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Abstract

ABCC2 is a transporter with key influence on liver and kidney pharmacokinetics. In order to
explore the structure—activity relationships of compounds that modulate ABCC2, and by doing so
gain insights into drug—drug interactions, we screened a library of 432 compounds for modulators
of radiolabeled fB-estradiol 17-(B-D-glucuronide) (EG) and fluorescent 2/,7’-dichlorofluorescin
transport (CDCF) in membrane vesicles. Following the primary screen at 80 UM, dose-response
curves were used to investigate in detail 86 compounds, identifying 16 low puM inhibitors and
providing data about the structure—activity relationships in four series containing 19, 24, 10, and
eight analogues. Measurements with the CDCF probe were consistently more robust than for the
EG probe. Only one compound was clearly probe-selective with 50-fold difference in the 1Cggs
obtained by the two assays. We built 24 classification models using the SVM and fused-XY
Kohonen methods, revealing molecular descriptors related to number of rings, solubility and
lipophilicity as important to distinguish inhibitors from inactive compounds. This study is to our
best knowledge the first to provide details about structure—activity relationships in ABCC2
modulation.
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1. Introduction

The ATP Binding Cassette family C2 (ABCC2, also known as Multidrug Resistance-
associated Protein 2, MRP2, or canalicular multispecific organic anion transporter 1,
cMOAT), is a member of the ATP-binding cassette protein family. ABCC2 is expressed at
the apical side of polarized cells in the liver, kidney, small intestine, and placenta. This
localization is fundamental to its role in the elimination of endogenous compounds as well
as xenobiotics.

ABCC2 has been classified as a Multi-Drug Resistance Protein family member following its
identification as overexpressed in cisplatin-resistant cancer cell lines.! ABCC2 expression
has since then been associated with intrinsic as well as probably acquired resistance to
chemotherapy in patients, for example, with oesophageal squamous cell carcinoma.?
ABCC2 indeed transports many chemotherapeutic agents such as vinblastine,3 vincristine,*
epirubicin® and chlorambucil.> The main physiological role for ABCC?2 identified to date is
to efflux organic anionic metabolites and conjugates including leukotriene-C4,4
glutathione,® bilirubin as mono or bi-glucuronide,’ estradiol glucuronide* and p-
aminohippurate.8 There is evidence that a majority but not all ABCC2 substrates have an
anionic character.9-12

While no clinically relevant drug-drug interactions affecting ABCC2 have been identified to
date, there is a high risk that these would occur.13 An impaired activity of ABCC2 due to
genetic factors or through inhibition (drug—drug interaction) can lead to conjugated
hyperbilirubinemia. The importance of examining ABCC2 inhibition was recently
underlined by the International Transporter Consortium for potential drug candidates that
induce conjugated hyperbilirubenemia.13 Compounds or metabolites that would inhibit
ABCC?2, as well as other transporters that are present in the hepatocytes such as MRP3 and
MRP4, may cause hepatotoxicity. 13 Similarly, blocking ABCC22 with small molecules,
typically chemotherapeutic agents, may cause the accumulation of organic anions inside
renal proximal tubule cells; inhibition of mitochondrial DNA synthesis by these organic
anions could subsequently cause the iatrogenic Fanconi Syndrome.1# In this context, potent
inhibitors of ABCC2 are of interest for the study of drug—drug interactions. In addition,
there is interest in developing drug molecules able to evade or circumvent transporters such
as ABCC2.

ABCC2 is a large membrane-embedded protein (1545 amino acids, 17 transmembrane
segments) that folds into five domains: the ABCC2 sequence contains a duplicated unit
composed of one transmembrane domain (six transmembrane segments) and one
intracellular nucleotide binding domain. This unit, duplicated or not, is found in most ABC
systems. Characteristic of the ABCC family is an extra domain, composed of five
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transmembrane segments of unknown function. Upon folding, the two domains with six
transmembrane segments would arrange in parallel to form a central binding cavity in ABC
transporters, as is seen in the crystal structures of the mouse MDR1A (PDB code
4AM1M),1516 human ABCB10 (4AYT),17 as well as in bacterial transporters such as Sav
1866 (2HYD)18 and MsbA lipid flippase (3B60).1° This central binding cavity located mid-
way to the membrane is an essential component of the alternate access model proposed by
Jadzerky in 1966, which postulates that the transporter “‘oscillates’ between two
conformations during transport cycle.29 All known transport proteins crystallized to date,
including the ABC transporters, present characteristics compatible with the alternate access
model.21-23 ABCC2-mediated transport is complex, as demonstrated by the sigmoidal plot
of transport, characteristic of self-stimulation, of the endogenous molecule EG with human
(but not rat) ABCC2.24-26

The interaction of compounds with ABCC2 is often studied using the vesicular transport
assay, where compounds are assessed for their modulatory effect (stimulation, inhibition) on
the transport of a detectable probe. Transport of the tested compounds in itself is not seen in
this assay, but most of the transported substrates should be detected along with other non-
transported inhibitors (transported substrates are likely to behave as competitive inhibitors).
In the framework of the ABCC2 three-dimensional structure (Fig. 1), modulators may exert
their action either directly by binding to the central cavity and competing with the
transported substrate (modulators are then not necessarily transported themselves) or
binding to either of the two nucleotide binding domains, uncoupling the transporter from its
energy source. For substrates, the modulatory effect is a consequence not only of the affinity
towards the central binding cavity, but also of the capacity to trigger transport, which affect
the residence time of the probe competitor and therefore the assay readout. Substrates that
differ in their transport capacity are for example CDCF and LTC4.27 More subtly
modulators could be co-accommodated with the transported substrate. In the case of the
mouse MDR1, there is crystallographic evidence that the binding cavity can accommodate
two substrate molecules.1516 Other binding sites may be postulated, which would
allosterically affect affinity and/or capacity in the central binding cavity.

In a comprehensive study of ABCC2 modulators, Pedersen and coworkers tested the effect
of 191 chemically diverse drugs and drug-like compounds on the ABCC2-mediated
transport of radiolabeled B-estradiol 17-B-D-glucuronide (EG).12 Intriguingly, presence of a
net negative charge at physiological pH was not found to be a fundamental characteristic of
inhibitors (n = 42 molecules, 37% having a net negative charge), however a net negative
charge was seen as preferred in the small sample of stimulators under study (n= 13, 77%;
all carrying an anionic center).12 Few reports have otherwise discussed the requirement of
modulators to carry an anionic group, and this requirement was never discussed in the
context of series of analogues.

The main objective of this study is to generate novel information about the chemical profile
of ABCC2 inhibitors, especially information about the SARs in series of analogues, which
could be later translated to early stages of drug development.28:2% EG is not the only probe
available for vesicular transport assays and, as an alternative, the International Transporter
Consortium has recently suggested the use of 5(6)-carboxy-2’,7’-dichlorofluorescein
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(CDCF).13 CDCF is suitable for high-throughput setups due to its detection by fluorescence
and lower costs, but has never been previously used for larger screening purposes.2’ By
comparing the effects of compounds on CDCF and EG, we have recently introduced the
concept of probe-selective compounds, that is, compounds that exert different modulatory
effect on EG and CDCF.30 Comparison with a larger dataset has however not yet been
reported. Effects of multiple probes would thus be interesting to compare on a larger dataset.

Here, using a vesicular transport assay conducted with both EG and CDCF we screened for
ABCC2 modulation a library of 432 small molecules composed around series of analogues.
This screening data was used to build classification models, and the most predictive SVM
models used to highlight the descriptors important for discriminating inhibitors from
inactive compounds. One of the classification models was validated using a foreign set of
compounds that confirmed the predictivity assessed using a test-set. For a smaller set of 86
molecules, dose—response experiments were carried out using both substrates probes, EG
and CDCEF. 64 of these compounds belong to four series of analogues and the SARs
relationships of those are discussed in the light of the presence or absence of anionic
functional groups.

2. Materials and methods

2.1. Material

Cloned human ABCC2, pGEM3-ABCC2 (U49248), was a kind gift from Dr. Piet Borst
(The Netherlands Cancer Institute). HyQ®SFX-Insect MP medium was obtained from
Hyclone (Logan, UT, USA). [3H]-EG (1.0 mCi/ml) was purchased from Perkin-Elmer
(Boston, MA, USA). EG, CDCF and ATP were purchased from Sigma—Aldrich (St. Louis,
MO, USA). The chemical library of 432 compounds used in this study is a subset of the
University of Pittsburgh Center for Chemical Methodologies and Library Development
(UPCMLD) library (http://ccc.chem.pitt.edu/UPCMLD/index.html; purity data is supplied in
Supporting information S2). The UPCMLD library was obtained by diversity-oriented
synthesis strategies in a Center Core facility and guided by innovative organic synthesis
applied to multicomponent reactions, organometallic imine additions, and natural product
inspired heterocyclic chemistry (for lead references on the preparation of library
compounds, see Refs. 19-2131-33). The compounds were first diluted to 100 mM with
DMSO and stored at —80 °C. Before screening, the compounds were further diluted in
DMSO to appropriate concentrations and stored at —20 °C. 2D structures of the 432 tested
compounds are provided as (Appendix A).

2.2. Vesicle preparation and vesicular transport assay

Human ABCC2 was expressed in Spodoptera frugiperda (Sf9) insect cells using the Bac-to-
Bac® expression system (Invitrogen Life Technologies, Carlsbad, CA, USA). The inside-out
membrane vesicles containing ABCC2 were prepared and vesicular transport assay was
performed as previously described.39 The base-line of ATP-dependent transport of probes
(EG or CDCF) was set as 100%. The final DMSO concentration in the reaction was 1.5%,
which does not interfere with the transport of the probes (data not shown). The modulation
effect was then calculated as the ratio between the ATP-dependent probe transport with and
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without the tested compound. For primary screening all library compounds were tested as
single point at 80 uM. The compounds selected for dose—response experiments were
evaluated with three to seven concentrations in triplicates.

2.3. ICgq calculation and curve fitting

The 1C5q values were estimated using one-way ANOVA with Dunnett’s post test dynamic
curve fitting four parameter logistic (GraphPad Prism version 6.0e, GraphPad Software, San
Diego California USA, www.graphpad.com) Eq. 1.

Y =Bottom+(Top+ Bottom)/ (1+[X/IC50](’Hﬂlcoeﬁi‘:ient)) a

We constrained Bottomto null as a negative value is only an artefact in the methods of
detecting relative transport. No constraints were put on Top as we were expecting some
points to give values higher than 100% (stimulation).

2.4. Classification models

The three-dimensional structures of the 432 molecules were constructed by Sybyl-X 1.2
software (Tripos, USA) and their molecular descriptors calculated using PaDEL 34
Discovery Studio3® and Volsurf+.36 Empty descriptors were then removed, and for
correlated descriptors (pairwise correlation coefficient above 0.9) a single representative
kept. SVM calculations were performed with the LIBSVM software using radial basis
function kernels. Descriptors were selected to the SVM model based on F-scores,3’ which
measures the relative importance of each descriptor in classifying the molecules in classes
(higher F-scores means better discrimination between the classes). A toolbox containing a
collection of MATLAB modules for developing Kohonen Maps and Counter propagation
Avrtificial Neural networks was also used.38:3% The descriptors computed by Volsurf+ were
used to investigate the chemical space using Self-Organizing Maps (Java SOMToolbox).

2.5. External validation

A virtual collection of 52,563 compounds was obtained from the UPCMLD. To work in the
same chemical space only compounds with a Tanimoto score higher than 0.7 (compared to
compounds of the training set) were filtered and 44 compounds were selected, and their
activities tested with the vesicular transport assay.

3. Results and discussion

3.1. Primary screening and dose-response analysis using two probes

3.1.1. Vesicular transport assay—In this work, we assessed 432 compounds for their
modulatory effect on the ATP-dependent and ABCC2-mediated transport of two substrates
used as chemical probes, EG and CDCF. The assay has been presented previously3C and is
conducted in isolated ‘inside-out” membrane vesicles from Spodoptera frugiperda Sf9 cells
overexpressing ABCC2 (Fig. 1, chemical structures of EG and CDCF). Probe transport is
detected by measuring radioactivity counts for EG and fluorescence for CDCF and the rate
of probe transport without ATP is used to set the baseline. The vesicular transport assay
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does not provide a direct measurement about the transport of the tested compounds, but
uncovers modulators, that is, molecules that inhibit or stimulate transport of the probe(s). In
this context, some of the compounds investigated may be passively transported through
partitioning to the membrane (or possibly actively transported by endogenous transporters
present in insect cells*0 without interfering with the results of the transport assay (see Ref.
12).

Each of the EG and CDCF transport assays have previously been individually parameterized
to offer an optimal signal-to-noise ratio for each of the two probes.12-27 Under our
experimental conditions, the 1Cgy of CDCF for the inhibition of EG transport is 36 uM (95%
confidence interval 1-71 pM); vice-versa, the ICgq of EG is 83 pM (73-93 uM) for the
inhibition of CDCF transport.

3.1.2. Primary screening—Overall, ABCC2 appears to be relatively readily amenable to
modulation (Fig. 2A, Table 1, 2D structures in Appendix A). As a result of the primary
screening, 96 compounds (22% of the library) were found to have a modulatory effect
(transport activity 0-50% or >150%) on either EG or CDCF transport at the tested
concentration, 80 uM. These compounds are divided into 84 potential inhibitors (64 for EG
and 65 for CDCF) and 12 stimulators (6 EG stimulators and 6 CDCF stimulators). When
milder boundaries (transport activity of 0-80% or >120%) are considered, 268 compounds
(62% of the library) had an effect on either EG or CDCF transport. These high numbers
suggest a larger than previously thought implication of ABCC2 in pharmacokinetics and
drug—drug interactions, since they mean that a previously unexpected number of small
molecules are potentially able to interfere with the ABCC2-mediated transport.

Arguably, caution should be taken with the primary screening data since only a single
measurement at one concentration was made. When the primary screening data is completed
with more concentration points, as is done for 86 compounds selected for further analysis,
62% (53 out of 86) of the compounds for EG and 79% (68 out of 86) for CDCF remain in
the inhibitor/stimulator/inactive classes predicted by the primary screen. Most of the
compounds that change classes shift into the nearest class, for example, inhibitor to weak
inhibitor.

Comparing the functional assignment into inhibitory, stimulatory and inactive classes
obtained using either the EG or the CDCF probes in primary screening, the agreement is
very high, 91% (Table 1) (borderline groups, which may be “shifting’ classes easily, not
being considered). Furthermore, a weak linear relationship (correlation coefficient of 0.36)
is seen when the numerical values of relative transport rate inhibition obtained for EG are
compared to those obtained for CDCF (Fig. 2A). Relative transport rate inhibition values
depend directly on the assay set-up; here we have used in both cases concentrations close to
half-times K, (50 uM EG, and 5 uM CDCF); other conditions such as incubation times (10
and 30 min) are different.

3.1.3. Dose-response curve analysis and ICsg estimation—86 compounds were
selected for further analysis (Fig. 2B-D; 2D structures and 1Csq curves in Appendices B and
C.1). The selection process aimed to conciliate simultaneously three objectives: (1) populate
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certain scaffolds with priority to obtain ‘instant SARs’; (2) investigate molecules with large
variation of effects between the two probes; (3) investigate the strongest inhibitors. For 50
(CDCF) and 38 (EG) of these compounds, five to seven concentration points were measured
in triplicates and, for inhibitors, ICsgs and Hill coefficients estimated from the dose—
response curves using 4-parameter logistic regression (see Section 2). The remaining
compounds from the set, weaker inhibitors and inactive compounds (included on purpose to
the selection), were tested with three concentrations points only.

As aresult, 25 EG and 38 CDCEF inhibitors (23 common to both) were identified. The
remaining compounds were weak inhibitors and inactive compounds. Overall, at almost all
concentrations, the standard deviation of the CDCF measurements is lower than the EG
measurements, and therefore the CDCF assay appears more robust (Appendix Table C.2).
For the majority of the inhibitors, ICgq values could be estimated without any difficulties
from the data collected. A few compounds with a very weak slope in the dose response
curve, for example, 1f, 3h (EG) and 1n (CDCF), or a very steep slope, for example, 29 (EG)
and 1p and 3d (CDCF), did not fit the 4-parameter logistic regression; for those, 1Csgs are
not provided. Many compounds, such as 1c, 2h, 2n, 2m, 2q, 3d, 8, 18, 19 (EG) and 1k, 2t,
3j, 6 (CDCF), showed a weak, often non-significant stimulation effect towards the left part
of their dose-response curve (at low concentrations), which made the curve-fitting and
estimation of 1Cxq values difficult. This behaviour has been previously reported.2®
Furthermore, the low-concentration stimulatory effect probably introduced uncertainties in
the estimates of Hill coefficients, and for four compounds too large deviations were
obtained. Last, while for most compounds the measurement at the highest concentration
(400 pM) is not raising any alarm, for five compounds, 2g, 3i (EG and CDCF), 2f (EG) and
1n, 12 (CDCF), the curves do not reach complete inhibition and stay at the level of the 80
UM datapoint. This behaviour may reflect experimental uncertainties, or possibly be an
artefact resulting from lack of solubility leading to aggregation or from leakage of vesicles
caused by partitioning of compounds into the membrane. 30 Intuitively, aggregation and
leakage should affect both EG and CDCF similarly, and there are only two compounds (2g,
3i) fitting this profile. Partial inhibition, which may be the result of allosteric effects, may
also be invoked as a hypothesis. To the best of our knowledge, partial inhibition has never
been suggested nor demonstrated for any ABC transporter.

3.2. Identification of novel ABCC2 modulators

3.2.1. Chemical scaffolds—The library is constituted of series of analogues (annotated
and grouped molecular structures are provided in Appendix A). There are many ways to
classify compounds into scaffold groups,142 and here we used a variant of the
Schuffenhauer rules.42 Under this classification scheme, 349 molecules (81% of library) can
be grouped together into 32 series of analogues having three or more representatives.
Roughly half of the compounds can be assigned to the 10 most populated series of
analogues. The set of 86 compounds selected for testing using dose—response curves contain
62 molecules that can be categorized in four series of analogues (Fig. 1, Tables 2a—e):
cyclopentahydroquinoline (referred to later as Scaffold 1, 19 molecules selected out of 25
analogues present in primary screen), 4-phenyl-3,4-tetrahydropyrimindin-2-one (Scaffold 2,
24 out of 59), 3-(phenylamino)-1,2-dihydroisoquinolin- 1-one (Scaffold 3, 10 out of 19), 2-
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benzyl-2,5-dihydro-1H-pyrrole (Scaffold 4, 8 out of 24). Scaffold 1 contains in proportion
the largest percentage of inhibitors of at least one probe, 68% in the primary screen. This
finding is in agreement with the known tendency of tetrahydroquinolines to be promiscuous
binders in bioassays (see, for example Ref. 43,44).

3.2.2. Most potent and probe-selective modulators—The dose—response analysis
revealed 16 compounds with I1Csgs lower than 30 uM on either of the two probes (Tables
2a—e): these are compounds 1a, 1c, 1e, 1g-1, 1n, 1g; compounds 2q, 2u; compound 3j; and
compounds 6 and 29. Even when taken outside of the context of their analogue series, by
themselves, these compounds provide us with information about the chemical structures of
potent ABCC2 inhibitors, which could help to predict ABCC2-mediated drug-drug
interactions. Furthermore, these compounds are potentially interesting as biochemical probes
for studying MRP function; nonetheless, to be used for that purpose their modulatory effect
should be tested on other ABC transporters as well.

Another interesting aspect sought here is the compound’s ability to affect differently the
transport of different probes, since probe-selective compounds could become useful
chemical tools in deciphering the complex transport mechanism of ABCC2. Probe
selectivity can be demonstrated from a large difference in I1Csgs, or from different
modulatory effects (stimulator, inactive, inhibitor) observed within the window of
concentrations considered. In itself, that some compounds exert different modulatory effects
on CDCF and EG is not surprising since these probes have themselves different transport
characteristics: While CDCF shows a classical ‘Michaelis’ type of transport kinetics,2’ EG
shows a sigmoidal curve characteristic of self-stimulation.244°

Here, the most striking trend is that most of EG inhibitors, 24 out of 25 (96%), also inhibit
CDCEF transport (23 inhibitors, 1 weak inhibitor); and reciprocally most of the CDCF
inhibitors, 37 out of 38 (97%) inhibit EG transport (23 inhibitors, 14 weak inhibitors) (Table
3). For example, the strongest inhibitors 1a, 1g, 1i, 11, and 1q have 1Cgys within the same
order of magnitude for EG and CDCF. This suggests that the strongest inhibitors detected
using the vesicular transport assay interfere significantly with the ABCC2 transport
mechanism, in such a way that both probes are affected. Overall, very few inhibitors appear
to be probe-selective in terms of ICs. By far the most interesting is 3j that displays true
probe-selectivity, being 50-fold selective for CDCF with an 1Cgq of 6 UM, as compared to an
ICsq of 305 uM for EG. Among the most probe selective agents are also compounds 1h and
2n that are, respectively, about 8-fold selective towards EG and 6-fold selective towards
CDCEF, but this should be taken with caution for 1h since the 95% confidence intervals
overlaps.

Different functional effects were seen at high concentrations for 4d, 4f, 17 and 21. The
clearest difference is seen for 21 that display an inhibitory effect on CDCF transport and no
apparent effect on EG transport; and for 17 that has a clear stimulatory effect on the
transport of CDCF and no apparent effect on EG transport. In Kidron et al., the three CDCF
inhibitors (indomethacin, diclofenac, estrone-3-sulfate) had inhibitory activity in the 70-170
UM range, while being stimulators of EG, and the two inhibitors of EG (budes-onide,
thioridazine) had vice-versa 1Csqs in the 40-60 pM range, while stimulating the transport of
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CDCF.30 Caution should always be taken when discussing differences in functional effects
since it is usually not possible to measure the rightmost part of the curve (high
concentrations) due to limits in compounds solubility and to artefacts that arise when high
concentrations of compounds are used. For the weakest inhibitors, detection of probe
selectivity is thus not attainable.

3.3. The importance of anionic functional groups for ABCC2 modulators

3.3.1. Preference for anionic modulators—The primary screening data additionally
serves the purpose of revealing trends in the chemical profile of ABCC2 modulators. The
first step of our analysis led us to scrutinize easily interpretable molecular descriptors for
trends in their ability to discriminate modulators from inactive compounds: molecular
weight, logP, polar surface area, and Number of Charged Centers predicted at pH 7.0
(NCC7), 3.0 (NCC3) and 11.0 (NCC11). NCC3 and NCC11 provide estimates about the
amount of respectively basic and anionic functional groups. As a result, we do not find any
of these descriptors to be preferred for inhibitors in primary screening (Appendix Table C.
3). Furthermore, in secondary screening, an anionic character neither appears to be a
necessary feature of ABCC2 inhibitors since only half (8/16) of the most potent molecules
bear an anionic functional group. For inhibitors, this result is fully in agreement with
previous studies.12 Concerning stimulators and substrates, we are not able to compare our
results with the Pedersen study since we did not find enough stimulators for a meaningful
assessment and since our assay do not provide information as to whether compounds are
actually transported.

3.3.2. SAR in Scaffold 1—The dose-response analysis confirmed the high activity seen
in the primary screening for Scaffold 1, (Table 2a, 1aFig. 1). Molecules sharing this
chemical scaffold can further be categorized based on the modifications present in the
cyclopentene ring: —1n, the majority of the compounds, are cyclopentahydroquinolines; in
1o, the only inactive compound, a tetrahydrofuran replaces the cyclopentene; 1p—1r have an
additional benzene ring fused to the cyclopentene ring and 1s has a 2,3-cyclopentanediol in
place of the cyclopentene. Out of 19 compounds tested, only one is inactive on both probes
and six compounds exhibit inhibition with 1Cgg lower than 30 uM on both CDCF and EG.
Compounds with a carboxylic acid at the tetrahydroquinoline 2-position (R3 = OH) have the
lowest ICsq values (compounds 1a, 1e, and 11 have 10-20 pM ICxgq’s). Comparing 1a to 1b,
as well as 1e to 1f, a switch from an ester to a carboxylic acid at the 2-position is
accompanied by lowering 1Cgs by 2-3 fold, an effect probably associated with the anionic
character of the carboxylate. Neutral compounds such as 1g, 1h, 1i, 1j, and 1k however
appear to be also good modulators (ICsq < 30 uM) of both EG and CDCF.

3.3.3. SAR in Scaffold 2—Another promising scaffold for SAR analysis is Scaffold 2
(Table 2b). Molecules with this scaffold are divided into two groups. In the first group,
molecules containing a phenyl ring connected by a one-carbon linker (or ether bond) (2a—h)
that have low or no inhibitory activity. Molecules 2i-w of the second group feature at
equivalent position a carboxylic acid group connected by two or four carbon atoms, and are
mostly active. Differences in modulatory activity between 2a—h and 2i-w are thus likely
associated with the presence of this carboxylic acid. Among other types of substitutions
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found within the 2i—w series, the presence of an additional aromatic group at R, or R3
generally leads to an increase of inhibitory activity; for instance, adding a phenyl ring at
position R, leads to compound 2r with an inhibitory activity not found for 2I. Among 2i-w,
many compounds are able to modulate CDCF transport much better than EG transport,
making 2i-w a promising scaffold for further development of probe-selective compounds.

3.3.4. Scaffolds 3, 4 and other compounds—Scaffold 3 contains only neutral
molecules (Table 2c). The most active members of this series, with estimated 1Csq values in
the 15-70 uM range for CDCF transport, have a hexyl alcohol (3b), or methylated phenyl
ring (3e) as R group, while the analogues with fluoro- or chloroarene-groups are inactive or
only weakly active. Compound 3j is the most active CDCF inhibitor in this series and bears
a bromine atom at the isoquinolinone (Fig. 1). Scaffold 4 has only one member that contains
a carboxylic acid, 4b, which has weak activity on both probes (Table 2d). Among the eight
compounds tested for this scaffold, 4b ranks second for EG and fifth for CDCF. The
dihydropyrrole 4e is the most active modulator on CDCF transport and is only weakly active
on EG. Furthermore, this scaffold features two probe-selective molecules: 4d is EG
selective, and 4f is CDCF selective. The remaining most active compounds, 6, 8, 11 and 29,
have 1C5q values in the 7-45 uM range, none of which bears a carboxylic acid group.

3.4. Molecular profile of inactive compounds and modulators based on molecular

descriptors

3.4.1. Descriptor analysis using Self-Organizing maps—In the last stage of this
study, we used automated computational methods to analyze the compounds through
numerical descriptors, looking for trends that can be revealed across analogue series and
would have been missed by the manual analysis. The chemical space was first visualized
using Self-Organizing Maps calculated using the Volsurf descriptors (Fig. 3).

The most striking result is that modulators do not appear clustered in a single region of the
2D space: in six separate regions, at least 50% of the compounds are both EG and CDCF
inhibitors (Fig. 3D left; B10, D5, D9, H5, H9 and L9). Compounds located inside each of
these regions have similar descriptors and therefore similar chemical structures. These
regions are also well separated in the 2D space, which shows that diverse chemical
structures can lead to modulation. Four regions additionally contain either only CDCF
inhibitors (two regions, 15 molecules in total; regions B8 and F1-G1) or only EG inhibitors
(two regions, 4 molecules in total; regions G8 and L4). Furthermore, in 12 other regions
more than half of the total compounds in that region are inhibitors (EG, 6 regions; CDCF, 6
regions; Fig. 3B-D right panels). The chemical scaffolds 1-4 presented in this article are
distributed across several regions, showing that the information given by the Self-
Organizing Maps and by the scaffold-based classification is different (Appendix Table C.2).

3.4.2. SVM modelling to find discriminative descriptors—We then used SVM
modelling to identify the descriptors able to best discriminate modulatory classes.
Chronologically, this was done in two phases. Firstly, a single classification model was built
using the SVM method and Volsurf+ descriptors computed for mixed EG-CDCEF inhibitors
(details about test and training set are provided in Appendix Table C.4). Accuracy on test set
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of 66% and a Matthews correlation coefficient (MCC) of 0.44 were obtained for that model
(67% in cross-validation on the training set). These are characteristic of a moderately
predictive model. We interrogated this model with a fully external set of 44 compounds that
was obtained for the only purpose of validation. These compounds were retrieved out of a
library of ~52,000 compounds and physically tested in the same assay conditions (see
Section 2).

As a result of the foreign set testing, the SVM/Volsurf+ model was able to correctly predict
16 out of 34 compounds as inhibitors of both CDCF or EG, and to correctly predict all 10
inactive compounds (confusion matrix as Appendix Table C.4B). Several metrics also
suggests reasonable accuracy as well as usefulness for pre-screening of molecules:
enrichment compared to random screening is about 3.6-folds; the area under curve in
receiver-operator analysis, which can be interpreted as the probability that a randomly
chosen active compound is ranked higher than a randomly chosen decoy, is 0.67. These
results correspond to the accuracy anticipated from the test set. From the point of view of
developing a model for practical use, it is very interesting that the sensitivity (recall, true
positive rate) is of 100%, that is, no false positive have been generated.

Next, we explored four sets of descriptors (three unique sets, and one merging them)
together with the SVM modelling for their ability to classify inhibitors, divided in three
datasets (CDCF, EG, and both CDCF and EG). In total, 12 QSAR models of ABCC2
inhibition were thus constructed (Table 4). The three sets of descriptors are: 48 Volsurf+
descriptors (selected from an initial set of 116 descriptors), PaDEL, 129 molecular
descriptors (856), and Discovery Studio, 66 (324) molecular descriptors. As a result, the
accuracy of the models was generally within the same range as the previously SVM/Volsurf
+ model, although some performed better. Of all the 12 SVM models built, the best one in
terms of testing accuracy (SVM/PaDEL descriptors/EG and CDCF inhibitors) gave 74%
accuracy on the test set, 70% cross-validation accuracy on the training set, and an MCC of
0.54. The models built combining all descriptors performed slightly better than those built
using single descriptor sets. Considering only inhibitors of both CDCF and EG in the
training dataset did not lead to models with higher predictivity. We also explored another set
of 12 models constructed using XY-fused Kohonen Networks, but this did not lead to any
improvement in model accuracy (Appendix Fig. C.4C). These numbers are in line with other
classification models of ABCC2 published in the literature, in particular the performance of
Pedersen’s classification models: 86% in training set, 71-72% in test set for classifying
inhibitors and non-inhibitors, respectively.12

Based on these models, the descriptors that are most useful to discriminate between
inhibitors and inactive molecules are related to the number and size of rings, solubility and
hydrophobicity (Table 4, Appendix Table C.4): number of rings in smallest set of rings
(Num_Rings), number of ‘10 membered’ rings (nT10Ring), weighted path descriptor
(WTPT-2), logarithm of solubility at pH 3 (1gS3). Notably, the importance of an anionic
character for inhibition was not identified in this analysis either. Similarly to our analysis, in
Pedersen et al.,12 the discriminant analysis showed that for a pool of 191 molecules and 669
molecular descriptors, size (molecular weight), lipophilicity (octanol-water partition
coefficient), hydrophobicity (surface area of non-polar atoms), and aromaticity (surface area
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of unsaturated non polar atoms) were the most important descriptors for discerning
inhibitors from non-inhibitors.

4. Conclusions

In this manuscript, we extended the work of Pedersen et al.,12 using an entirely novel dataset
of 432 compounds densely populated around analogues series, and tested by two chemical
probes. We reveal four series of analogues compounds, potent modulators of ABCC2
activity, screened from a library containing 32 groups of at least three analogues. 16
compounds 1a, 1c, le, 1g, 1h, 1i, 1j, 1k, 1l, 1n, 1q, 2q, 2u, 3j, 6, 29 were found with I1Cgq
lower than 30 uM. Many of these compounds belong to Scaffold 1, tetrahydro- quinolines,
which is known to be promiscuous. Nonetheless, the landscape of their SARs is varied.
These molecules could be later tested for their selectivity profile towards other transporters
in order to develop them into biochemical tool compounds useful to study in vivo the
specific role of ABCC2.

The screening approach in this study using both EG and CDCF shows that the two probes
generally bring similar information, even though some exceptions are found: compound 3j
appears to be both very potent at CDCF and highly (50-fold) selective compared to EG. It is
thus a good candidate for development as a tool compound to dissect the ABCC2
transportmechanism. Overall, the vesicular assay using CDCF as a probe is more robust, in
addition to being more affordable, making it a more attractive probe for high-throughput
screening than the radioactively labeled EG.

The screening data can be used to develop computational models of ABCC2 interactions,
and by extension could be used to predict better drug—drug interactions mediated by
ABCC2. The 24 classification models that were built show reasonable accuracies, with
~70% for the best models. Descriptors related to the number of rings were consistently
found to distinguish inhibitors from inactive compounds. Furthermore, we identified that
lipophilicity and solubility are important descriptors for ABCC2 inhibitors. Predictivity and
important descriptors are similar compared to the Pedersen et al., study, which confirms
them to be important for ABCC2 inhibition since our model is built on a fully independent
dataset.

The present study brings new knowledge about the SARs of ABCC2 inhibitors (Tables 2a—
e, f-h). The analysis of analogue series shows that there is no requirement for a negatively
charged carboxylic acid substituent in modulators of ABCC2-mediated transport of EG or
CDCF. Nonetheless, inside the analogue series, compounds with an anionic character are
often more potent compared to the neutral compounds of the same scaffold. Furthermore,
there is a trend for associating changes to carboxylic acid with a gain in potency, as seen for
Scaffold 1 and Scaffold 2. In order to generalize this trend, we would need at hand larger
series of analogues that have been designed for this purpose, which is beyond the scope of
this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
2D structures of CDCF and EG; Markush structures of the compounds presented in Tables

2a-e.
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Figure 2.

Comparisons of the modulatory effects inferred from CDCF and EG transport inhibition. (A)
432 compounds tested in primary screening, including the 86 compounds selected for dose—
response measurements (cyan); (B—D) 86 compounds further analyzed with dose-response
measurements. In (B) plot of ICsgs of compounds that are both CDCF and EG inhibitors; in
(C and D) the average of three measurements at 80 UM with standard deviations and

estimated 1C5qs with 95% confidence intervals.
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Figure 3.
Modulatory properties of the 432 compounds tested in primary screening mapped on the

chemical space using self-organizing maps and Volsurf+ descriptors. (A) Number of
compounds present at each node, the darker the node the more molecules are present in the
node. 2D maps of CDCF (B) and EG (C) inhibitors and (D) inhibitors of both probes. Nodes
contain: inhibitors (dark blue), borderline inhibitors (light blue), inactive (white), borderline

Bioorg Med Chem. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wissel et al.

Page 19

stimulators (yellow). Nodes with at least 50% of molecules in the node in the same class
(left panels) and nodes with 100% of molecules in the same class (right panels).
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