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The chemical space of registered oral drugs was explored for inhibitors of the human multidrug-resistance
associated protein 2 (MRP2; ABCC2), using a data set of 191 structurally diverse drugs and drug-like
compounds. The data set included a new reference set of 75 compounds, for studies of hepatic drug interactions
with transport proteins, CYP enzymes, and compounds associated with liver toxicity. The inhibition of
MRP2-mediated transport of estradiol-175-D-glucuronide was studied in inverted membrane vesicles from
S19 cells overexpressing human MRP2. A total of 27 previously unknown MRP?2 inhibitors were identified,
and the results indicate an overlapping but narrower inhibitor space for MRP2 compared with the two other
major ABC efflux transporters P-gp (ABCB1) and BCRP (ABCG2). In addition, 13 compounds were shown
to stimulate the transport of estradiol-17/3-D-glucuronide. The experimental results were used to develop a
computational model able to discriminate inhibitors from noninhibitors according to their molecular structure,
resulting in a predictive power of 86% for the training set and 72% for the test set. The inhibitors were in
general larger and more lipophilic and presented a higher aromaticity than the noninhibitors. The developed
computational model is applicable in an early stage of the drug discovery process and is proposed as a tool

for prediction of MRP2-mediated hepatic drug interactions and toxicity.

Introduction

Efflux transporters from the ATP-binding cassette (ABC“)
transporter family are major determinants of drug disposition
that limit the uptake of drugs in target cells and over tissue
barriers such as the intestinal epithelium and blood—brain
barrier. These transporters also mediate secretion of drug
metabolites, for instance, into bile and urine.' Multidrug-
resistance associated protein 2 (MRP2/ ABCC2) is one of the
most extensively expressed ATP-binding cassette (ABC) trans-
porters in the human liver*™ and is a major determinant of the
biliary efflux of intrinsically anionic drugs such as methotrexate’
and pravastatin,® as well as anionic conjugates of drugs and
endogenous compounds.’

The primary endogenous role of MRP2 is to mediate biliary
efflux of conjugated bile salts and drugs as part of the hepatic
detoxification process; genetic disorders resulting in nonfunc-
tional MRP2 give rise to Dubin—Johnson syndrome, a conju-
gated hyperbilirubinemia.® Furthermore, inhibition of MRP2 in
the hepatocyte can result in disruption of the lipid homeostasis
and toxic accumulation of compounds in the liver, which is a
major cause of withdrawal of drugs from the market.”~'" This
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effect is likely to be more prominent in patients where MRP2-
mediated transport is genetically or pharmacologically im-
paired.'>"?

Apart from a few studies on limited series of structurally
related drug molecules,'*!'7 the molecular determinants of
drug-mediated MRP2 inhibition are largely unexplored. This
is probably because ABC transporters such as MRP2 are
integral membrane proteins, and high-resolution crystal
structures of most of these have still not been described.'®2°
Also, studies of drug affinity for MRP2 are complicated by
the possible existence of several drug binding sites in this
protein.>"*?

In this investigation, a data set of 191 compounds covering
the chemical space of registered oral drugs was studied for
MRP2 inhibition. The data set included a new reference set of
75 compounds for studies of drug interactions with common
hepatic transport proteins and CYP enzymes as well as assessing
liver-mediated toxicity. The identified inhibitors were larger,
more lipophilic and presented more aromatic features than the
noninhibitors. An easily interpreted computational model was
also developed that successfully discriminates inhibitors from
noninhibitors based on these molecular properties.

Results

MRP2 Inhibition Assay. The rate of ATP-dependent estra-
diol-174-p-glucuronide (E;7G) transport into MRP2-overex-
pressing inverted membrane vesicles was linear for up to 30
min (Figure 1A), during which time transport into control
vesicles incubated with AMP was negligible (~0.25%). The
rate of E;7G transport was sigmoidally related to the substrate
concentration (Figure 1B), indicating that E;7G stimulates its
own transport.?!*? The transport kinetics were determined from
Figure 1B using nonlinear regression, resulting in an apparent
K of 94 £ 7 uM. This is in agreement with previous results in
corresponding membrane vesicles.”> The maximum transport
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Figure 1. (A) E;;G transport in MRP2-overexpressing inverted
membrane vesicles. The E;G transport was linear up to 30 min. The
influence of passive diffusion was negligible (<0.25%), as determined
in membrane vesicles incubated with AMP instead of ATP. Closed
squares denote the E;;G transport in membrane vesicles incubated with
ATP, and open squares denote the transport in AMP-incubated
membrane vesicles. The data are presented as means £+ SE (n = 3).
(B) E;G transport kinetics in MRP2-expressing membrane vesicles.
The ATP-dependent transport rates were calculated by subtracting the
initial transport rate in vesicles incubated with AMP from that obtained
in ATP-incubated vesicles. Ky, was 94 4+ 7 uM, Via was 680 £ 30
pmol x mg protein™! x min~!, and the Hill coefficient was 2.6. (C)
Inhibition of ATP-dependent E;;G transport by increasing concentra-
tions of the MRP inhibitor MK571 (ICsp = 10 £ 1.5 uM). Intravesicular
E7G was detected by scintillation counting after a 10 min incubation.
The data are presented as means + SE (n = 3).

rate (Vinax) Was 680 & 30 pmol x min~' x mg protein™ ', and
the Hill coefficient was 2.6, suggesting the existence of at least
two substrate binding sites in the MRP2 protein, which is in
agreement with previous studies.*?

Coincubation of the membrane vesicles with 50 uM E ;G
and 80 uM of the MRP inhibitor MK571%* resulted in complete
inhibition of E;7G transport (Figure 1C; ICsp = 10 & 1.5 uM).
The reduction in transport rate was caused by specific inhibition
of the ATP-dependent E ;G transport; no effect on passive
transport was observed (data not shown).
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Inhibition and Stimulation of MRP2-Mediated Estradiol-
17f-p-glucuronide Transport. A standard inhibitor concentration
of 80 uM was selected to be in the vicinity of the E;7G apparent
K of 94 uM. At this concentration, the ATP-dependent MRP2-
mediated transport was inhibited by 50% or more by 42 (22%)
of the 191 test compounds (Table 1, Figure 2).

The inhibitors were spread across several chemical and
therapeutical classes, including antivirals (saquinavir, ritonavir,
and lopinavir), cytostatics (erlotinib and tamoxifen), and antip-
sycotic agents (thioridazine, flupenthixol, and chlorprothixene).

Our experimental protocol was designed to reveal MRP2
inhibitors, with less emphasis on stimulation of transport, as
described in the Materials and Methods. Nevertheless, 13
(7%) of the compounds in the data set significantly increased
the E7G transport (Table 1, Figure 2). Seven new stimulators
were identified, corresponding to 54% of the identified
stimulating compounds (Table 1). The higher E;;G concen-
tration used in this investigation than in studies focused on
transport stimulation suggests that the stimulators identified
here are relatively potent.

Important Molecular Features for MRP2 Inhibition. The
inhibitors differed significantly in structure from the noninhibi-
tors in that they were on average larger (molecular weight,
Figure 3A) and exhibited more prominent lipophilic (octanol—
water partition coefficient, Figure 3B) and hydrophobic char-
acteristics (surface area of nonpolar atoms, Figure 3C).
The inhibitors were also shown to have higher aromaticity than
the noninhibitors (surface area of unsaturated nonpolar atoms,
Figure 3D). In contrast, the surface area of polar atoms (PSA,
Figure 3E) and the charge (Figure 3F) were similar in both
groups. However, as expected, the overlap between inhibitors
and noninhibitors was too large to allow adequate discrimination
between the two groups based on a single molecular descriptor.
Rule-based decision tree models were also not able to success-
fully discriminate between the groups (data not shown).>*

To better define the molecular features important for the
binding of inhibitors to MRP2, we developed a multivariate
OPLS-DA model that distinguishes between MRP2 inhibitors
and noninhibitors. After stepwise exclusion of molecular
descriptors with insignificant influence on the discriminating
model, the initial set of 240 descriptors was condensed to the
five that were most important (Figure 4A). The coefficients in
the final model show that a combination of increased lipophi-
licity, aromaticity, and size are major determinants for the MRP2
inhibitory effect, supporting the results from the single-descriptor
analysis.

The model successfully classified 86% of both MRP2
inhibitors and noninhibitors in the training set. The structurally
diverse test set was used to confirm the ability of the OPLS-
DA model to predict inhibition and resulted in correct clas-
sifications for 72% of the MRP2 inhibitors and 71% of the
noninhibitors (Figure 4B), which is comparable to similar
models for other transport proteins, such as P-gp (ABCB1)*>-*
and BCRP (ABCG2).”’ Interestingly, despite the fact that the
model was based on a binary classification of the experimental
data (inhibitor/noninhibitor), 75% of the eight compounds falsely
predicted as noninhibitors (morin, quercetin, baicalin, p-ami-
nohippuric acid, lisinopril, and isradipine) have experimental
values close to the selected cutoff value of 50% inhibition. This
suggests that the molecular descriptors also encode some
information about the relative potency of the inhibitors and
indicates that the risk of the model describing chance correla-
tions is very small.
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Table 1. Identification of MRP2 Inhibitors and Stimulators among the 191 Compounds in this Study”

relative transport rate”

substance (% of control) logD7 4¢ MW“ g x mol ™! PSA° A2
negative control n.a/ 100 & 11 n.a. n.a. n.a.
inhibitors thioridazine® —1£2 4.5 371 9
terfenadine® 3+1 5.9 472 38
fendiline®” 541 3.6 315 12
bromosulfalein 5+2 0.4 794 189
glycyrrhizinic acid” 541 0.5 823 268
indocyanine green 5+3 4.6 754 131
loratadine® 6+1 4.5 383 35
5-CFDAS# T7+3 0.4 460 141
tamoxifen®" 8+1 5.0 372 18
MK571" 9+3 1.9 515 73
Fluo-3 9+2 0.5 770 247
benzbromarone 11+1 4.0 424 50
diethylstilbestrol*” 11+1 4.6 268 47
silymarin® 14+ 13 1.5 482 171
clotrimazole® 14+4 5.0 345 15
rifampicin® 18+5 1.9 823 190
chlorprothixene® 25+6 4.3 316 7
taurolithocholic acid® 27+4 2.1 484 118
ivermectin® 28 +4 55 875 152
lopinavir$” 33+12 52 629 89
lansoprazole” 34+ 10 2.0 369 70
baicalin” 34+5 2.3 446 194
astemizole*” 36 £ 10 5.4 459 41
reserpine 37+4 33 609 103
GF120918" 39 £8 4.6 564 93
quercetin®” 40£8 1.0 302 137
cyclosporine-A 40 +£7 4.5 1203 210
diltiazem® 40+ 13 24 415 60
saquinavir 41+6 4.6 671 139
dipyridamole*” 42+ 13 1.5 505 121
chelerythrine 43 £8 2.6 348 51
lisinopril® 43 £ 12 —4.1 405 134
sanguinarine chloride® 44 +£7 2.2 332 55
flupentixol® 46 £7 3.7 435 35
p-aminohippuric acid” 46 £11 —4.2 194 99
loperamide® 46 £7 4.8 477 41
fenofibrate®”" 46 + 10 5.0 361 53
isradipine® 46 + 10 33 371 101
celecoxib® 46 £ 11 34 381 82
erlotinib® 47+7 33 393 78
ritonavir 48 £4 4.3 721 106
morin® 50+8 0.8 302 136
borderline inhibitors amitriptyline 51+4 3.1 277 7
prednisone 51+£5 1.6 358 91
ranitidine 52+6 0.7 314 87
ethinylestradiol 53+11 3.7 296 43
tinidazole 55+6 —0.4 247 101
verapamil 56+ 11 3.7 455 80
nystatin 565 —2.1 926 279
maprotiline 56 £ 12 2.3 277 16
dextromethorphan 57+ 10 22 271 19
desipramine 57T+7 1.8 266 17
propafenone 58+ 11 1.6 341 61
chlorpromazine 58 + 14 39 319 9
atropine 59+ 15 0.8 289 47
nicardipine 59+ 12 44 480 122
ergocristine 60 £ 8 4.4 610 102
amodiaquine 60 +9 3.6 356 51
simvastatin 61 £ 11 4.6 419 73
procyclidine 62 £+ 14 2.6 287 21
cefamandole 63 +7 —3.3 463 168
quinidine 64+ 6 2.4 324 51
amiodarone 66+ 5 4.8 645 42
tryptophan 66 + 15 —3.6 204 81
cefadroxil 68 £7 —49 363 132
pramoxine 69 + 11 2.7 293 43
propranolol 69 +9 1.2 259 45
hoechst 33342 70 £ 16 3.1 453 77
fusidic acid 72+8 3.0 517 95
metoprolol 72+£7 0.2 267 60
1-methyl-4-phenylpyridinium 72+ 13 0.5 170 3

flucloxacillin 73+£9 —0.5 454 120
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Table 1. Continued

relative transport rate”

substance (% of control) logD7.4¢ MW“ g x mol ™! PSA® A?
Ko143 73+ 17 3.6 470 87
gefitinib 74+ 15 44 447 74
imatinib mesylate 74+£9 2.5 494 79
chlorzoxazone 74 £ 11 1.8 170 51
tyrphostin 75+ 11 1.6 448 197
quinine 75+ 10 2.4 324 51
resveratrol 75 £8 2.9 228 71
benzylpenicillin 76 £ 15 —13 334 95
ketoconazole 76 £ 6 4.1 531 74
sulfasalazine 77+ 11 1.3 398 136
prazosin 78 £ 15 1.6 383 102
vinblastine 78 £ 15 45 811 116
noscapine 78 £17 1.9 413 88
noninhibitors glipizide” 81 £8 0.7 446 128
5-carboxyfluorescein 82+7 0.6 376 130
vincristine 82+ 18 4.2 825 136
amiloride 82 £+ 18 —33 230 150
phenacetin 83+ 14 1.6 179 42
ofloxacin 83+ 12 -3.0 361 84
carnitine” 84 + 4 -3.0 162 57
antipyrine 84 + 17 1.3 188 27
biochanin A 84+5 2.8 284 85
carbamazepine” 86 + 17 24 236 44
felodipine 86 £+ 20 4.9 384 68
ritanserin 86 + 17 54 478 38
taurocholate” 87+ 16 0.1 516 150
doxorubicin 87 £ 15 0.2 544 194
phenformin 88 £ 10 —25 205 96
tipranavir 88 £+ 14 5.0 603 101
erythromycin” 89 £ 8 3.1 734 124
tramadol” 89+ 8 1.0 263 31
timolol 91+ 11 0.1 316 84
cimetidine” 91+ 11 0.2 252 89
naproxen 92+2 0.5 230 54
rotenone 92+ 12 3.6 394 73
indinavir” 93+ 10 4.6 614 100
seglitide” 94 +9 0.8 809 190
terazosin 94 + 22 1.6 387 107
hydrochlorothiazide” 94 + 13 —-0.3 298 131
valproic acid” 94 £+ 18 0.3 144 36
valacyclovir” 94 £+ 12 —3.1 324 153
apigenin 94 £9 2.3 270 95
nitrofurantoin 94 £+ 15 —0.6 238 139
phenylethyl isothiocyanate 94 +8 3.7 163 13
adefovir” 96 £ 18 =55 273 149
isoniazid 96 £ 10 —0.6 137 73
sotalol 96 + 22 -1.5 272 84
fexofenadine” 97 +£13 2.4 502 79
phenobarbital” 98 £ 11 1.4 232 88
tranilast 98 £6 1.8 327 89
4-nitropheny! glucuronide 99 + 19 —3.3 315 173
digoxin” 99 £ 13 2.4 781 200
piroxicam 100 = 17 0.2 331 93
nicotine 101 £13 0.2 162 18
colchicine 101 £8 1.8 399 89
N-methylnicotinamide” 101 £21 0.0 136 43
omeprazole” 101 £9 1.6 345 83
amantadine 101 +=20 —0.4 151 26
chenodeoxycholic acid 101 +£13 2.7 393 85
irinotecan” 101 £23 3.0 587 116
genistein 101 £6 2.2 270 96
chloroquine” 102 £+ 14 2.0 320 26
oxazepam 103+ 18 2.3 287 65
leucovorin” 103 £ 11 —6.6 473 225
zidovudine 103 £28 -0.2 267 135
captopril 104 £ 15 22 217 60
disopyramide 104 £ 20 1.9 339 56
haloperidol 106 £9 32 376 40
bupropion 106 £ 16 2.1 240 29
nandrolone 106 +9 2.7 274 42
trimethoprim 107 &£ 16 1.3 290 109
flurbiprofen 108 £ 13 0.8 244 41

taxifolin” 108 = 10 0.5 304 138
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relative transport rate”

substance (% of control) logD7.4¢ MW“ g x mol ™! PSA° A2
mesalazine 109 £ 11 —2.0 153 88
tomoxetine 109 £ 11 1.5 255 22
etoposide 110 £23 0.3 589 187
probenecid 110 =27 —-1.0 285 75
nizatidine 110 + 18 0.7 331 88
prednisolone 110 +£ 12 L5 360 89
chrysin 110 £ 13 2.8 254 71
tetracycline” 110 £ 17 —2.6 444 181
4-methylumbelliferone glucuronide 111 £21 —29 352 158
medroxyprogesterone 111 £21 3.5 344 55
cholic acid” 112+ 13 1.7 409 99
ritodrine 113 +£11 0.6 287 79
sulindac sulfone 113+6 0.7 372 81
sulfanitran 116 £18 0.9 335 123
reduced L-glutathione” 116 £27 —59 307 165
furosemide 118 £25 —0.8 331 123
borderline stimulators ketoprofen 120 £ 11 —0.1 254 59
nevirapine 121 £21 1.5 266 52
17p-estradiol 123 £ 19 3.6 272 45
progesterone 123 £20 3.9 314 38
hydrocortisone 124 £9 1.6 362 89
phenytoin 125 £ 11 2.1 252 62
spironolactone 125 £ 12 2.9 417 67
flutamide 126 + 14 3.0 276 66
methotrexate 130 £ 24 —4.8 454 217
ibuprofen 130 +£29 1.1 206 41
mifepristone 134 £ 10 4.9 430 44
pravastatin 135 £20 0.4 425 119
warfarin 136 £22 1.1 308 58
oxidized L-glutathione 136 £29 —6.8 613 330
sparfloxacin 138 +£7 —-2.9 392 101
testosterone 140 + 15 33 288 42
glimepiride 142 £ 11 2.8 491 119
stimulators sulfinpyrazone 150 £ 15 —1.2 404 59
budesonide 150 £ 24 2.3 431 87
acetaminophen glucuronide 150 £ 16 —3.6 327 155
sulindac 151 £33 0.3 356 62
gliclazide 174 £ 19 —0.2 323 79
mitoxantrone 175 £ 47 —2.6 444 166
diclofenac 198 £ 20 1.4 296 54
naringenin 207 £ 28 1.7 272 95
nitrendipine 224 £25 34 360 116
estrone-3-sulfate 300 £+ 67 0.2 350 91
glibenclamide 304 £ 66 2.7 494 110
indomethacin 308 23 0.2 358 78
dehydroisoandrosterone-3-sulfate 395 £48 0.3 368 90

“ Experimentally determined inhibition and stimulation of MRP2-mediated E7G transport is shown for the compounds in this study, along with important
molecular descriptors. ” Calculated as the ratio of the ATP-dependent E;7G transport rate in the presence and absence of the test compound. Compounds that
significantly decreased the ATP-dependent transport rate to less than 50% of the control were regarded as inhibitors (n = 42), and compounds that increased
the transport rate by at least 50% were regarded as stimulators (n = 13). Only compounds with marginal effects on the E;7G transport (20% of the control;
n = 76) were regarded as noninhibitors in the computational analysis to avoid bias from moderately inhibiting compounds (20-50% inhibition; n = 43) or
moderately stimulating compounds (20-50% stimulation; n = 17). © Octanol-water partition coefficient at pH 7.4, calculated using ADMETPredictor version
2.4.4. “ Molecular weight. ¢ Polar surface area, calculated using MAREA version 3.02./ n.a.: not applicable. ¢ Previously unknown MRP?2 inhibitors. ” Included

in the test set used to validate the OPLS-DA model of MRP2 inhibition.

An additional analysis was performed to examine whether
inhibitors that have also been reported to be substrates and which
are thus likely to compete with E;7G binding at the transport
site were structurally different from other inhibitors. Inhibitors
also shown to be substrates were on average less lipophilic than
other inhibitors and also had a higher molecular weight and a
larger polar surface area (Table 2).

Structural Characteristics of MRP2 Stimulators. To
determine molecular characteristics important for stimulatory
binding to MRP2, we also examined molecular properties
separating stimulators from compounds that did not affect E7;G
transport. After variable selection, eight molecular descriptors
were included in the final correlation. The relationship suggested

that stimulators mainly differ from noninteracting compounds
by a greater negative charge, larger number of functional groups
involved in hydrogen bonding, lower lipophilicity, and smaller
size. In fact, all stimulators found in this study carry at least
one negative charge at physiological pH. Interestingly, the
charge characteristics of the data set of stimulators were
comparable to those reported for MRP2 substrates (Figure 3G),
suggesting that the stimulating binding site(s) may be similar
to the transport binding site.”>*® All the experimentally deter-
mined MRP2 transport stimulators were correctly classified by
the model, whereas 15 of the 75 noninteracting compounds were
classified as stimulators. Notably, as many as 10 of these 15
compounds have, in assays optimized for studying stimulation,
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Figure 2. Identification of inhibitors and stimulators of MRP2-mediated
EG transport. E;7G transport was measured in inverted membrane
vesicles from MRP2-overexpressing Sf9 cells after incubation with
50 uM E;G with or without 80 uM of the test compound. Of the 191
test compounds, 42 (22%) inhibited MRP2-mediated E ;G transport at
this concentration, and 13 compounds (7%) mediated a significantly
increased transport rate. A decrease in ATP-dependent transport rate
of at least 50% was used as the cutoff for significant MRP?2 inhibition,
and an increase of at least 50% was regarded as significant stimulation.
The data are presented as means £ S.E. (n = 3), with the compounds
in the same order as in Table 1.

either been reported to be stimulators of MRP2-mediated
transport or stimulation has been observed for highly structurally
similar compounds.?*° The structural characteristics of the 13
stimulators in our study were thus in agreement with those of
other stimulators reported in the literature.

Discussion

In this study, we used a global approach to explore the
structural features determining MRP2 inhibition. A data set of
191 compounds representing the chemical space of oral drugs
was investigated, resulting in the identification of 27 previously
unknown MRP2 inhibitors. In total 22% of the investigated
compounds inhibited MRP2-mediated E;;G transport, a hit
frequency about half that previously observed for the two other
important ABC transporters BCRP (37%)*” and P-gp (44%).*°
A large proportion (67%) of the MRP2 inhibitors also have

Pedersen et al.

affinity for P-gp or BCRP.?’*'~** This indicates an overlapping
but also narrower inhibitor space for MRP2 than for the two
other major hepatic ABC transporters.

Inhibition of MRP2 can lead to toxic accumulation of drugs
and bile acids in the liver, and the fact that many drugs interact
with multiple transporters and drug-metabolizing enzymes
increases the risk of serious adverse effects when parallel
detoxification pathways are inhibited at the same time. To
facilitate studies of the interplay between different transport
mechanisms, we selected a reference data set mainly intended
for studies of hepatic drug-transporter interaction, although also
model compounds for CYP metabolism and liver toxicity were
included (Figure 5). We believe that this data set will benefit
global comparisons of drug affinity for liver transporters and
also enable comparisons of different experimental and compu-
tational methods.

Notably, 10 out of the 14 FDA-recommended CYP inhibitors
and substrates that were included in the reference data set also
interact with one or more transporters, suggesting that transport-
ers can be a confounding factor in CYP interaction studies.
Similarly, overlap between hepatic uptake and efflux transporters
(Figure 5) was observed in several cases; 9 of the 21 compounds
in the reference data set reported as substrates or inhibitors of
uptake transporters in the organic anion transporting polypeptide
(OATP/SLCO) family were hits in the MRP2 assay. A similar
overlap (6/20) was seen for the organic anion transporter
(OAT1-5/SLC22A6-11) family. In contrast, only one of the 23
compounds with affinity for organic cation transporters (OCT1-
3/SLC22A1-3) also interacted with MRP2, which was expected
from the current understanding of interactions between organic
anions and MRP2.**3> Consequently, anionic compounds that
are dependent on transporters for both their entry into the
hepatocyte and their efflux into bile may become trapped inside
the cell when coadministered with MRP2 inhibitors, with a risk
for intracellular accumulation and toxic effects. For example,
hepatic uptake of the antibacterial drug rifampicin is mediated
by the anion uptake transporters OATP1A2, 1B1, and 1B3.%%%7
Once inside the hepatocyte, rifampicin competes with endog-
enous MRP2 substrates for efflux, resulting in adverse effects
such as hyperbilirubinemia, especially in patients with geneti-
cally compromised MRP2 function.'>*® Similar adverse effects
related to impaired lipid disposition have been reported for
several of the new MRP2 inhibitors in our investigation.*® A
number of clinical trials have demonstrated elevated plasma
levels of cholic acids after treatment with HIV protease
inhibitors such as ritonavir and saquinavir,”“m both of which
significantly inhibited MRP2-mediated transport in this study.
We propose that inhibition of MRP2-mediated bile efflux
leading to compensatory active or passive transport into the
bloodstream by other transporters thus could be part of the
explanation for the altered plasma levels.

The computational analysis identified lipophilicity and aroma-
ticity as important molecular properties for MRP2 inhibition. This
is similar to the picture seen for the related ABC transporter BCRP
(ABCG?2), where logD74 and polarizability, the latter describing
electron delocalization in conjugated systems, were the most
important molecular descriptors for differentiating between inhibi-
tors and noninhibitors.”*' Another interesting observation is that
the charge distribution among the identified MRP2 inhibitors clearly
differs from that in substrates and stimulators. Almost one-third
of the MRP2 inhibitors carry a positive charge at physiological
pH, whereas substrates and stimulators are essentially neutral or
negatively charged (Figure 3G). These differences support previous
observations that MRP2 has a complex interaction pattern with
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Figure 3. Physicochemical properties of MRP2 inhibitors and noninhibitors. The molecular descriptors represent the size (molecular weight, A),
lipophilicity (octanol-water partition coefficient, B), hydrophobicity (surface area of nonpolar atoms, C), aromaticity (surface area of unsaturated
nonpolar atoms, D), hydrogen bonding capacity (surface area of polar atoms, E), and major ionic species (charge, F). The closed bars denote the
distributions of the MRP2 inhibitors, and the open bars denote the distributions of the noninhibitors. Below each graph the means £ SE of that
physicochemical property are given for the inhibitors and noninhibitors, with the range of observed values within brackets. The differences between
inhibitors and noninhibitors were statistically significant (p < 0.01) for the physicochemical properties depicted in A—D. (G) Distribution of molecular
charge in MRP2 inhibitors, stimulators, and substrates. The relative frequency of compounds in which the dominating ionic species at pH 7.4 had
positive (+), negative (—), or no charge (0) is shown for MRP2 inhibitors (n = 42) and stimulators (n = 13) in this study, along with the distribution
in previously reported MRP2 substrates (n = 40).3 Notably, all stimulators, including those with positive or neutral molecular net charge, carry
at least one negative charge at physiologic pH. The stimulators also exhibit a charge distribution very similar to the MRP2 substrates. A more
complex charge distribution with no clearly predominating net charge is observed for the MRP2 inhibitors.

several cooperative binding sites.”>** Based on the analysis of the
physicochemical properties of the inhibitors, substrates, and
stimulators we hypothesize that the inhibitors can be clustered into
two groups, possibly binding to different sites in the transporters
(Figure 6).

Most of the compounds with reported affinity for the MRP2
substrate transport site are relatively hydrophilic and are
either negatively charged or cotransported as ion pairs with
negatively charged glutathione (Figure 3G).****~*> Membrane
accumulation and passive permeability of such compounds
are likely to be limited by charge—charge repulsion from the
negatively charged polar head-groups of lipids in the inner
membrane leaflet, and their cellular uptake is often mediated

by membrane transporters.”'*31-36:37:4446 Therefore, it is
unlikely that the transporting site of MRP2 is situated within
the membrane. Support for a cytosolic location of the
transport binding site is obtained from studies of the closely
related ABC transporter MRP1 (ABCC1), for which several
amino acids in the cytosolic loops affect the substrate
binding.*” The fact that MRP1 and MRP2 share affinity for
several anionic and conjugated substrates*’*® indicates that
the binding mechanism may be similar for these transporters.
This similarity is further supported by that positively charged
residues in the cytosol—membrane interfaces of the same
transmembrane helices (TM6, 11, and 17) are important for
transport in both MRPs.*”#**% The importance of amino acids
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Figure 4. Prediction of MRP2 inhibition from five molecular descriptors. (A) The molecular descriptors included in the final model after stepwise
exclusion of insignificant descriptors, as described in the Materials and Methods. The remaining molecular descriptors are related to lipophilicity
(calculated octanol-water partition coefficient), size (second largest dimension, total structure connectivity index), aromaticity (number of aromatic
bonds), and hydrogen bonding potential (maximum hydrogen bond donor energy). Descriptors with higher absolute coefficients have greater influence
on the discriminant model. Positive coefficients mean that the descriptors have higher values in MRP2 inhibitors, whereas descriptors with negative
coefficients have higher values in noninhibitors. (B) The orthogonal PLS discriminant analysis score plot showing the predictive (t;P) and the first
orthogonal (t,0O) principal component. Compounds in the shaded area are predicted to be noninhibitors. The closed symbols denote compounds
experimentally determined to inhibit MRP2, and the open symbols denote noninhibitors. Compounds in the training set are shown as squares, and
test set compounds (which were withheld from the model development, see Materials and Methods) are shown as circles. The model was capable
of correctly classifying 86% of both the inhibitors and noninhibitors in the training set and 72% of the inhibitors and 71% of the noninhibitors in
the test set.

Table 2. Physicochemical Differences between “Pure” MRP2 Inhibitors and MRP2 Inhibitors that are also Substrates®

transported inhibitors (n = 9)° “pure” inhibitors (n = 33)¢

molecular descriptor mean values (median) mean values (median) difference
molecular weight (g x mol™ ") 615 £ 40 (720) 470 £ 60 (414) p<1x107°
logD74 . 1.5+ 0.5(0.5) 3240.7 (3.6) p<1x107°
polar surface area (A?) 152 4+ 12 (139) 84 4+ 19 (73) p<1x107°

“ The means =+ SE are presented for each parameter. Median values are given within brackets. ® Data supporting MRP2-mediated transport were obtained
from the transporter database available from the University of Tokyo.®' ¢ Inhibitors that have not been reported as MRP2 substrates.

located in the cytosolic part of the protein indicates that
substrates bind to this family of transporters directly from
the intracellular compartment (A in Figure 6). Thus, inhibitors
also reported as substrates are likely to interact with the
cytosolic substrate binding site and competitively inhibit the
transport.

Analogous to the charge distribution in MRP2 substrates, all
compounds that stimulated transport in this study carry at least
one negative charge at physiological pH (Figure 3G). This
finding supports the statement that the transport stimulating
binding site may have similar physicochemical properties to
those of the transport binding site**® and that it is likely to be
located in the part of MRP2 facing the cytosol (B in Figure 6).
Similar to the substrate and stimulatory binding sites, the ATP-
binding sites of ABC transporters seem to favor interactions
with negatively charged molecules, although this has only been
studied for a few compounds, and the detailed characteristics
of such interactions are yet to be discovered.’'>

The evident difference in charge distribution at physiological
pH between inhibitors and other MRP2-interacting groups
(Figure 3G) implies that the positively charged subset of MRP2
inhibitors forms a second group of inhibitors (Table 2). We
hypothesize that this group of more lipophilic inhibitors can
accumulate in the cell membrane™ and interact with MRP2 in
a fashion similar to those proposed for P-gp®' and BCRP?’
(Table 2; C in Figure 6). Support for this hypothesis is obtained
from that several of the more lipophilic, positively charged
MRP2 inhibitors have also been reported to interact with P-gp
or BCRP from within the plasma membrane.>”>">3 However,
whether these inhibitors interact with a binding site different

from those proposed for substrates and stimulators remains to
be determined, e.g. using site-directed mutagenesis.

In conclusion, despite the challenges imposed by the multiple
drug binding sites in MRP2 and by our choice of a global data
set spanning the chemical space of oral drug-like molecules, a
predictive qualitative model for identification of MRP2 inhibitors
was successfully developed. This model was capable of correctly
classifying 86% of both the inhibitors and noninhibitors in the
training set and 72% of the inhibitors and 71% of the
noninhibitors in the test set and was based on easily interpreted
molecular descriptors. We believe that classification models such
as our MRP2 model can, in addition to shedding some light on
the molecular mechanism of MRP2 inhibition, aid in flagging
compounds with structural properties likely to increase the risk
of MRP2-mediated hepatic drug interactions and toxicity in an
early stage of the drug discovery process.

Materials and Methods

Selection of the Experimental Data Set, Including a Refer-
ence Data Set for Studies of Hepatic Transporters. One of the
limitations of published studies of drug—transporter interactions
to date is that the data sets of drug-like molecules have been narrow,
covering only a small proportion of the structural drug space.'>~'®
While this approach is useful for the establishment of quantitative
structure—transport relationships, the predictivity of such models
is limited to compounds from the same structural series. In this
study, we therefore used a global modeling approach and included
191 compounds in the data set covering the chemical space of oral
drugs.

As an integral part of this global data set, we highlighted a panel
of 75 compounds that we propose can be used as a reference set
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Figure 5. Affinity profile and physicochemical characteristics of the hepatic transporter reference data set. The 75 compounds were selected
to be representative of the structural space of orally administered drugs and to have affinity for a panel of important hepatic transporters and
metabolic enzymes. For transporters, closed symbols denote that the compound has been reported to (i) reduce transport with at least 50%
at an inhibitor concentration not exceeding 100 uM or (ii) be a transported substrate. For CYP enzymes, closed symbols denote that the
compound has been reported to (i) reduce metabolism with at least 50% at an inhibitor concentration not exceeding 20 uM or (ii) be a
metabolized substrate. Open symbols denote compounds which have been reported to reduce metabolism with at least 50% at inhibitor
concentrations in the range 20-100 4M. Note that missing symbols do not necessarily imply a lack of affinity but can also result from
missing data in the literature. The PubMed literature search was performed using the search string “<compound name> AND <transporter
name>" or “<compound name> AND (CYP or “cytochrome P450”)”. Examples of compounds associated with toxicity are marked according
to reviews of hepatic or hERG-mediated toxicity, see table footnotes for references. Footnotes to Figure 5: “ MRP2 inhibitor in this study.
® MRP2 stimulator in this study. ¢ FDA preferred CYP3A4/5 inhibitor. ¢ FDA preferred CYP2CS8 inhibitor. ¢ FDA accepted CYP2CS inhibitor.
TFDA accepted CYP3A4/5 inhibitor. # FDA accepted CYP2C8 substrate. ” FDA preferred CYP2B6 substrate. ' FDA preferred CYP2EI
substrate. / FDA accepted CYP3A4/5 substrate.  FDA preferred CYP2D6 substrate. ' FDA preferred CYP2C9 substrate. ” FDA accepted
CYP3A4/5 substrate. " FDA preferred CYP2A6 substrate. © FDA preferred CYP1A2 substrate. ” FDA accepted CYP2C9 substrate. ¢ FDA
preferred CYP3A4/5 substrate. " Associated with hERG toxicity according to Ziinkler, Pharmacol. Ther. 2006, 112, 12-37 or de Bruin et al.,
Eur. Heart J. 2005, 26, 590-597. * Associated with hepatic toxicity according to Navarro and Senior, New Engl. J. Med. 2006, 354, 731-739
or Lee, New Engl. J. Med. 2003, 349, 474-485.
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Figure 6. Proposed drug binding sites in MRP2. Depending on its
physicochemical properties, a drug can interact with MRP2 at several
different sites. Transported inhibitors such as bromosulfalein and
glycyrrhizinic acid can compete for binding to the cytosolic transport
site (A), which is more likely for negatively charged and hydrophilic
compounds. Compounds that stimulate MRP2 transport, such as
dehydroisoandrosterone-3-sulfate, can bind to a second cytosolic binding
site (B) similar to the transport site. We further suggest that lipophilic
cationic inhibitors, such as thioridazine and terfenadine, are unlikely
to bind to the two cytosolic binding sites because of charge repulsion,
and might, after partitioning to the plasma membrane®'=>* interact with
a third binding site accessible from the lipid bilayer (C).

for drug-transporter interaction studies. Since many drugs interact
with several transporters and metabolic enzymes, such a data set
has the potential to provide information about the complex interplay
between different mechanisms. The data set primarily focuses on
transporters known to influence hepatic drug disposition, but many
of these are also important in other organs, including the intestine,
liver, and blood—brain barrier.>*>*

First, we identified a data set comprising 220 compounds that
have been reported to interact with both efflux transporters from
the ABC family, including P-glycoprotein (ABCB1/P-gp), BSEP
(ABCB11), MRP1-8 (ABCCI-6, 10-11), and BCRP (ABCG2), and
uptake transporters from the SLC family, including the organic
cation transporters (SLC22A1-3/0OCT1-3), organic anion transport-
ers (SLC22A6-11/0AT1-5 and SLCOs/OATPs), multidrug and
toxin extrusion transporters (SLC47/MATE), and monocarboxylate
transporters (SLC16A1-7/MCTs). Compounds commonly used as
markers for important drug-metabolizing cytochrome P450 enzymes
(CYP1A2, 2B6, 2C8/9/19, 2D6, 2E1, and 3A4/5/7) were also included,
as were a set of compounds known to cause hepatotoxicity and an-
other set known to cause hERG receptor-mediated cardiotoxicity.

From the initial selection, 75 compounds were chosen for
inclusion in the final transporter reference data set (Figure 5). The
compounds were selected specifically to cover the chemical space
of oral drugs, while at the same time covering interactions with
the entire panel of uptake and efflux transporters, CYP enzymes,
and toxicity issues. The significant reduction in the size of the data
set was made possible by the inclusion of compounds with
overlapping affinities for several transporters and enzymes.

Furthermore, because we had previously observed a large overlap
in inhibitor affinities among different ABC transporters, 90 ad-
ditional compounds with reported ABC transporter affinity were
included in the data set, along with a set of 26 compounds with
unknown transporter affinity, selected from an in-house database
of drugs from the Physician’s Desk Reference.® The solubilities
of the selected compounds were predicted using an in-house
computational solubility model and compounds with solubility
below the selected assay concentration were replaced with com-
pounds that exhibited sufficient solubility and that were located in
close proximity to each of the excluded compounds in the chemical
drug space. Compounds with predicted solubility close to the assay
concentration were evaluated using literature values, and were kept
in the data set only if sufficiently soluble according to the literature
data.

Pedersen et al.

In summary, 191 endogenous or drug-like compounds were
included in this study (for SMILES, see Supporting Information,
Table S2). These compounds comprised three groups: (A) a
structurally diverse reference set for hepatic transporter affinity
studies (n = 75), (B) compounds with a reported affinity for ABC
transport proteins (n = 90), and (C) compounds (n = 26) selected
from an in-house database of drugs from the Physician’s Desk
Reference.*®

Substances. Amantadine, amiloride, captopril, carbamazepine,
chlorprothixene, chlorzoxazone, erythromycin, fenofibrate, flu-
penthixol, glipizide, hydrochlorthiazide, prednisone, sulindac, ter-
fenadine, tetracycline, and tinidazole were kind gifts from Dr.
Anders Karlén (Dept. of Medicinal Chemistry, Uppsala University,
Sweden). Ko143 was a kind gift from Dr. Gerrit-Jan Koomen (Van’t
Hoff Institute for Molecular Sciences, University of Amsterdam,
Netherlands). GF120918 was kindly provided by GlaxoSmithKline
(Stevenage, U.K.). MK571 was purchased from A.G. Scientific (San
Diego, CA) and astemizole from MP Biomedicals (Eschwege,
Germany). [*H]-Estradiol-175-p-glucuronide (E;;G) was obtained
from PerkinElmer (Waltham, MA). All other compounds were
purchased from Sigma-Aldrich, St. Louis, MO, or International
Laboratory Limited (San Bruno, CA), and were of at least 95%
purity.

MRP2 Transport Assay. Inverted membrane vesicles from Sf9
cells overexpressing human MRP2 were used throughout the
investigation, and E ;G was used as a model substrate for MRP2
transport.”>® Statistical experimental design as implemented in
Modde version 7.0 (Umetrics, Umed, Sweden) was used to optimize
the experimental parameters of the E;;G transport assay. Six
experimental parameters were varied in the design (Supporting
Information, Table S1), including (i) the amount of membrane
vesicles per well, (ii) the E;7G concentration, (iii) the ratio of
radiolabeled to unlabeled E;G, (iv) the lag time between thawing
the vesicle solution and starting the incubation, (v) the incubation
time, and (vi) the concentration of MK571, which was used as a
positive inhibition control.>* Five levels of each parameter were
considered using a two-layered onion design,’® resulting in a total
of 33 experiments designed to cover the widest possible extent of
parameter combinations (Supporting Information, Table S1).

The experiments were performed in a 96-well plate format using
a rapid filtration technique modified from Ishikawa et al.>” Briefly,
the transport buffer consisting of 10 mM Tris-HCI solution (pH
7.4), supplemented with 250 mM sucrose, 10 mM MgCl,, and 10
mM phosphocreatine was preheated to 37 °C. MRP2 membrane
vesicles were quickly thawed from —85 to 37 °C and diluted in
the transport buffer to a final concentration of 0.4 ug/uL. Substrate
and inhibitor solutions were prepared from 10 mM DMSO stock
solutions and radiolabeled substrate was added to each well
separately. The transport was initiated by the addition of ATP and
creatine kinase at a final concentration of 5 mM and 90 U/mL,
respectively. The vesicle solution was then incubated at 37 °C for
5 to 20 min using 300 rpm orbital shaking. All experiments were
performed in duplicate, along with negative controls in which the
ATP and creatine kinase solution were substituted by 5 mM AMP.
The transport was stopped by adding 200 uL ice cold stop solution
(10 mM Tris-HCI solution (pH 7.4) supplemented with 250 mM
sucrose and 0.1 M NaCl), and the reaction mixture was immediately
filtered through a 96-well glass filter plate with a pore size of 0.65
um (Millipore, Bedford, MA). The filters were washed five times
with 200 uL of ice cold stop solution, dried for 1.5 h at 37 °C, and
transferred to scintillation vials containing 3 mL of Ultima Gold
scintillation cocktail (PerkinElmer, Shelton, CT). The radioactivity
was measured in a 1900CA TRICARB liquid scintillation counter
(Canberra Packard Instruments, Downers Grove, IL). Disintegra-
tions per minute were related to molar transport rates using standard
samples of [°H]-E;;G diluted in assay solution. The ATP-dependent
E7G transport rate was calculated by subtracting the negligible
(~0.25%) transport rate in vesicles incubated with AMP from the
rate in ATP-incubated vesicles.

Nonlinear regression (Prism version 4.02, GraphPad, San Diego,
CA) was used to determine Michaelis—Menten kinetic parameters
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from initial transport rates determined in a concentration range of
10 to 300 uM, according to eq 1

vaIX X [S] y

= : )

K, + ST
where V. is the maximal transport rate, [S] is the E,7G concentra-
tion, K, is the E;G concentration at which V = 0.5 x V. and
y is the Hill coefficient.

Inhibition Assay. A statistical experimental design process was
used to find assay parameter combinations resulting in both maximal
ATP-dependent transport rates and maximal inhibitory effect of
the MRP inhibitor MK571 (Supporting Information; Table S1). A
membrane vesicle concentration corresponding to 10 4g membrane
protein was selected, and the final substrate concentration was set
to 50 uM E;G, spiked with 85 nM (0.1 uCi) radiolabeled E;;G.
This concentration was selected to minimize the effect of transport
stimulation previously observed at low E;;G concentrations.”**
The results of this process indicated that long incubation times
improved the assay resolution, and an incubation time of 10 min
was therefore selected, which was well within the range of linear
transport (Figure 1A). The experimental design results suggested
that high inhibitor concentrations were favorable but that increasing
lag times between thawing the vesicles and the start of the
experiment did not significantly improve the assay. A standard
inhibitor concentration of 80 uM was chosen, which is in the
vicinity of the E;G transport K;,,. A lag time of 5 min was used to
ensure that the temperature of the membrane vesicle preparation
was consistent at the initiation of all experiments.

Because of the risk of solubility issues for some of the
investigated compounds at the 80 uM concentration, DMSO was
used as a cosolvent. The effect of DMSO on the E;7G transport
was shown to be negligible for final DMSO concentrations up to
0.5% (data not shown). Consequently, the test compounds were
diluted from 16 mM DMSO stock solutions to a final concentration
of 80 uM (0.5% DMSO). All experiments were performed in
triplicate with negative controls in which ATP and creatine kinase
solution were substituted by 5 mM AMP. Each experiment included
positive transport controls, in which the vesicles were incubated
with E{7G without the addition of an inhibitor. Positive inhibition
controls using the MRP inhibitor MK571 were also included on
each plate, resulting in an interday variability of 3%.

The ratio of the ATP-dependent E;;G transport rate in the
presence and absence of the test compound was used as the end
point for inhibitory effects. Compounds that significantly decreased
the ATP-dependent transport to less than 50% of the control were
regarded as inhibitors. The chosen cutoff level resulted in maximal
statistical significance when the Student’s 7-test was used to compare
the modulation of the transport rate by compounds above and below
the cutoff level.

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 decriptors, representing mainly the molecular size,
flexibility, connectivity, polarity, charge, and hydrogen bonding
potential of the molecules, were calculated from the 3D structures
using DragonX version 3.0 (Talete, Milano, Italy), ADMETPre-
dictor version 1.2.4 (SimulationsPlus, Lancaster, CA), and HYBOT
(MOLPRO-2001, TimTec, Newark, DE). The static-free molecular
surface areas for each atom type were calculated using the in-house
software MAREA version 3.02, as described previously.>®>° After
removal of descriptors with zero variance, 240 descriptors were
used as a starting point for development of the model.

The data set division was performed in two steps. First, the data
set was divided into two groups based on their experimentally
determined MRP2 inhibitory effect. Compounds inhibiting the
transport by at least 50% were regarded as inhibitors (n = 42).
Only compounds with marginal effects on the transport (£20%
compared to control) were included in the noninhibitor group (n =
76) to avoid bias to the model from moderately inhibiting
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compounds (20-50% inhibition; n = 43). Compounds resulting in
increased E ;G transport (n = 30) were also excluded from the
MRP?2 inhibition model. The compounds were then divided into a
training set used for model development and a test set used to
validate the predictivity of the final model. A representative test
set was selected using ChemGPS descriptions of the molecules.®°
In ChemGPS, the position of a compound in the drug-like chemical
space is determined using principal components calculated from
descriptors of their chemical structure. Structural diversity was
maximized by selecting compounds from throughout ChemGPS
space, resulting in a test set with structural features representative
of the compounds in the training set (Supporting Information, Figure
S1). Two-thirds of the compounds in each activity group (28
inhibitors and 51 noninhibitors) were included in the training set,
and the remaining one-third (14 inhibitors and 25 noninhibitors)
were included in the test set.

Orthogonal partial least-squares projection to latent structures
discriminant analysis (OPLS-DA), as implemented in Simca-P
version 11.5 (Umetrics, Umea, Sweden), was used to derive
multivariate classification models for separating MRP2 inhibitors
from noninhibitors. The influence on the model of the different
sizes of the inhibitor and noninhibitor groups was balanced by
replication of the inhibitor entries in the data set. To avoid bias in
the models, all replicates of a molecule were removed simulta-
neously during the cross-validation procedure. The models were
optimized by a variable selection procedure in which groups of
molecular descriptors that did not contain information relevant to
the problem (i.e., noise) were removed in a stepwise manner.
Descriptors were kept outside the model if removing them 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 subzero cross-validated coefficients
of determination (Q?) when the response variables were permutated,
demonstrating that they were describing the response variables
rather than noise.
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