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Abstract
Drug-drug interactions (DDIs) are major causes of serious adverse drug reactions. Most DDIs
have a pharmacokinetic basis in which one drug reduces the elimination of a second drug, leading
to potentially toxic drug levels. As a major organ of drug elimination, the kidney represents an
important site for DDIs. Here, we screened a prescription drug library against the renal organic
cation transporter OCT2/SLC22A2, which mediates the first step in the renal secretion of many
cationic drugs. Of the 910 compounds screened, 244 inhibited OCT2. Computational analyses
revealed key properties of inhibitors versus non-inhibitors, which included overall molecular
charge. Four of six potential clinical inhibitors were transporter-selective in follow-up screens
against additional transporters: OCT1/SLC22A1, MATE1/SLC47A1 and MATE2-K/SLC47A2.
Two compounds showed different kinetics of interaction with the common polymorphism OCT2-
A270S, suggesting a role of genetics in modulating renal DDIs.

Introduction
The vast majority of registered drugs are eliminated via the kidneys, either in the form of
unchanged parent compound1 or after bioconversion to polar metabolites (Figure 1A). In a
recent analysis of clinical elimination data for 391 drugs, Varma et al. showed that
approximately 30% of the compounds were primarily excreted unchanged in the kidneys.1
In addition, hepatic metabolism is usually followed by renal excretion of the formed
metabolites, as demonstrated by our own analysis of clinical mass balance data for more
than three hundred drugs (Figure 1A). Consequently, inhibition of renal drug transport can
result in significantly altered systemic levels of the parent drug molecule and of potentially
active metabolites, with ultimate effects on the drug’s pharmacological and toxicological
profile.2–6 Moreover, transport inhibitors may result in changes in the accumulation of drugs
in the kidney leading to enhanced or reduced exposure and toxicity to the kidney. Such
drug-drug interactions (DDIs) are typically detrimental and, therefore, sought to be avoided
in drug development and therapy.
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For organic cations, which make up the majority of currently used prescription drugs,7 the
first step in renal secretion is mediated by the organic cation transporter 2 (OCT2,
SLC22A2) (Figure 1B, which also shows the localization of other major renal drug
transporters).8–9 OCT2 is responsible for the renal elimination of metformin,10–11 the most
commonly prescribed treatment of type 2 diabetes, and is an important pharmacokinetic
determinant for several cytostatic12 and antiretroviral agents.13

Over the past decades, major progress has been made in characterizing and predicting drug
interactions with drug metabolizing enzymes, with the aim of avoiding potential DDIs.
Recently, the limelight has shifted to drug transporter-mediated DDIs.2–6, 14–15 Accordingly,
there is increased demand from regulatory agencies in the US16 and Europe17 to document
transporter interactions of new chemical entities. However, in contrast to cytochrome P450
enzymes, probes that target specific transporters are scarce, hampering efficient evaluation
of transporter effects on drug disposition. Systematic mapping of drug-transporter
interactions on scales previously performed for drug metabolizing enzymes are thus
warranted.

Here, we used a multi-tier fluorescent screening and computational modeling strategy to
identify OCT2 inhibitors in a library of 910 prescription drugs to identify DDI liabilities, to
develop specific probes for delineating drug transport processes, and to define the molecular
properties leading to transporter binding.

Results
Identification of OCT2 inhibitors among prescription drugs

We screened a library of 910 prescription drugs and drug-like compounds using a high-
throughput assay of renal organic cation transport (Figure 2). In the assay, uptake of the
model OCT2 substrate 4-(4-(dimethylamino)styryl)-N-methylpyridinium (ASP+) into intact
HEK293 cells stably expressing human OCT2 was measured fluorometrically. Substrate
uptake was linear for >5 minutes (Figure 2Bi) with a Km of ASP+ transport of 36.4±6.8 µM
(Figure 2Bii). Screening using 5 µM ASP+ and 3 minute incubation yielded a Z' factor of
0.85, indicating excellent assay performance. For validation purposes, the model OCT2
inhibitor cimetidine was included in all assay plates at concentrations of 20 µM and 500 µM,
resulting in partial and complete inhibition of OCT2 mediated transport, respectively (Figure
2Biii).

At 20 µM, 244 compounds decreased ASP+ transport by at least 50% (Figure 3A). OCT2
inhibitors were found across multiple pharmacological classes: in particular, the
antidepressant, antihistamine, antiparkinsonian, antipsychotic and antispasmodic therapeutic
classes were highly enriched in OCT2 inhibitors, with >60% of compounds in each of these
therapeutic classes showing OCT2 inhibition potency (Figure 3B). Inhibitor activity was
also common (>40%) in the local anesthetic, antiarrhythmic, steroid anti-inflammatory,
antiseptic/disinfectant, antiulcer and muscle relaxant classes. Thirty-one inhibitors showed
high potency towards OCT2 (≥95% inhibition) (Figure 3C).

With the aim of identifying clinically relevant OCT2 inhibitors, we used the inhibitor
activity measurements to estimate half-maximum inhibitory concentrations (IC50). These
were then compared to plasma concentrations obtained after typical clinical doses. Fifty-two
compounds were selected for further analyses on the basis of having Cmax / IC50 > 0.1 and
being commercially available.
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Specificity of OCT2 inhibition at clinical drug concentrations
The lack of clinical probes that target specific transporters is a severe obstacle for the
mechanistic understanding of a drug’s pharmacokinetic properties. Accordingly, we
determined the interaction of the 52 putative clinical OCT2 inhibitors against a panel of
relevant renal and hepatic organic cation transporters (OCT1, MATE1 (SLC47A1),
MATE2-K (SLC47A2)) and a common genetic polymorphism of OCT2, OCT2-A270S.

ASP+ was shown to be a suitable probe substrate for all evaluated transporters (Supporting
Information, Figure S1). Rescreening against OCT2 confirmed all but three of the inhibitors
from the initial screening, and the inhibition profile for the common genetic variant OCT2-
A270S was well correlated with that of the reference protein, suggesting only minor effects
of this genetic variant on inhibitors (Figure 4Ai). In contrast, despite a sequence identity of
>70%, only 7 of the OCT2 inhibitors also affected the hepatic paralog OCT1 (Figure 4Aii;
Figure 4B). A similar overlap was observed for the much more distantly related transporters
MATE1 and MATE2-K (<10% sequence identity with OCT2), with 12 and 4 inhibitors in
common with OCT2. Only one compound, the leukotriene antagonist zafirlukast, showed
affinity for all four organic cation transporters.

For drugs tightly binding to plasma proteins, the free concentration in plasma is a better
estimate of the drug that can interfere with OCT2 transporter function. Hence, in the next
step, we increased the stringency of our selection criteria further, using unbound instead of
total plasma concentrations. Figure 4C shows the concentration dependency of six
compounds that exhibited transporter specific inhibition at clinical unbound plasma
concentrations, together with that of the prototypical organic cation transport inhibitor
cimetidine. Notably, cimetidine had considerably higher inhibition potency for MATE1 than
for the other transporters in the panel, as did the antiemetic ondansetron, whereas
disopyramide, imipramine and orphenadrine and to a lesser extent, dipyridamole,
specifically inhibited OCT2. These compounds are thus potential candidates as selective
clinical transporter inhibitors. Further, ondansetron, tacrine, dipyridamole and imipramine
showed preferential inhibition of the renal transporters OCT2 and MATE1 compared to the
hepatic OCT1, suggesting their use in delineating organic cation disposition on the organ
level. Notably, imipramine and ondansetron had lower affinity towards the genetic variant
OCT2-A270S than to the reference protein. Such selectivity differences are suggestive, since
they imply a possibility of compounded effects of drug-induced inhibition and genetic
modulation that may put certain subpopulations at an increased risk of drug-drug
interactions.

Structural characteristics of OCT2 inhibitors
We leveraged the unique size of this transporter inhibition dataset to determine structural
features that define ligand binding to OCT2. As a first step, we examined the distribution of
key molecular properties in OCT2 inhibitors and non-inhibitors (Figure 5A). This revealed
statistically significant differences in the molecular volume, polar surface area, the number
of hydrogen bond donors and acceptors and, particularly, in the lipophilicity and average
charge of molecules in these two groups.

An analysis of substructure fragments overrepresented in inhibitors also indicated the
importance of positive charge for ligand binding to OCT2. A selection of motifs found
disproportionally often in inhibitors are shown in Figure 5B, and include tertiary amine,
guanidine, and N-methyl and N-ethyl piperidine fragments (I–IV). Also, several variations
of a larger fragment containing a double bonded oxygen were identified as enriched (e.g.,
VI); these predominantly matched to a series of carbonyl substituted steroids, a majority of
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which inhibited OCT2 (63% of the compounds inhibited more than 50% of the transport at
20µM).

Substructures exclusively found in inhibitors tended to be fairly large and specific for
smaller groups of homologous compounds. Examples include fragments specifically found
in imidazole antifungals and in tricyclic antidepressants and in antihistamines (data not
shown). Altogether, thirteen inhibitor-specific substructures accounted for a total of 60
(25%) of all OCT2 inhibitors. Each of these substructures matched at most seven inhibitors,
demonstrating that activity is spread through multiple structural series, and suggesting that
affinity for the transporter is likely caused by more general molecular properties that are not
specific for a certain series of congeners.

Identification of molecular affinity determinants
To further elucidate the mechanisms of ligand binding to OCT2, we derived discriminant
structure-activity models using partial least squares projection. We used a stringent double-
loop cross-validation procedure to determine the most important molecular properties for
discriminating between inhibitors and non-inhibitors (Supporting Information, Figure S3A)
and to provide an unbiased estimate of model predictivity (Figure 5D; Supporting
Information, Figure S3B and Table S2). The molecular properties with the largest influence
on the models are shown in Figure 5C. Again, a positive overall molecular charge is clearly
important for the inhibitory effect (see, e.g., the fraction cationic and the average net
positive charge at pH 7.4, and the negative influence of descriptors related to negative
charge). Also, lipophilicity (Moriguchi octanol-water partition coefficient) and, to a lesser
extent, molecular size and shape (e.g., the gravitational radius of gyration and the total
structure connectivity index) are important determinants of OCT2 inhibition.

Despite the clear importance of positive charge for inhibitory effect, many inhibitors are
predicted to be primarily unionized at pH 7.4 (n = 73; 30% of all inhibitors), and a few carry
a negative charge (n = 15; 6%). A corresponding spread in descriptor values within the
inhibitor group is also apparent in lipophilicity, size and shape related descriptors (Figure
5A), further demonstrating that OCT2 inhibitors can come from widely varying structural
families, and suggesting that different classes of inhibitors may bind to different sites in the
protein.

Identifying subclusters of OCT2 inhibitors
To examine if there was any underlying structure in the dataset that might explain the
diversity of OCT2 inhibitors, we clustered all molecules in the dataset based on their
similarity in molecular properties and visualized this as a self-organizing map (SOM)
(Figure 6A). Each hexagon in the SOM is a cluster of related molecules, and similarity in
molecular properties decreases with larger distances in the map. When visualizing the
distances between adjacent hexagons (Figure 6Aii), larger clusters of similar molecules are
evident; subsequent merging of hexagons that were not significantly different resulted in 17
final clusters of chemically similar compounds (Figure 6Aiii). While compounds of any
activity are relatively uniformly distributed in the map (Figure 6Ai), the distribution of
OCT2 inhibitors is shifted to the top-right part of the plot (Figure 6Aiv): 95% of all
inhibitors are found in just 25% of the hexagons. Inhibitors primarily fall into three different
groups; this pattern is more pronounced when a more stringent activity cutoff is applied
(≥75% inhibition; Figure 6Aiv), and corresponds to three clusters significantly enriched
with inhibitors (Figure 6Av).

We derived separate structure-activity relationships for each of these clusters. All
compounds in the dataset were assigned to their nearest cluster (resulting in 261, 431 and
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208 compounds in clusters I, II and III, respectively, of which 67, 127 and 49 inhibit OCT2),
and models discriminating between inhibitors and non-inhibitors in each of these were
developed (Supporting Information, Figure S4A). Similarities as well as differences are
apparent upon closer examination of the most important molecular descriptors in the cluster-
specific models (Figure 6B; Supporting Information, Figure S4A). Charge-related
descriptors have an especially dominating influence in cluster II, and the lowest influence in
cluster III. Size and shape-related descriptors play more pronounced roles in clusters I and
III (Supporting Information, Figure S4A).

Prototypical inhibitors from each cluster are shown in Figure 6C. Perhaps most striking are
the considerable differences in molecular size and flexibility among the clusters. In cluster I,
inhibitors are generally more elongated than non-inhibitors, as judged by the positive
influence of asphericity, the geometrical radius of gyration and the largest second-order
principal static moment, and the negative influence of the medium second-order principal
static moment (Supporting Information, Figure S4A). This is in contrast to inhibitors in
clusters II and III, which tend to be smaller and more globular in shape. The size
distributions in each cluster are visualized in the Supporting Information (Figure S4B),
showing that the average inhibitor in cluster I is almost twice as long as other inhibitors. The
majority of known transported substrates of OCT2 are in the size range of cluster II, and are
assigned to this cluster based on their molecular properties (Supporting Information, Table
S3).

Discussion
More than two million severe adverse drug reactions are estimated to occur in the United
States each year, a quarter of which are attributable to interactions between co-administered
drugs.18–20 An increasing number of studies report DDIs resulting from the inhibition of
membrane transporters, adding to the complexity of drug safety assessment. To date,
however, we lack the arsenal of selective probes necessary to mechanistically interpret
transporter-mediated DDIs. Further, to our knowledge there have been no large screens of
registered drugs to prospectively predict transporter based DDIs.

Here, we sequentially assessed inhibition of the renal organic cation transporter OCT2,
counter-screened for inhibition of other major transporters, and prioritized hits based on
their clinical plasma concentrations. Eighty-nine of the 244 identified OCT2 inhibitors are
among the top 200 most prescribed drugs in the United States (IMS Health, accessed at
http://www.rxlist.com). For several FDA-approved drugs OCT2 inhibition would occur near
the therapeutically active plasma concentrations, meriting caution when co-administered
with drugs whose renal excretion relies on OCT2 transport. Recently, the International
Transporter Consortium proposed criteria that would trigger a clinical DDI study based on in
vitro interaction studies with membrane transporters.21 Because of enormous interspecies
differences in the tissue distribution and substrate and inhibitor specificity of transporters,
the International Transporter Consortium recommended that clinical studies, rather than
animal studies be conducted. Six drugs in our screen met these criteria for inhibition of
OCT2, including cimetidine, which is the most extensively studied inhibitor of renal organic
cation transport and the perpetrator in many of the reported clinical renal DDIs.5, 22–25 For
inhibitors of OCT2, metformin was recommended as a model substrate in a clinical study.
Clearly, based on our studies, such studies are warranted.

Using computational analyses, we showed that inhibitors of OCT2 are found across multiple
structural and pharmacological classes and that inhibitor potency is not associated with
substructures that define series of structurally related compounds, but rather to broader
molecular properties like positive charge, lipophilicity, molecular size and flexibility. This is
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similar to the structure-inhibition relationship for the hepatic organic cation transporter
OCT1, for which lipophilicity, positive atomic charge and hydrogen bond donors were
predictive of inhibitors.26 Compounds from three distinct clusters that differ in molecular
properties resulted in OCT2 inhibition, suggesting that the clusters may represent
complementary inhibitory mechanisms. For example, known transported substrates of OCT2
are almost exclusively found in cluster II (Figure 6Av; Supporting Information, Table S3),
suggesting competitive binding to the transport binding site of cluster II inhibitors; further,
corticosterone, which is prototypical of the structures in our cluster III, results in an
allosteric modulation of substrate binding to OCT2 and OCT1;27 and inhibitors in cluster I
are distinct from the others in their larger size and flexibility, implying that inhibition may
be caused by occlusion of the substrate binding site as suggested in crystallographic
experiments for LeuT, a bacterial homologue of human SLC6 transporters.28–29 The
pronounced importance of positive charge for the tentatively substrate-like inhibitors in
cluster II is in line with the demonstrated tendency for substantial renal secretion of charged
drugs.1 In contrast, lipophilicity is not a hallmark of actively secreted drugs;1, 30 its
importance for the inhibitory endpoint studied here is however not surprising, given the
well-established influence of hydrophobic interactions between ligands and proteins.

Notably, only 7 of the 52 compounds that inhibited OCT2 near the total clinical plasma
concentration also inhibited its hepatic paralog OCT1. Because the two transporters are
highly homologous especially in regions where circulating inhibitors are likely to bind, our
data imply that the overall homology between OCT2 and OCT1 does not directly reflect
homology in the binding site. For example, a single-residue switch in rabbit OCT2, from the
OCT2 specific glutamate to the glutamine of OCT1, altered cimetidine binding to an OCT1-
like phenotype.31 Our results also suggest that the affinity for OCT1 is consistently lower
than for OCT2. A previous report of OCT1 inhibitors among registered drugs confirms this
phenomenon (Supporting Information, Figure S2)26: the majority of the compounds that
specifically inhibited OCT2 at 20µM also inhibit OCT1 at the higher concentration of
100µM. We suggest that the hepatic OCT1 transporter, which experiences high portal vein
concentrations of orally absorbed compounds, through evolutionary mechanisms is less
susceptible to circulating inhibitors.

Six drugs were identified that inhibit OCT2 at clinical concentrations of free drug, with
inhibition potencies ranging from 0.6 to 23 µM (Table 1; Figure 4C). Of interest is that 5 of
the potential in vivo probe inhibitors are eliminated exclusively (>95%) through metabolism
(Supporting Information, Table S1). Previously, inhibitors of renal excretion of basic drugs
were thought to be eliminated largely by the kidney. Our data suggest that drugs that are
extensively metabolized may also be important inhibitors of renal secretion of basic drugs.
Interestingly, we confirmed that cimetidine is a more potent inhibitor of the apically located
MATE transporters than of OCT2 (Table 1; Figure 4C).32– 33 Our in vitro data for MATE1
and MATE2-K, in addition to those for OCT2 (Figure 4Cvii), suggest the necessity of
conducting a clinical trial based on the proposed guidelines.21

OCT2 governs the entry of many circulating toxins into the tubular epithelium, including the
neurotoxin 1-methyl-4-phenylpyridinium (MPP+), the DNA intercalator ethidium and the
herbicide paraquat,8, 34–35 with the cellular uptake typically coupled to efflux into the urine
via MATEs.34 Selective inhibition of OCT2 or MATEs would thus result in opposing effects
on cellular toxin accumulation, decreasing and exacerbating renal toxicity, respectively.
Accordingly, protection from cisplatin-induced nephrotoxicity was recently demonstrated in
OCT2-deficient mice, and the reduced-function genetic variant OCT2-A270S was
associated with decreased acute nephrotoxicity in cisplatin-treated patients.36 The selective
inhibitors identified here may thus hold therapeutic potential as cytoprotectants in anticancer
drug therapy. It is noteworthy that the co-administration of an inhibitor of organic anion
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transport, probenecid, to reduce the renal toxicity of the antiviral agent cidofovir is
recommended in the official product label.37–38

In summary, we present the largest available resource of organic cation transporter
inhibition data, identifying 244 OCT2 inhibitors among prescription drugs with six potential
drugs that can be used as in vivo probes of renal transport or in protection against drug-
induced nephrotoxicity.

Experimental Section
Collection of clinical mass balance data

Data for the urinary recovery of radiolabeled drugs were collected from Goodman and
Gilman’s the Pharmacological Basis of Therapy7 and from literature references obtained
from a PubMed search using the key words [‘mass balance’ OR ((‘renal’ OR ‘urine’ OR
‘urinary’) AND (‘excretion’ OR ‘elimination’ OR ‘clearance’ OR ‘recovery’))]. The final
dataset included 308 unique drugs with data on the urinary recovery of parent drug and/or
total radiolabel.

Reagents
4-(4-(Dimethylamino)styryl)-N-methyl-pyridinium iodide (ASP+) was purchased from
Molecular Probes. The ICONIX compound screening library was obtained through the
Small Molecule Discovery Center, University of California San Francisco, CA. Compounds
used in the concentration-dependent and specificity screens were obtained from Sigma-
Aldrich. All compounds were of analytical grade and of at least 95% purity.

Cell culture
Flp-In-human embryonic kidney (HEK-293-Flp-In) cell lines stably expressing human
OCT1, OCT2, OCT2-A270S, MATE1 and MATE2-K were previously established in our
laboratory.10, 34 Cells were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin and 60 µg/ml
hygromycin, at 37°C in a humidified atmosphere with 5% CO2.

Fluorescence uptake assay
Cells were seeded in black poly-D-lysine-coated 96-well plates (Greiner Bio-One,
Frickenhausen, Germany) at 45000 cells/well 48 h prior to experiments. Before the assay,
cells were washed twice in room temperature assay buffer (HBSS with 5.6 mM D-glucose,
pH 7.4). Uptake was initiated by application of uptake buffer containing 1–125 µM of the
fluorescent substrate ASP+ (with or without inhibitor) and incubated at room temperature.
After 3 minutes, substrate uptake was stopped by aspirating the reaction mixture and
washing the cells two times with HBSS with inhibitor (OCT2, OCT2-A270S and MATE1:
500µM cimetidine; OCT1: 500µM verapamil; MATE2-K: 250µM ondansetron). All
compounds were analyzed in triplicate. The intensity of accumulated ASP+ fluorescence
was measured using an Analyst AD plate reader (Molecular Devices, Sunnyvale, CA) with
excitation and emission filters at 485 nm and 500–580 nm wavelength, respectively.

Transport kinetics were characterized by measuring the uptake of increasing substrate
concentrations in transporter transfected cells and cells transfected with the empty vector.
After subtracting out the non-specific transport, residual rates were fitted to the Michaelis-
Menten equation: V = Vmax × S / (Km + S), where Vmax is the maximum transport rate, Km is
the substrate concentration resulting in half-maximum uptake rate, and S is the concentration
of ASP+, using GraphPad Prism version 5.01 (GraphPad Software Inc., San Diego, CA). Z'
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assay sensitivity factors were calculated according to Reference 39: Z' = 1 - (3 × sdsample + 3
× sdcontrol) / (meansample – meancontrol).

Transporter inhibition assay
Assay buffers were prepared by diluting 1 mM DMSO stock solutions with HBSS (pH 7.4)
containing ASP+ (5 µM) to a final concentration of 20 µM (2% DMSO). For the screens
against OCT1, OCT2, OCT2-A270S, MATE1 and MATE2-K, solid drug material obtained
separately was used to prepare 2 mM DMSO stock solutions, which were diluted to a final
concentration of 20 µM (1% DMSO). Non-specific transport was determined in separate
wells on each assay plate using high concentrations of inhibitor: OCT2, OCT2-A270S and
MATE1: 500 µM cimetidine; OCT1: 500 µM verapamil; MATE2-K: 250 µM ondansetron.
In separate experiments, these conditions resulted in complete inhibition of transporter
activity (Figure 2Biii; Figure 4Cvi). After subtracting out the non-specific transport, residual
transport rates were used for further calculations.

Half-maximum inhibitory concentrations (IC50) were estimated from the screening
inhibition measurements as: V = V0 / [1 + (I / IC50)], where V and V0 are the activity with
and without inhibitor, respectively, and I is the inhibitor concentration of 20 µM. This
approach is expected to give reasonable inhibitor affinity estimates when the screening
concentration is within the linear part of the IC50 curve (approximately 20–80% inhibition,
corresponding to IC50 values between 5 and 80 µM in the present study); this was
subsequently confirmed by a good concordance between estimated and experimentally
determined IC50 values (70% within 0.5 log unit, 100% within 1 log unit). The estimated
IC50 values were compared with plasma concentration data collected from the literature,
e.g., References 7 and 40–41.

Experimental IC50s were measured as the uptake of ASP+ in the presence of increasing
concentrations of inhibitor. Data were fit using nonlinear regression to the equation V = V0 /
[(1 + (I / IC50)n], where V and V0 are the ASP+ uptake rates in the presence and absence of
the inhibitor, respectively, I is the inhibitor concentration and n is the slope.

Substructure fragment analysis
Substructure fragments enriched in OCT2 inhibitors were determined using MoFa version
2.2.42 Multiple runs were performed using alternative algorithm settings, matching or
ignoring aromaticity; handling five- and six-membered rings as separate units or as
individual atoms; and applying or omitting branch pruning with respect to perfect
extensions. The statistical significance of substructure enrichment in inhibitors compared to
all molecules was assessed using the hypergeometric test.

Molecular descriptor generation
Three-dimensional molecular structures were generated from SMILES representations using
Corina version 3.0 (Molecular Networks, Erlangen, Germany), keeping the lowest energy
conformation of a maximum of 100 alternative ring conformations, and were used as input
for molecular descriptor calculation with DragonX version 1.4 (Talete, Milan, Italy),
ADMETPredictor version 5.0 (SimulationsPlus, Lancaster, CA) and MAREA version
3.02.43 After removal of replicate molecular descriptors and descriptors having zero
variance, 347 descriptors remained and were used for cluster analyses and as the starting
point for structure-activity model development. Of the experimentally examined library, 10
compounds were excluded from further computational analyses because defined molecular
structures were unavailable (e.g., teicoplanin) or because the structures contained non-
parameterized features (e.g., strontium chloride).
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Structure-activity modeling
Partial least squares discriminant analysis (PLS-DA) was used to develop computational
models that differentiate between OCT2 inhibitors and non-inhibitors based on differences
in molecular descriptor values. A double-loop cross-validation (CV) procedure was used to
provide an unbiased estimate of the prediction accuracy (Supporting Information, Figure
S3A).44 Variable selection was performed in two phases: first, the descriptors with lowest
absolute PLS weight were iteratively removed until only the twenty-five most important
ones remained; second, the same procedure was repeated, but descriptors were kept in the
model if removal resulted in an inferior model. The entire double-loop procedure was
repeated 100 times for different random partitionings of the dataset to enable calculation of
confidence intervals of prediction accuracy estimates and model parameters. A permutation
procedure was used to assess the statistical significance of the final models: the order of the
dependent variable was randomly shuffled 1000 times, and the predictions of the permuted
datasets were compared to those for the original dataset. All models gave predictions (as
assessed by the area under the receiver operating characteristic) well outside the range of
background probabilities from the randomized datasets (permutation p-values < 0.001;
corresponding p-values assuming normally distributed background predictions < 10−37),
showing that the model predictions are highly unlikely to be due to chance correlations.

Self-organizing map clustering
Compounds were clustered using the Self-Organizing Map (SOM) algorithm (SOM_PAK
version 3.1; http://www.cis.hut.fi/research/som_lvq_pak.shtml), based on the similarity
(Euclidean distances) of their molecular descriptor values (centered and scaled to unit
variance). Twenty randomly seeded 18×25 hexagonal topology maps were calculated using
a Gaussian neighborhood, a 10,000 step initial phase (rate: 0.5; 10 cell initial radius; linear
decrease) and a 100,000 step final phase (rate: 0.02; 4 cell initial radius; linear decrease).
The SOM with lowest average quantization error was used in subsequent analyses.
Hexagons were subsequently merged into larger clusters (iteratively, in the order of merges
in a hierarchical tree calculated from the hexagon mean vectors), if the between-to-within-
cluster variance ratio of molecular properties was not significantly different (as judged by an
F-test p-value < 0.1). Enrichment of OCT2 inhibitors in each of the final merged clusters
was assessed using the hypergeometric test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

DDI drug-drug interaction

HEK293 human embryonic kidney cell line

MATE multidrug and toxic compound extrusion

OCT organic cation transporter

PLS-DA partial least squares discriminant analysis

SLC solute carrier

SOM self-organizing map
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Figure 1. Renal excretion of drugs and metabolites
(A) Urinary excretion profiles for prescription drugs. Data on the urinary recovery of 308
drugs was collected from published clinical mass balance studies. Light blue bars denote the
renal recovery of unchanged parent drug. For approximately one-half of all analyzed
compounds, renal excretion of the parent compound contributes significantly to the overall
elimination (light blue bars, ≥10% urinary excretion of parent drug). Data on the total
recovery of parent drug and metabolites (dark blue bars) show that renal elimination is an
important pathway also for drugs that are metabolically converted, with more than 90% of
all analyzed drugs being recovered in urine to a significant extent (dark blue bars, ≥10%
urinary excretion of parent drug + metabolites). (B) Schematic illustration of key drug
transporters expressed in renal proximal tubule epithelium. Cation transporters are on the
left hand side and anion transporters on the right. The basolateral membrane facing the
blood is nearest to the reader. The nephron is shown in the far left.
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Figure 2. Experimental and computational methods
(A) Schematic of the workflow applied to identify OCT2 inhibitors. The number of
compounds analyzed in each step is noted on the arrows. [Inhibitor]: total plasma
concentration of inhibitor. [Unbound inhibitor]: concentration of inhibitor not bound to
plasma proteins. (B) Uptake of ASP+ in HEK293 cells stably expressing OCT2. (Bi) Time
course of ASP+ (5 µM) uptake without (open circles) or with 500 µM cimetidine (open
triangles), and in cells transfected with an empty vector (closed circles). The Z' factor at the
sampling time used for screening is indicated in the figure. (Bii) Concentration dependence
of ASP+ uptake in OCT2 expressing cells (open circles) and empty vector transfected cells
(open triangles). The OCT2 specific uptake (closed circles) was calculated by subtracting
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the non-specific uptake in empty vector transfected cells from that in the cells expressing
OCT2. (Biii) Inhibitory effects of cimetidine on ASP+ (5 µM) uptake in OCT2 expressing
cells (open bars) and in cells transfected with an empty vector (closed bars). Data are
presented as mean ± s.d. (three separate samples from one representative experiment).
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Figure 3. Inhibitors of OCT2 identified in a screen of 910 prescription drugs and drug-like
compounds
(A) Overview of the results from the screening of OCT2 inhibition. Each bar represents one
compound. 244 compounds resulting in at least 50% decreased uptake of ASP+ were
classified as inhibitors (shaded in light gray). Data are presented as mean ± s.d. (samples in
triplicate from one experiment). (B) Therapeutic classes of the screened compounds.
Therapeutic classes with ≥ 10 members in the screening library are shown as individual
bars; all other classes were combined (“other”). Shaded and white bars represent the number
of OCT2 inhibitors and non-inhibitors in each class, respectively. (C) High-potency OCT2
inhibitors resulting in ≥ 95% inhibition at 20 µM, corresponding to estimated IC50 ≤ 1µM.
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Figure 4. Selectivity of OCT2 inhibitors for the polymorphic transporter, OCT2-A270S and
other organic cation transporters
(A) Correlation analyses between OCT2 inhibition and inhibition of OCT2-A270S, the
hepatic homologue OCT1, and the apical organic cation transporters MATE1 and MATE2-
K. The prototypical organic cation transport inhibitor cimetidine is indicated by the arrows.
(B) Venn diagram showing the overlapping inhibitors for OCT2, OCT1, MATE1 and
MATE2-K. (C) Selectivity of inhibition for putative clinical inhibitors of OCT2. The
concentration dependent inhibition of ASP+ uptake is shown for HEK293 cells stably
expressing OCT2-Reference (closed circles), OCT2-A270S (open circles), MATE1 (upward
pointing triangles), MATE2-K (downward pointing triangles) and OCT1 (open squares).
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Data are presented as mean ± s.d. (three separate samples from one representative
experiment).
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Figure 5. Structural features of OCT2 inhibitors
(A) Distribution of key physicochemical properties of OCT2 inhibitors (yellow) and non-
inhibitors (blue). Differences were assessed with the two-sided unpaired Student’s t-test
assuming unequal variances and are presented as uncorrected p-values. (B) Substructure
analysis of OCT2 inhibitors. The inset shows substructure fragments enriched in inhibitors
compared to the entire dataset, with absolute and relative frequencies of each fragment in
inhibitors and non-inhibitors. Enrichment was assessed with the hypergeometric test and is
presented as uncorrected p-values. Significantly enriched fragments are highlighted in
example OCT2 inhibitors. (C) Molecular descriptors discriminating between inhibitors and
non-inhibitors. Bars show the mean PLS regression coefficients from 500 cross-validated
models (100 random cross-validation partitionings with five segments each); standard errors
are shown in light blue. Descriptors with positive coefficients have higher values in
inhibitors, and descriptors with negative coefficients have higher values in non-inhibitors.
The descriptors shown were included in at least 50% of the final 500 models after
optimization through iterative exclusion of uninformative descriptors; inset thermometer
plots show in black the fraction of all models that include the descriptor. (D) Internal and
external prediction results. The left-hand plot shows the fraction of true positive and true
negative predictions (averaged over all 500 models) from the inner cross-validation loop,
during which model parameters and descriptor selections are optimized. The right-hand plot
shows predictions from the outer cross-validation loop (averaged over 100 random
partitionings of the dataset). The latter thus represent unbiased external predictions.
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Figure 6. Clustering of OCT2 inhibitory activity across the examined chemical library
(A) Self-Organizing Map (SOM) clustering. Each hexagon is a cluster of similar molecules,
and hexagons near each other are more similar than distant clusters. (Ai) Hexagons are
colored according to the number of compounds they contain. (Aii) Hexagons are colored
according to the similarity to their neighbors. Lighter color indicates greater similarity.
(Aiii) Hexagons were merged into larger clusters if they were not significantly different (F-
test p-value < 0.1). The hierarchical tree shows the chemical similarity relationships among
the final clusters. (Aiv) Hexagons are colored according to the fraction of the compounds
that inhibit at least 50% (left-hand SOM) or 75% (right-hand SOM) of OCT2-mediated
transport. (Av) Enrichment of OCT2 inhibitors. Cluster colors are scaled to the negative
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log10 of the uncorrected hypergeometric test p-values. Clusters with enrichment p-values >
0.05 are colored grey. (B) Molecular descriptors specifically important for inhibitors in
clusters I, II and III. The descriptors shown are the nine with the most significantly different
PLS regression coefficients among separate models of OCT2 inhibitors in clusters I, II or
III, respectively. Bars show mean PLS regression coefficients for cluster I (purple), II (red)
and III (blue); standard errors are shown in light blue. (C) Structural differences between
molecules in clusters I, II and III. Thermometer plots show molecular properties of
prototypical members of each cluster, with descriptors in the same order as in (B).
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