Saos-2/wtABCG2) and control cells transfected with the
parental transfection vector pcDNA3 (Saos-2/pcDNA3) were
kindly provided by Dr. John D. Schuetz of St. Jude Children’s
Research Hospital, Memphis, TN (49). MDCKII cells
transfected with human wild-type P-gp and the untransfected
parental cell line were kindly provided by Dr. Piet Borst,
Division of Molecular Biology and Center of Biomedical
Genetics, The Netherlands Cancer Institute. Cells were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA) containing 10% fetal calf serum (FCS, Sigma-
Aldrich, St. Louis, MO), under an atmosphere of 5% CO, at
37°C. Genetecin (Invitrogen, Carlsbad, CA) was added to the
Saos-2 culturing medium to a final concentration of 1 mg/ml.

ABCG2/BCRP Inhibition Data

A recently developed method was used to determine
inhibition of mitoxantrone efflux from Saos-2 cells transfected
with human wild-type (Arg**?) BCRP or pcDNA3 control
(36). Briefly, cells were incubated with 1 uM mitoxantrone,
with or without the addition of the compound under study at
a concentration of 50 puM. Intracellular fluorescence emitted
by mitoxantrone was analyzed using flow cytometry
(BeckmanCoulter FC500, BeckmanCoulter, Fullerton, CA).
Mitoxantrone transport was significantly lower in the control
cell line, and all compounds in the dataset had negligible
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Table I. Inhibitory Effects of the Investigated Compounds on P-gp, BCRP and MRP2

Matsson et al.

BCRP

MRP2

Mitoxantrone Relative transport

accumulation” rate”

Molecular weight

Number of

Substance % inhibition % inhibition ABCBI1P-gp° ABCG2BCRP? ABCC2MRP2? logD7,4 g mol ! aromatic bonds
Completely overlapping
compounds
Chlorprotixene 78° 75 [} [} [} 43 316 12
Cyclosporine-A’ 78° 60 o ) ) 45 1,203 0
Diethylstilbestrol/ 96° 89 [} [} [} 4.6 268 12
Dipyridamole 68° 58 [ ] [ ] [ ] 15 505 1
Flupentixol 73¢ 54 ([ ] [ ] [ ] 37 435 12
GF120918 96° 61 ([ ] [ ] [ ] 4.6 564 24
Isradipine 56° 54 [ [ [ 33 371 10
Ivermectin 102 72 [ ] [ ] [ ] 5.5 875 0
Loperamide 62°¢ 54 ([ ] [ ] [ ] 4.8 477 18
Lopinavir 66° 67 ([ ] [ ] [ ] 52 629 18
MKS571 70 91 [ J [} [} 1.9 515 17
Quercetin 59¢ 60 [} [} [} 1.0 302 12
Reserpine 64 63 [} [ ) [ ) 33 609 16
Ritonavir/ 59¢ 52 ) ) ) 43 721 22
Saquinavir’ 67° 59 ) ) ) 46 671 17
Silymarin” 52 86 o ) ) 15 482 18
Tamoxifen” 64° 92 ) ) ) 5.0 372 18
Terfenadine” 51¢ 97 [ ] [ ] [ ] 5.9 472 18
Thioridazine 69¢ 101 [ [ [ 45 371 12
Partially overlapping
compounds
Benzbromarone 133 89 ] [} [ ) 4.0 424 16
Amiodarone 63¢ 34 [ [ (@] 48 645 16
Apigenin 102 6 [ ] [ O 23 270 12
17p-estradiol” 58° -23 ) ) o 3.6 272 6
Biochanin A 125 16 [ J [ ) O 2.8 284 12
Chlorpromazine 63° 42 [} [} O 3.9 319 12
Chrysin 106° -10 [} [} o} 2.8 254 12
Ergocristine” 115°¢ 40 [} [} O 4.4 610 16
Felodipine” 92¢ 14 ) ° o 4.9 384 6
Gefitinib” 100° 26 ) ) o) 4.4 447 17
Genistein 58 -1 [ J [} O 22 270 12
Glibenclamide 92¢ -204 [ [ (@] 27 494 12
Imatinib mesylate 100° 26 [ ] [ ] @] 25 494 24
Ketoconazole” 80°¢ 24 ([ ] [ ] (@] 4.1 531 17
Ko143 97¢ 27 ([ ] [ ] @] 3.6 470 10
Medroxyprogesterone 63°¢ -11 [ [ (@] 35 344 0
Mifepristone 53¢ -34 [ ] [ ] (@] 4.9 430 6
Nicardipine 101°¢ 41 [ [ (@) 4.4 480 12
Nitrendipine/ 75¢ ~124 ) ) o 3.4 360 6
Simvastatin 64¢ 39 [ [ (@] 4.6 419 0
Tipranavir 92°¢ 12 ® ® @) 5.0 603 18
Verapamil 71¢ 44 [ [ @] 37 455 12
Diltiazem 6° 60 [} e} [} 2.4 415 12
Taurolithocholic acid” -2 73 [ J O [} 21 484 0
Specific inhibitors
Haloperidol 2 -6 [} o O 32 376 12
Maprotiline” 19¢ 44 ® @) e) 23 277 12
Noscapine 6 22 [} O O 1.9 413 12
Prednisone’ 3¢ 49 [ ] @] (@] 1.6 358 0
Procyclidine 1¢ 38 ([ ] (@) (@] 2.6 287 6
Propafenone 13¢ 42 [} e} O 1.6 341 12
Quinidine 0 36 [} O O 2.4 324 1
Quinine’ 14¢ 25 ) o) o) 24 04 1
Taurocholate 0 13 [} (@] O 0.1 516 0
Tetracycline 9° -10 [} o o} 2.6 444 6
Vinblastine -1 22 [ ] (@] @] 45 811 16
Amodiaquine” 51 40 le) ) o 3.6 356 17
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Table I. (continued)
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BCRP

MRP2

Mitoxantrone

accumulation”

Relative transport
rate”

Molecular weight

Number of

Substance % inhibition % inhibition ABCBI1P-gp° ABCG2BCRP? ABCC2MRP2¢  logD74 g mol ™! aromatic bonds
Fumitremorgin C/ 77° n. d* @) [} e} 22 379 10
Hoechst 33342 60° 30 (@] [ O 3.1 453 26
Mitoxantrone n. d" =75 (@] [ @] 2.6 444 12
Naringenin 57 -107 O (] o 1.7 272 12
Omeprazole 56 -1 o [ ] @) 1.6 345 16
Prazosin 68° 22 @) [} O 1.6 383 16
Progesterone 56° -23 ) ® @) 3.9 314 0
Bromosulfalein -1 95 O O [} 0.4 794 18
Lansoprazole 2¢ 66 @) e} L] 2.0 369 16
P-aminohippuric acid 0 54 @) O o 42 194 6
Rifampicin 1 82 (@] @) [ ] 1.9 823 11

Compounds without

inhibitory effects
1-methyl-4-phenylpyridinium 1 28 O o o 0.5 170 12
4-Methylumbelliferone 0 -1 o e} e} -2.9 352 6

glucuronide
Amantadine” 3¢ -1 O e} O -0.4 151 0
Amiloride 1¢ 18 O e} e} -33 230 6
Anmitriptyline” 0 49 o ] o 3.1 277 12
Antipyrine 2° 16 @) e} e} 1.3 188 6
Atropine 0° 41 o @) @) 0.8 289 6
Budesonide 7° -50 @) e} e} 23 431 0
Captopril 0° -4 O O e} 2.2 217 0
Carbamazepine 4° 14 @) e} e} 2.4 236 12
Carnitine 0 16 O o o -3.0 162 0
Cefamandole -2 37 O e} e} -3.3 463 11
Chloroquine -1 -2 O O O 2.0 320 11
Chlorzoxazone” 2° 26 @) e} e} 1.8 170 6
Cholic acid” 0 -12 o) o o 17 409 0
Cimetidine 1¢ 9 O (@] o 0.2 252 5
Colchicine -1 -1 O O O 1.8 399 6
Dehydroisoandrosterone- -3 —295 (@] O O 0.3 368 0

3-sulfate
Desipramine” -2¢ 43 ) o o 1.8 266 12
Digoxin 14¢ 1 O O O 24 781 0
Doxorubicin nd' 13 0 o o 02 544 12
Erythromycin’ 6° 1 o @) @) 3.1 734 0
Estradiol-17p-glucuronide 4° -8 @) e} e} -0.9 449 6
Etoposide 4° -10 O O O 0.3 589 12
Fexofenadine’ 13¢ 3 @ o o} 2.4 502 18
Flucloxacillin 0 27 O (@] (@] -0.5 454 11
Hydrochlorothiazide 4° 6 O O e} -0.3 298 6
Hydrocortisone” -3¢ 24 o @) @) 1.6 362 0
Indinavir 3 7 O o o 4.6 614 18
Indomethacin’ 1° —208 @ o o 0.2 358 16
Mesalazine —6° -9 @) e} e} -2.0 153 6
Methotrexate” 7¢ -30 0) e} o 48 454 17
Metoprolol” =2¢ 28 o o o 0.2 267 6
Nevirapine” 7¢ -21 o o] ] 1.5 266 12
Nicotine -1 -1 O O e} 0.2 162 6
Ofloxacin 1 17 O o o -3.0 361 6
Phenobarbital” -1 2 @ o o 14 232 6
Phenylethyl isothiocyanate 5 6 ¢ O O 3.7 163 6
Phenytoin” 3¢ =25 o o o 2.1 252 12
Pravastatin -2° -35 @) e} e} 0.4 425 0
Prednisolone’ 1° -10 @ o ¢} 15 360 0
Probenecid 0 -10 O O O -1.0 285 6
Propranolol 0° 31 ] @) @) 1.2 259 1
Ranitidine’ 2 48 @ o o 0.7 314 5
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Table I. (continued)
BCRP MRP2
Mitoxantrone Relative transport
accumulation” rate” Molecular weight
Number of
Substance % inhibition % inhibition ABCB1P-gp° ABCG2BCRPY ABCC2MRP2? logD 4 g mol aromatic bonds
Sotalol 0° 4 (@] @) O -1.5 272 6
Sparfloxacin 1 38 O @) O -2.9 392 6
Sulfasalazine -8 23 e} O @) 1.3 398 18
Sulfinpyrazone -3¢ =50 (@] (@] @] 12 404 18
Sulindac -1¢ =51 o O O 0.3 356 12
Testosterone’ 6 —-40 O O O 33 288
Tinidazole 13¢ 45 e} O O -0.4 247 5
Trimethoprim’ 3¢ -7 o o o 13 290 12
Valproic acid” -1 6 o o] o 0.3 144 0
Warfarin/ 2° -36 o @ @ 1.1 308 12
Vincristine -1 18 O O O 4.2 825 16
Zidovudine =2¢ -3 o O (@] -0.2 267 0

“Expressed as the ratio of mitoxantrone accumulation after co-incubation with inhibitor to the accumulation observed in Saos-2/wtABCG2 cells incubated with
mitoxantrone only. The inhibition ratios were normalized to the value obtained with the potent BCRP inhibitor Ko143 (100% inhibition) to account for inter-day
variability. Ko143 and Fumitremorgin C were tested at a concentration of 0.5 pM, GF120918 at 10 uM. All other compounds were tested at a concentration of
50 uM

b Expressed as the ratio between ATP-dependent E,,G transport rate in MRP2 over-expressing inside-out membrane vesicles in the presence and absence of
80 M of the test compound. Ko143 was tested at 0.5 pM. The inhibitor concentration was selected to elicit an effect on the transport rate similar to that seen in
the BCRP assay, according to Michaelis—-Menten kinetics assuming competitive inhibition. Compounds that significantly decreased the ATP-dependent transport
rate to less than 50% of the control were regarded as MRP2 inhibitors. The values were taken from Pedersen et al. (37)

¢ Classification of the inhibitory effect reported in the literature; @ denotes compounds reported to reduce transport by more than 50% at concentrations
comparable to the BCRP and MRP2 assays, or that have reported ICs, values below 50 pM. O denotes compounds with reported negative results in inhibition

assays comparable to the BCRP and MRP2 assays

4 Classification of the experimentally determined BCRP and MRP2 inhibition. @ denotes inhibitors, O denotes non-inhibitors

¢ Values from Matsson et al. (36)

T Test set compounds

¢ Value from Rabindran et al. (46)

" Value from Volk et al. and Suzuki et al. (44,45)
"Value from Suzuki er al. (45)

intrinsic fluorescence at the selected wavelength (data not
shown). The increase in intracellular accumulation of
mitoxantrone on co-incubation with the compounds under
study was used as a measure of BCRP inhibition and was
normalized to that obtained using 0.5 pM of the potent BCRP
inhibitor Ko143 (100% inhibition). BCRP inhibition was
determined for 41 compounds in this study as was the
concentration dependent inhibition by GF120918, Ko143,
MKS571, chlorprothixene, loperamide, thioridazine, haloperidol,
prazosin and bromosulfalein. The dataset was complemented
with data for 81 compounds from Matsson et al. (36), obtained
using the same method as above (Table I).

ABCC2/MRP2 Inhibition Data

Inhibition data for MRP2-mediated estradiol-17-p-D-
glucuronide (E;;G) transport were taken from Pedersen et
al. (37). Briefly, 10 pg inverted Sf9 membrane vesicles over-
expressing human MRP2 (Solvo Biotechnology, Budapest,
Hungary) were incubated with 50 uM E;;G with or without
the addition of 80 uM of the compound under study.
Intravesicular amounts of radiolabeled E;;G were measured
in a 1900CA Tricarb liquid scintillation counter (Canberra
Packard Instruments, Downers Grove, IL). ATP-dependent

transport rates were calculated by subtracting the transport in
vesicles incubated with AMP from the rate in ATP-incubated
vesicles. The inhibitory effects of the test compounds were
calculated as the ratio between the ATP-dependent E.;G
transport rate in the presence and absence of the test
compound. The same method was used to determine the
concentration-dependent inhibitory effects of GF120918,
Ko143, MKS571, chlorprothixene, loperamide, thioridazine,
haloperidol, prazosin and bromosulfalein in this study.

ABCB1/P-gp Inhibition Data

Data for drug-mediated inhibition of P-gp were collected
from a large number of sources in the literature through a
search of the transporter database available from the
University of Tokyo (50), as well as through searches
conducted in the PubMed literature database (http:/www.
ncbi.nlm.nih.gov/sites/entrez) using the keywords P-gp,
P-glycoprotein, MDR-1 and ABCBI1. Only studies using cell
lines or membrane vesicles from cell lines over-expressing
human P-gp were included in the analysis to ensure that the
inhibition was related to P-gp and that it was not biased by
other transporters. The concentration-dependent inhibitory effects
of GF120918, Kol43, MKS571, chlorprothixene, loperamide,
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thioridazine, haloperidol, prazosin and bromosulfalein were
determined as described previously (51,52). Briefly, MDCKII
cells transfected with human P-gp were incubated with 1 uM
calcein-AM, with or without the addition of the compound
under study. The intracellular accumulation of calcein was
determined fluorometrically using a Tecan Saphire® plate
reader (Tecan, Ménnedorf, Switzerland). Initial appearance
rates were determined from the linear part of the fluorescence-
time plot (0-30 min after addition of calcein-AM). The
increase in the intracellular accumulation of calcein on
co-incubation with the compounds under study was used as a
measure of P-gp inhibition and was normalized to the value
obtained using 1 pM of the potent P-gp inhibitor GF120918
(100% inhibition).

Classification of ABC Transporter Inhibition Data

To enable unbiased comparisons to be made between
P-gp, BCRP and MRP2, the same criteria for identification of
inhibitors were used for all three transporters. Compounds
were regarded as inhibitors if they reduced transport by at
least 50%, using inhibitor concentrations in the vicinity of the
K,-values for each transporter’s probe substrate. The inhib-
itor concentrations used in the screen were selected to pick up
both high-affinity inhibitors and compounds with intermedi-
ate transporter affinity, since concomitant administration of
multiple inhibitors of this type has been shown to have
additive effects on drug disposition (53).

For BCRP, an inhibitor concentration of 50 pM was used,
which corresponds to approximately 2.5x the K, (18+3 uM)
observed for the mitoxantrone transport in Saos-2 cells over-
expressing BCRP (36). For MRP2, an inhibitor concentration
of 80 pM was selected, close to the K, (94+7 pM) observed for
the MRP2-mediated transport of E;7G in Sf9 membrane
vesicles (37) (Table II). For P-gp, compounds were classified
as inhibitors if transport was reduced by at least 50% at an
inhibitor concentration of <50 pM. To facilitate comparisons
with our experimental results for BCRP and MRP2, the
inhibitor concentration was chosen within the same concen-
tration range as that of the reported K,,-values for the P-gp
substrates used, typically ranging from 10 to 20 pM (11,54,55)
(Table II). In line with the selected cutoff, compounds were
noted as being P-gp inhibitors if: (a) concentration-dependent
inhibition studies had demonstrated that the 1Cs, or K; values
were lower than 50 uM, or (b) single-point determinations had
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shown at least 50% inhibition of P-gp-mediated transport at a
concentration not exceeding 50 pM.

Computational Modeling

Molecular structures obtained from SciFinder Scholar
2006 (American Chemical Society, Washington DC) were
used as the input for 3D structure generation using Corina
version 3.0 (Molecular Networks, Erlangen, Germany). A
total of 669 molecular descriptors, representing mainly
molecular size, flexibility, connectivity, polarity, charge, and
hydrogen bonding potential, were calculated from the 3D
structures using DragonX version 3.0 (Talete, Milan, Italy),
ADMETPredictor version 1.2.4 (SimulationsPlus, Lancaster,
CA), and HYBOT (MOLPRO-2001, TimTec, Newark, DE).
The static free molecular surface areas for each different
atom type were calculated using the in-house software
MAREA version 3.02, as described previously (56,57). After
removal of replicate molecular descriptors and descriptors
having zero variance, 240 descriptors remained and were used
as a starting point for the model development.

Partial least-squares projection to latent structures dis-
criminant analysis (PLS-DA), as implemented in Simca-P
version 11.5 (Umetrics, Umea, Sweden), was used to derive
multivariate classification models for separating inhibitors
from non-inhibitors or to separate specific inhibitors for
different transporters from each other (Fig. 4). The compu-
tational models were developed in four steps. First, each of
the three transporters were investigated separately (Fig. 4A),
and important molecular characteristics for the inhibition of
each of them were revealed. Secondly, a model describing
inhibition of ABC transporters in general was developed
(Fig. 4B). The results from this model were compared with
those obtained by combining the predictions from the
individual models (Fig. 4C; Results in Supplementary Mate-
rial). Finally, the specific inhibitors of P-gp and BCRP were
modeled in order to reveal molecular features responsible for
specific binding to these two transporters (Fig. 4D). In this
step, MRP2 was excluded due to the low number of specific
inhibitors identified for this transporter (n=4).

The influence of differently sized groups on the models
was balanced by replication of the compounds belonging to
the smaller classes in the datasets. To avoid bias in the
models, all replicates of a molecule were removed simulta-
neously during the cross-validation procedure. The models

Table II. Selection of Comparable Inhibitor Concentrations for Assays of BCRP, MRP2 and P-gp Inhibition

K., Substrate concentration K; Inhibitor concentration Relative transport rate”
uM uM uM M %
P-gp 10 1 50 50 52
(examples) 20 2 50 50 52
BCRP 18° 1 50 50 51
MRP2 94¢ 50 50 80 49

Suitable inhibitor concentrations were selected based on kinetic parameters, so that the effect of the inhibitors on the transport rate would be

similar for all transporters.

“ Assuming competitive Michaelis—-Menten kinetics
> Determined by Matsson et al. (36)

“Determined by Pedersen et al. (37)
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were optimized by a variable selection procedure in which
groups of molecular descriptors that did not contain informa-
tion relevant to the problem (i.e., noise) were removed in a
stepwise manner. Descriptors were excluded from the model
if their removal resulted in a statistically improved model,
based on the classification accuracy for the training set. The
statistical validity of the models was tested using a random
permutation test, in which the order of the response variable
was randomly changed 100 times. All presented models
collapsed to sub-zero cross-validated coefficients of determi-
nation (Q®) when the response variables were permutated,
demonstrating that the models do not describe noise, but are
indeed describing the response variables. In addition, the
external predictive powers of the models were determined
using a test set of 39 compounds that were withheld from the
model development. The test set was randomly selected so that it
contained one-third of the total number of compounds in each of
the following groups: (a) P-gp inhibitors, (b) P-gp non-inhibitors,
(c) BCRP inhibitors, (d) BCRP non-inhibitors, (¢) MRP2
inhibitors, and (f) MRP2 non-inhibitors. Compounds that
increased MRP2-mediated transport rates were excluded from
the MRP2 model, in order to limit the bias from stimulatory
binding. The same training and test set division was used for all
developed models, except for the model of specific inhibitors,
because of the small sizes of the specific inhibitor subsets.

Virtual Docking of Inhibitors

Three-dimensional molecular structures of multi-specific
ABC transporter inhibitors (obtained as described above)
were imported into Maestro version 8.5 (Schrodinger, San
Diego, CA). The crystal structure of the conserved human
MRP1 (ABCC1) nucleotide binding domain 1 (Protein Data
Bank ID 2CBZ) was used as the template for the docking.
The protein and ligands were prepared using default settings
of the Maestro protein and ligand preparation procedures,
respectively. The ligands were docked using Glide XP version
5.027 (Schrodinger, San Diego, CA) and default docking
parameters. The alignments of ATP and the docked inhibitors
were visualized using Accelrys DS Visualizer version 2.0.1
(Accelrys, San Diego, CA), and QuteMol version 0.4.1 (58).

RESULTS
Overlapping Inhibitor Spaces for ABC Transporters

The inhibitor specificities of P-gp, BCRP and MRP2 are
shown in Fig. 1 and Table 1. Of the 122 tested compounds, 66
(54%) inhibited at least one of the transporters under
comparable assay conditions. The number of inhibitors was
almost twice as high for P-gp and BCRP, with 53 (43%) and
49 (40%) inhibitors, respectively, as for MRP2, which was
inhibited by a total of 26 compounds (21%). General ABC
transporter inhibitors, exhibiting completely overlapping
affinity, made up the majority (73%) of the MRP2 inhibitors
and also contributed significantly to the inhibitor space for P-
gp (36%) and BCRP (39%). In comparison, 21%, 16% and
15% of the P-gp, BCRP and MRP2 inhibitors, respectively,
were specific for that transporter.

The greatest similarity in the affinity patterns was
observed for P-gp and BCRP, with 40 inhibitors being
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Non-inhibitors

122 compounds in total

Fig. 1. Overlapping inhibition of the major efflux transporters, P-gp
(ABCB1), BCRP (ABCG2) and MRP2 (ABCC2). In total, 66 (54%)
of the compounds inhibited one or more of the transporters studied.
The number of specific inhibitors were 11, 8 and 4 for P-gp, BCRP
and MRP2, respectively. A large overlap was observed between P-gp
and BCRP, with 40 inhibitors in common.

common to both transporters, 21 of which did not significantly
inhibit MRP2-mediated transport at the screening concentra-
tion. In contrast, only one inhibitor (benzbromarone) was
shared by MRP2 and BCRP while not affecting P-gp (Table T).
Similarly, only diltiazem and taurolithocholic acid inhibited
P-gp and MRP2 while not affecting BCRP (Table I). Our
results corroborate previous indications that there is a
significant overlap in affinity between the major drug efflux
transporters P-gp, BCRP and MRP2 (1,2,59,60), with almost
two-thirds of the inhibitors in our study affecting more than
one transporter.

It is noteworthy that MK571, which is commonly used as
a MRP specific inhibitor (61), was shown to inhibit all three
of the ABC-transporters under the selected assay conditions.
Similarly, GF120918 and Ko143, which are often used as
specific inhibitors of P-gp/BCRP and BCRP, were both shown
to have wider inhibition specificities than expected: GF120918
inhibited all three transporters at the selected screening
concentration, and Ko143 inhibited both BCRP and MRP2.
To follow up these results, the inhibitory concentration range
was examined in greater detail for these three compounds
(Fig. 2A-C).

In agreement with the screening results, MK571 was
shown to inhibit all three transporters with ICs, values of the
same order of magnitude (10, 26 and 50 pM for MRP2, P-gp
and BCRP, respectively); limiting its use as an MRP-specific
inhibitor, but suggesting its use as a general inhibitor of ABC
transport proteins. Preliminary results from three alternative
experimental systems (inverted HEK293 membrane vesicles
over-expressing each of the ABC-transporters investigated),
confirmed that the overlapping affinity was not an artifact of
the particular experimental models used here (unpublished
results, Pedersen et al., 2009). GF120918 was also shown to
inhibit all three transporters, but with ICsy values spanning
three log units (Fig. 2A). The results suggest that GF120918 is
specific for P-gp in a concentration range between 300 nM
and 5 uM, with an optimal specificity at 1 pM where 87% of
the P-gp transport was inhibited. Combined P-gp and BCRP
inhibition was observed at concentrations above 20 uM, with
only limited affinity for MRP2 up to 100 uM. Correspond-
ingly, Ko143 specifically inhibited BCRP at concentrations
between 200 nM and 1 pM and inhibited MRP2 at low
micromolar concentrations, but had markedly lower affinity
for P-gp (ICsp> 10 pM). Thus, for the high-affinity inhibitors
GF120918 and Ko143, the screening concentration used in
this study was outside the range of optimal selectivity. To
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Fig. 2. Concentration dependent inhibitory effect of GF120918 (A), Ko143 (B), MK571 (C), chlorprothixene (D), loperamide (E), thioridazine
(F), haloperidol (G), prazosin (H) and bromosulfalein (I), on P-gp, BCRP and MRP2 transport. ICs, values, defined as the concentration
resulting in half-maximum inhibition, were determined using non-linear regression. In particular, MK571 was shown to have comparable affinity
for all three of the transporters studied, with the ICsy values being within one log unit of one another (C). GF120918 and Ko143 showed
preferential affinity towards P-gp/BCRP and BCRP, although affecting MRP2 at higher concentrations (A and B). Three of the specific
inhibitors identified in this study showed selective affinity for P-gp (haloperidol), MRP2 (bromosulfalein) and BCRP/P-gp (prazosin) within a
broad concentration range (G-I), whereas similar affinity for all three transporters was confirmed for the three multi-specific inhibitors (D-F).
For MRP2, some of the tested compounds stimulated substrate transport at low concentrations, resulting in negative inhibition values.

investigate if similar off-target effects were underlying the screening results, all three compounds exhibited similar
relatively large number of compounds inhibiting all three affinities for P-gp, BCRP and MRP2, with ICs, values for
transporters, we selected three multi-specific inhibitors from all transporters within a 0.3, 0.5 and 0.9 log unit range for
our screen (chlorprothixene, loperamide and thioridazine) thioridazine, chlorprothixene and loperamide, respectively
for concentration dependency studies. Corroborating the (Fig. 2D-F).
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Fig. 3. The correspondence between ICsy values predicted from single-concentration data (left-
hand side) as explained in the Results section “Overlapping Inhibitor Spaces for ABC Trans-
porters” and footnote 1 and experimentally determined values (right-hand side). Red bars show the
experimental and predicted 1Cs values for inhibition of P-gp; yellow bars show the 1Cs, values for
BCRP inhibition; and blue bars show the ICs values for MRP2 inhibition. In general, the predicted
1Cs values agreed well with the values determined experimentally.
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In contrast to the multi-specific inhibitors, compounds
that were specific for a certain transporter at the chosen
screening concentration are likely still specific at lower
concentrations. To confirm this notion, we also determined
the concentration-dependent inhibitory effects of three com-
pounds that showed high selectivity for a single transporter in
the screen (haloperidol, prazosin and bromosulfalein;
Fig. 2G-I). Predicted ICsy values for each transporter’s
specific inhibitor, assuming classical one-site competition?,
were in good correlation with the experimentally determined
values (Fig. 3). This indicates that several other inhibitors
found to be specific at the screening concentration will remain
specific at lower concentrations (Table I). The results from
the ICsy determinations suggest that bromosulfalein is more
suitable than MK571 as an MRP specific inhibitor and that
haloperidol and prazosin can be used as alternatives for
specific P-gp and BCRP inhibition, although they have lower
affinities than GF120918 and Ko143.

Structural Characteristics of ABC Transporter Inhibitors

Computational models developed for each one of the
three transporters revealed a comparable importance of
lipophilicity, aromaticity and size for transporter inhibition
(Figs. 4A and 5A-C). A similar result was observed in a
model discriminating inhibitors of any of the three ABC
transporters from compounds defined as non-inhibitors
(Figs. 4B and 5D; Fig. S2). It is apparent that lipophilicity

> The approximate concentration range was calculated assuming a
sigmoidal concentration dependency of the inhibitory effect:

%transport = 100/1 + 100197 where [ is the inhibitor
concentration, ICsg is the inhibitor concentration resulting in
a 50% reduction of the transport rate, and vy is the slope of the
curve. Assuming a slope of 1, as generally observed for
concentration-dependent transport inhibition, a compound
resulting in a 10% reduction of the transport rate at a
concentration C will inhibit the transport by 50% at a
concentration 9x C. If the sigmoidal relationship has a steeper
slope of, say, 3, the compound will give 50% inhibition at a
concentration 2.1xC.

and aromaticity are important characteristics of the ABC
transporter inhibitors in this dataset. To further investigate
whether high lipophilicity and aromaticity are common
characteristics of ABC transporter inhibitors, we analyzed

A Individual models
What distinguishes inhibitors for each transporter from non-inhibitors?

S P-gp % 7 BCRP

B General ABC transporter inhibition
What distinguishes compounds that inhibit at least one
ABC transporter from non-inhibitors?

n =66

C Combined approach for general inhibition
Predictions from the individual models in A are combined
to a general ABC transport inhibition model.

D Specific ABC transporter inhibitors
What is different between specific inhibitors for P-gp and BCRP?

n=19

Fig. 4. Approaches for modeling ABC transport inhibitors. Computa-
tional models were developed for different subsets of the compounds in
this study. A Individual models for P-gp, BCRP and MRP2; B model of
compounds inhibiting any of the three ABC transporters; C an alternative
approach for modeling general ABC transporter inhibition, by combining
the predictions from the individual models developed in A; D model of
specific inhibitors for P-gp and BCRP. The same order of the circles is
used throughout the paper, with P-gp in the top left, BCRP in the top right,
and MRP2 in the bottom.
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Fig. 5. Prediction of ABC transporter inhibitors from individual models for P-gp (A), BCRP (B), and MRP2 (C), and from a model of general
ABC transporter inhibition (D). The pie charts show the percentage of correct classifications for the inhibitors in the training set, the non-
inhibitors in the training set, the inhibitors in the test set, and the non-inhibitors in the test set (from left to right). White denotes correct
classifications and black denotes false ones. The right-hand plots show PLS regression coefficients for the molecular descriptors included in the
final models after step-wise exclusion of insignificant descriptors, as described in the “MATERIALS AND METHODS” section. The molecular
descriptors are related to the lipophilicity (logP, logD7 4, and the surface area of non-polar atoms), size and shape (length in the second largest
dimension, total structure connectivity index, and the Narumi simple topological index) and aromaticity (number of aromatic rings, number of
unsaturated/multiple bonds, unsaturation index, and total harmonic oscillator aromaticity index). Descriptors with large absolute coefficients
have a large influence on the discriminant model. Positive coefficients mean that the inhibitors have higher descriptor values, whereas
descriptors with negative coefficients have higher values in non-inhibitors. The symbols in the column furthest to the left describe the compounds

included in the model, with P-gp as the top left circle, BCRP as the top right one, and MRP2 as the circle at the bottom.

the distribution of these properties in the different subgroups
of the dataset (Fig. 6; Table III). The compounds in the
complete dataset had values of logD7 4 ranging from —4.8 to 5.9.
The average lipophilicity of the ABC transporter inhibitors was
higher than for the non-inhibitors, although the extremes in both
groups make the span from the lowest to the highest value
comparable. The multi-specific inhibitors exhibited a tighter
lipophilicity distribution that was shifted to higher values (>1.0)
than that of the specific inhibitors (p <0.05). The median logD; 4
was 2.3, 1.9 and 1.2 for the specific P-gp, BCRP, and MRP2
inhibitors, respectively, whereas the multi-specific inhibitors had
a median logD7 4 of 4.5 (Fig. 6A; Table III). Correspondingly,
the number of aromatic bonds was generally higher in the
inhibitor groups than in the non-inhibitors (Table I; Supporting
Information, Fig. S3A; p<0.01). With the exception of the
specific P-gp inhibitors, which usually had 6-12 aromatic bonds,
the inter-quartile range was similar in both the overlapping and
the specific inhibitors, with most inhibitors containing 12-18
aromatic bonds.

Virtual Docking of Multi-Specific Inhibitors to the ATP-Binding
Domain

Since the major part of the sequence similarity between
different ABC transporter superfamily members is found in
the ATP-binding domain (25,31), we hypothesized that
inhibitor competition with ATP binding might be underlying
the marked affinity overlap in this study. Multi-specific
inhibitors were docked to a high resolution crystal structure
of the conserved ATP-binding domain of MRP1 (63) to
determine whether this was the case. The native ligand ATP
docked with high scores in the same orientation as that
observed in the crystal structure. The docked structure of
MKS571, which differs from most other multi-specific inhib-
itors by being less lipophilic and by carrying a negative charge
at physiological pH, interacted with the same amino acids in
the catalytic site as ATP (Fig. 7A-C). This suggests that, in
addition to the competitive inhibition at the transporter site
reported for MRPs (64), competition with ATP binding could
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Fig. 6. Lipophilicity of the compounds in this study. A Distribution of logD7 4 in the subgroups of the dataset. B Distribution of logD7 4 in
substrates of P-gp, BCRP and MRP2 (50,62). The boxes show the inter-quartile distances and the median values, and the whiskers show the
span between the lowest and the highest value. The overlapping inhibitors have a higher lipophilicity than the specific inhibitors. The symbols to
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bottom. Anova with Tukey’s post test was used to test the significance of the inter-group differences, with one, two and three stars denoting p <

0.05, p<0.01, and p<0.001, respectively. n.s.: not significant (p>0.05).

be contributing to the surprisingly broad specificity of
MKS571. The two most hydrophilic multi-specific inhibitors,
quercetin and silymarin, also docked with high scores to the
catalytic site, which is in line with previous results (65,66). In
contrast, the prototypical lipophilic inhibitors chlorprothix-
ene, loperamide and thioridazine (logD=4.3, 4.8 and 4.5,
respectively; Fig. 2D-F) did not interact with the catalytic site
(Fig. 7D) and had low docking scores, comparable to those of
a selection of non-inhibitors (data not shown). This indicates
that the lipophilic multi-specific inhibitors rather interact with
a site distinct from the ATP-binding domain.

Specific Inhibitors of P-gp and BCRP

Although the majority of the compounds inhibiting P-gp
and BCRP were common to both transporters, differences in
the affinity pattern apparently exist, resulting in 11 inhibitors
specific for P-gp and eight for BCRP in this study. A
multivariate analysis of the molecular descriptors defining
this difference (Fig. 4D) showed that for this limited set of 19
compounds, the BCRP inhibitors contained a larger number
of nitrogen atoms, in particular aromatic nitrogens, than did
the P-gp inhibitors (Fig. 8). Furthermore, the multivariate

Table III. Physicochemical Properties of the Subgroups in the Dataset

logD7.4" Total structure connectivity index” Number of aromatic bonds®

n  Mean+SE Median Range Mean+SE ~ Median Range Mean+SE  Median Range
Non-inhibitors 56 0.5+0.3 0.5 (-4.8-4.6) 0.27+0.009 0.25 (0.15-0.45) 7.4+0.8 6 (0-18)
All ABC transporter 66  3.0+02 33 (-4.2-5.9) 0.22+0.004 0.22 (0.14-034)  12.0+0.8 12 (0-26)

inhibitors

All P-gp inhibitors 53 33x02 3.6 (-2.6-5.9) 0.22+0.004 0.22 (0.14-027)  11.6+0.9 12 (0-24)
All BCRP inhibitors 49 3.5+0.2 3.7 (-2.6-5.9)  0.22+0.005 0.22 (0.14-0.27) 12.9+0.9 12 (0-26)
All MRP2 inhibitors 26 32x04 39 (-4.2-59) 0.21+0.009 0.21 (0.14-0.34)  13.3x1.2 14 (0-24)
Specific P-gp inhibitors 11 18+06 23 (-2.6-45) 022+0008 023  (0.15-025) 8916 11 (0-16)
Specific BCRP inhibitors 8§ 1.9x07 1.9 (-2.6-3.9)  0.23+0.008 0.23 (0.19-0.26)  13.6+2.6 14 (0-26)
Specific MRP2 inhibitors 4 0.0+1.5 1.2 (-4.2-2.0) 0.24+0.04 0.23 (0.16-0.34) 12.8+2.7 14 (6-18)
All overlapping inhibitors 43  3.7+0.2 4.0 (1.0-5.9)  0.22+0.005 0.21 (0.14-0.27)  12.4+1.0 12 (0-24)
Completely overlapping 19 3.9+03 45 (1.0-59) 020+0.008 020  (0.14-027) 14.0+14 16 (0-24)

inhibitors

“ Comparative statistics are presented in Fig. 6A

b Comparative statistics are presented in the Supporting Information, Fig. S3A
¢ Comparative statistics are presented in the Supporting Information, Fig. S3B
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Fig. 7. Virtual docking of multi-specific inhibitors to the ATP-binding site. The crystal structure of
the conserved nucleotide binding domain 1 of human MRP1 (ABCC1) was used as the docking
template (63). A, B Ribbon and space-filling representations of the MRP1 ATP-binding domain co-
crystallized with ATP. In B, Trp653 and the conserved residues of the Walker A motif that are
involved in ATP binding and hydrolysis are highlighted in purple. The catalytic pocket is encircled
with a dashed line. C Orientation of the negatively charged multi-specific inhibitor MK571 docked
to the ATP binding site. The carboxylic acid moiety of MK571 is in close proximity to the residues
of the catalytic site, and, analogous to the adenosine base ring in ATP, the conjugated ring interacts
with Trp653 through m—m stacking. D In contrast to MK571, the lipophilic and basic multi-specific
inhibitors chlorprothixene (blue), loperamide (red) and thioridazine (green) do not overlap with the

catalytic site.

analysis confirmed the observation that the specific P-gp
inhibitors in this study were less aromatic than the rest of the
inhibitors. As only four inhibitors in our dataset were specific
for MRP2, this subset was not included in the modeling of
specific inhibitors.

DISCUSSION

In this paper, the inhibition patterns of the three major
human ABC transporters P-gp, BCRP and MRP2 were
studied using a dataset of 122 structurally diverse drugs. In
total, 66 compounds inhibited at least one of the transporters,
and as many as 43 (65%) of these inhibitors affected more
than one transporter at the concentration investigated. These
results demonstrate, for the first time using a large dataset
common to all three transporters, the considerable inhibitor
overlap between P-gp, BCRP and MRP2.

Twenty-three compounds were identified as inhibiting
only one of the ABC transporters studied at the selected

concentration. The results from the screen suggested that
haloperidol would specifically inhibit P-gp, with very limited
effects on BCRP and MRP?2 in an approximate concentration
range of up to ten times the standard inhibitor concentration,
assuming classical one-site competition (see footnote 1).
Correspondingly, it was predicted that prazosin and bromo-
sulfalein would be specific inhibitors of BCRP and MRP2,
respectively. The predicted specificity was confirmed for all
three compounds in concentration dependent experiments
(Fig. 2G-H), and the projected ICs, values (see footnote 1)
correlated well with the experimentally determined ones
(Fig. 3). This indicates that inhibitors that are selective at
the screening concentration will also be selective at lower
concentrations.

Care was taken to select inhibitor concentrations result-
ing in relevant and comparable results for P-gp, MRP2 and
BCREP to facilitate the development of computational models
and enable unbiased comparisons to be made between the
transporter’s inhibitor patterns. (Table II). However, for
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Fig. 8. Prediction of inhibitor specificity. The model was developed to discriminate inhibitors specific for P-gp from
BCRP-specific inhibitors. Because of the low number of MRP2-specific inhibitors, this subset was not included in
the model. The pie charts show the percentage of correct classifications for the inhibitors and non-inhibitors in the
training set (from left to right). White denotes correct classifications and black denotes false ones. Because of the
small datasets of specific inhibitors, a purely descriptive model was developed, using all compounds for the training
set. The right-hand plots show PLS regression coefficients for the molecular descriptors included in the final models
after step-wise exclusion of insignificant descriptors, as described in the “MATERIALS AND METHODS” section.
The molecular descriptors are related to hydrogen bonding (the number of aromatic polar substituents and the
surface area of aromatic nitrogens) and aromaticity/lack of aromaticity (the fraction of bonds that are single bonds).
Descriptors with large absolute coefficients have a large influence on the discriminant model. Positive coefficients
mean that the descriptors have higher values in BCRP inhibitors, whereas descriptors with negative coefficients
have higher values in P-gp inhibitors. The symbols in the column furthest to the left show which part of the data set
was included in the model, with P-gp, BCRP and MRP?2 as the top left, top right and bottom circles, respectively.

some inhibitors previously reported as being specific, including
GF120918, MK571 and Ko143, the selected concentrations
were outside the range of optimal selectivity. These inhibitors
have been reported to have higher affinity for P-gp and BCRP
(GF120918), for MRPs (MK571) and for BCRP (Ko0143)
(61,67,68), but were found to inhibit additional ABC trans-
porters under the conditions used in our screening study. The
surprisingly broad specificity of these inhibitors was, therefore,
followed up by measurements of the concentration-dependent
inhibition of P-gp, BCRP and MRP?2 for each of the inhibitors.
Notably, MK571 was shown to have a comparable affinity for
all three of the transporters studied (Fig. 2C), abolishing its
utility as an MRP-specific inhibitor. In line with previous
reports, GF120918 showed preferential affinity towards P-gp
and BCRP (68), and Ko143 towards BCRP (67) although our
results demonstrate that the concentrations must be carefully
selected to ensure selective inhibition of the transporter of
interest (Fig. 2A, B).

In addition to the large affinity overlap that we
demonstrate here for three major ABC efflux transporters,
shared affinity between efflux transporters and uptake trans-
porters from the solute carrier (SLC) family is a complicating
factor in delineating transport in complex systems (69,70). For
instance, 12 of the 23 specific inhibitors in our screen have
also been listed in the University of Tokyo transporter
database as either substrates or inhibitors of SLC transporters
(50). Of the inhibitors studied in further detail (haloperidol,
prazosin, bromosulfalein, GF120918, Ko143 and MK571), the
basic drugs haloperidol and prazosin have been reported to
interact with members of the organic cation transporter
family (OCT; SLC22A1-3), while the negatively charged
bromosulfalein has been identified as a high-affinity substrate
for organic anion transporters, including OATP1B1 and
OATP1B3 (SLCO1B1/3) and several members of the OAT
family (SLC21A6-8) (50,71,72). Although such an overlap
may well exist also for GF120918, Ko143 and MK571, we
were unable to find any reports in the public domain where
the interaction of these compounds with uptake transporters

had been studied and, at present, further studies are needed
to assure the specificity of these inhibitors. Overlapping
affinity for uptake and efflux transporters may limit the utility
of these compounds as specific probes for ABC-transport
inhibition in complex models expressing functional uptake
and efflux transporters (69,73). However, they will be
valuable tools for differentiation between efflux transporters
in better defined in vitro expression systems; for example, the
combined specificity of bromosulfalein for OATP1B1/3 and
MRP2 would make it an excellent control inhibitor in cell
models of hepatobiliary transport (74).

A general physicochemical characteristic of the multi-
specific inhibitors in this investigation was their high lip-
ophilicity (median logD;4=4.5; Fig. 6A). According to the
prevailing two-step model of drug interaction with P-gp
(30,35), the ligands partition into the plasma membrane
before binding to the transporter. This explains the reported
importance of lipophilicity for P-gp substrates and inhibitors
(75). We recently proposed a similar binding mechanism for
BCRP inhibitors (36), as well as for a subset of lipophilic
inhibitors of MRP2 (37). The notable lipophilicity of the
multi-specific inhibitors in this investigation suggests that
these compounds will accumulate in the plasma membrane.
Thus, it is possible that these compounds bind to an
intramembraneous site, similar to that suggested for substrate
binding to P-gp.

However, since most of the sequence homology between
ABC transporters from different subfamilies is found in the
ATP-binding domain (25,31), it is also possible that the multi-
specific inhibitors interact with this part of the protein. So far,
direct binding to the ATP-binding domains of ABC trans-
porters has only been studied for a limited number of
compounds (65,76-78). Some evidence suggests that flavo-
noids such as quercetin and silymarin, which inhibited all
three transporters in this study, and chrysin, genistein and
apigenin, which inhibited P-gp and BCRP, interact with the
ATP-binding domain in P-gp (65,06). Interestingly, silymarin
and quercetin differ from the other multi-specific inhibitors in
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this investigation by being less lipophilic (logD;4=1.5 and 1.0,
respectively, in comparison with the median lipophilicity of
4.5) (Table I). In addition, together with MK571, they differ
from the other multi-specific inhibitors by carrying a negative
charge at physiological pH. Therefore, it is possible that the
ionized functional groups interact with the same amino acids
as the negatively charged phosphate moiety in ATP. In
contrast, the higher lipophilicities and neutral or positive
ionization states of all the other multi-specific inhibitors
suggest that these compounds interact with a site other than
the ATP-binding site, possibly located in the membrane—
protein interface. This hypothesis was supported by the
results of our docking study, which showed that MK571 binds
to the catalytic site of the human MRP1 ATP-binding domain,
but the lipophilic multi-specific inhibitors chlorprothixene,
loperamide and thioridazine do not (Fig. 7).

For P-gp, an intra-membranous inhibitor binding site
may well be part of the substrate binding pocket. In fact, as
many as 11 of the 19 multi-specific ABC transport inhibitors
found in this study are reported as P-gp substrates in the
University of Tokyo transporter database (50), confirming
their interaction with the transport site. In contrast, for both
BCRP and MRP2, only two substrates were found among the
lipophilic multi-specific inhibitors whereas 5 (63%) and 3
(75%) of the specific inhibitors have been reported to be
substrates (50). Furthermore, the lipophilicity of the reported
BCRP and MRP2 substrates is generally lower than for P-gp
substrates and for the multi-specific inhibitors, with median
logD7 4 of 0.5 and —0.4 for BCRP and MRP2, respectively
(Fig. 6B). This indicates that the average substrate for each of
these two transporters is less likely to partition to the plasma
membrane, and suggests that the BCRP and MRP2 substrate
binding sites may be located in the domain of the transporters
that extends into the cytosol. Site-directed mutagenesis
studies in MRP2 and the closely related transporter MRP1
also support a cytosolic location of the substrate binding site
(79,80). 1t is thus likely that an intra-membranous inhibitory
binding site would be distinct from the BCRP and MRP2
substrate binding sites, in contrast to the situation in P-gp
(30,35).

Differences between the binding sites were also indicated
by the model of specific inhibitors for P-gp and BCRP.
Specific inhibitors of BCRP generally contained more nitro-
gen atoms and aromatic functions than inhibitors which are
specific for P-gp, indicating that hydrogen bond m—m or ©—
cation interactions may be important for specific binding to
BCRP. The P-gp-specific inhibitors, on the other hand,
contained many carbonyl oxygens that likely take part in
the formation of hydrogen bonds. This is consistent with the
hydrogen bond acceptor patterns in P-gp substrates and
inhibitors observed by Seelig and co-workers (20,75).

CONCLUSION

By using a global dataset representing the chemical space
of orally administered drugs, we evaluated the inhibition
specificity of the human ABC transporters P-gp, BCRP and
MRP2. This resulted in the identification of 19 completely
overlapping and 23 specific inhibitors. The concentration
range of specificity was determined for haloperidol, prazosin
and bromosulfalein, which were shown to be P-gp, BCRP and
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MRP?2 specific, respectively. Control experiments verified that
the well established P-gp/BCRP and BCRP inhibitors
GF120918 and Ko143 are specific within defined concentration
intervals, but revealed that MK571, commonly used as an MRP
specific inhibitor, has comparable affinities for all three trans-
porters. Virtual docking to a crystal structure of the ATP binding
domain showed that the negatively charged and relatively
hydrophilic MK571 interacts with the ATP catalytic site, but a
set of highly lipophilic multi-specific inhibitors do not. A
computational model for predicting general ABC transporter
inhibition was developed from easily interpreted molecular
descriptors. The model shows ABC transporter inhibitors to be
more lipophilic, more aromatic and larger than non-inhibitors
and correctly classified 79% and 80% of the inhibitors and non-
inhibitors, respectively, in an external test set. In summary, we
identified both specific inhibitors, which can be used to delineate
transport processes in complex experimental systems, and multi-
specific inhibitors, which are useful in primary ABC transporter
screening in drug discovery settings. Our results highlight the
importance of considering the specificity patterns of inhibitors
used in drug transport studies.
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