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Summary

1 Summary
Organic cation transporter OCT1 is strongly expressed in the sinusoidal membrane of hepatocytes.
OCT1 mediates the uptake of weakly basic and cationic compounds from the blood into the liver and
may thereby facilitate the first step in hepatic metabolism or excretion of many cationic drugs. OCT1 is
a polyspecific transporter and has a very broad spectrum of structurally highly diverse ligands (substrates
and inhibitors). The exact transport mechanism and the amino acids involved in polyspecific ligand
binding of OCT1 are poorly understood.
The aim of this work was to utilize the polyspecificity to better understand the structure-function
relationships of OCT1 and to gain first insights into potential mechanisms conferring the polyspecificity.
We followed two strategies, analyzing the effects of variability in both ligand and transporter structure
on OCT1 function. The effects of ligand structure were analyzed by comparing uptake and inhibitory
potencies of structurally similar drugs of the group of opioids. The effects of transporter structure were
analyzed by comparing the effects of variability caused by naturally occurring genetic variants or
artificial mutations on OCT1 uptake and inhibition of several substrates. Most importantly, the effects
of interspecies variability in transporter structure were analyzed by comparing uptake kinetics between
human and mouse OCT1 orthologs. To this end, we used stably or transiently transfected HEK293 cells
overexpressing OCT1 and different chimeric and mutant variants thereof.
Focusing on OCT1 ligands, we compared the uptake and inhibitory potencies of structurally similar
opioids. Only minor changes of the ligand structure strongly affected the interaction with OCT1. The
presence of the ether linkage between C4 and C5 of the morphinan ring was associated with reduced
OCT1 inhibitory potencies, while passive membrane permeability was the major negative determinant
of OCT1-mediated uptake among structurally highly similar morphinan opioids. Only minor structural
changes strongly increased the inhibitory potency by 28-fold from the lowest IC50 of 2004 µM for
oxycodone to 72 µM for morphine. Additional removal of the ether linkage between C4-C5 increased
the inhibitory potency by a total of 313-fold to the lowest IC50 of 6 µM for dextrorphan. Consequently,
our data demonstrates that despite its polyspecificity, OCT1-mediated uptake and inhibition of this
uptake is still somewhat very specific.
Focusing on OCT1 protein structure, we first analyzed the effects of variability caused by naturally
occurring genetic variants on OCT1 uptake and inhibition. OCT1 transport was strongly affected by
OCT1 genetic variants and these effects were often substrate-specific. Correlation of these effects
revealed several substrates that were similarly affected by the variants and may therefore be suggested
to share similar or overlapping binding sites in OCT1. In addition, the effects of the genetic variants
OCT1*2 and OCT1*3 on different substrates correlated well which may suggest that the structural
variability caused by these two variants similarly affects substrate uptake. OCT1 genetic variants also
affected the inhibition of OCT1, with both substrate and genotype-specific differences. Ranitidine
inhibited the uptake of several substrates, among them the clinically relevant drugs metformin and
1
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morphine. Moreover, the inhibition was more potent (about 2-fold) on the uptake mediated by the
common genetic variant OCT1*2 than on the uptake mediated by the reference OCT1*1.
Second, we analyzed the effects of artificial mutations of key amino acids. Tyr222 and Asp475 in rat
OCT1 had strongly substrate-specific and also species-specific effects on both OCT1-mediated uptake
and inhibition. Mutation of these amino acids strongly decreased OCT1-mediated uptake, which further
underscored an important role especially of Asp475. Interestingly, despite a proposed essential role of
this amino acid, we observed Asp475-independent transport. This transport was observed in mouse, but
not in human OCT1 and was substrate-specific. TMH10 was identified to be involved in determining
the Asp475-independent uptake of mouse OCT1.
Finally and most importantly, we analyzed the effects of sequence differences between human and
mouse OCT1 on the transport kinetics of several OCT1 substrates. The transport kinetics differed
strongly between human and mouse OCT1 orthologs. These differences were substrate-specific and
affected both the affinity (KM) and capacity (vmax) of transport. Human OCT1 had an 8-fold higher
capacity of trospium transport, while mouse OCT1 had an 8-fold higher capacity of fenoterol transport.
Furthermore, mouse OCT1 had a 5-fold higher affinity for metformin transport compared to human
OCT1. The difference between Phe32 in human and Leu32 in mouse OCT1 in TMH1 was identified to
confer a higher capacity of transport by human compared to mouse OCT1, while the difference between
Cys36 in human and Tyr36 in mouse OCT1 in TMH1 was identified to confer a higher capacity of
transport by mouse compared to human OCT1. Furthermore, Leu155 in human OCT1, corresponding
to Val156 in mouse OCT1 in TMH2, in concert with TMH3 were identified to confer the differences in
affinity for metformin transport between the species.
It may be speculated that ligand binding in OCT1 involves a core binding region that includes
Asp474/475 and that polyspecific ligand binding is enabled by providing further binding partners
(different amino acids) in more peripheral regions that different ligands can selectively interact with.
This mechanism may also be a first step in explaining the substrate-specific effects of genetic variants
with clinical relevance. Based on our findings, these “polyspecificity regions” may include TMH1,
TMH2, and TMH3. Further analyses are warranted to characterize and narrow down these regions to
unravel the structure-function relationships and with that the polyspecificity of OCT1.
To summarize, variability in both ligand and transporter structure strongly affected OCT1 function and
we were able to identify ligand structures that affect inhibitory potency and protein structures that confer
species-specific differences in OCT1 transport. This work emphasizes again the complexity of OCT1
transport and structure-function relationships. We also showed that, in spite of the difficulties for
experimental analysis and data interpretation that arise from the polyspecific nature of OCT1,
polyspecificity can also be used as a tool to better understand the structure-function relationships of this
transporter.
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2 Introduction
2.1 The relevance of polyspecific membrane transporters
Membrane transporters play an essential role in the uptake and elimination of both biotics and
xenobiotics in the human body. Upon ingestion, substances are absorbed in the small intestine and
transported to the liver via the portal vein. After uptake into hepatocytes, they are enzymatically
modified and subsequently excreted into the bile or transported back into the blood. Elimination from
the body is mediated mainly by the kidneys via glomerular filtration or secretion into the proximal
tubules. Due to their charge and size, many substances need transporter proteins to cross cell membranes.
In mammals, there are two main families of membrane transporters – the ATP-binding cassette (ABC)
transporters and the solute carrier (SLC) transporters. ABC transporters are primary active transporters
that utilize ATP to transport substances against their concentration gradient. The SLC family comprises
secondary active transporters that utilize differences in electrochemical gradients by coupling to the
transport of a second solute that follows its concentration gradient and passive transporters that facilitate
the diffusion of solutes down their concentration gradient (1).
The majority of membrane transporters are very specific for their substrate or closely related structures,
but there are also membrane transporters with a broad specificity for substrates of different sizes and
structures. The specific transporters typically translocate biotics – endogenous compounds and
metabolites. In contrast, transporters that translocate xenobiotics – toxins and drugs that the body wants
to dispose of – are often polyspecific. This polyspecificity enables these transporters to translocate many
different compounds with broad chemical structures that they have not previously been exposed to.

2.2 Pharmacological relevance of hepatic uptake transporters
The liver is the major organ of metabolism and elimination, with up to 70% of drug elimination being
ascribed to the liver (2, 3). Hepatic uptake transporters in the sinusoidal membrane mediate the
translocation of drugs or other xenobiotics from the sinusoidal blood into hepatocytes, where they may
undergo modifications by drug-metabolizing enzymes or are directly eliminated in the bile. From the
hepatocytes, the metabolite is either excreted into the bile by canalicular efflux transporters or it is
translocated back into the blood by sinusoidal efflux transporters. For a drug that primarily depends on
hepatic uptake, this uptake transport may become the rate-limiting step in overall drug elimination and
represents an important site for drug-drug interactions. Both SLC and ABC transporters are expressed
in hepatocytes and many hepatic membrane transporters are polyspecific (Fig. 1).
Since xenobiotics often rely on transporters to enter cells and due to the important role of the liver in
drug metabolism, hepatic membrane transporters play an important role in the pharmacokinetics and
pharmacodynamics of drugs. Variability in transporter expression or activity by genetic variants or drug3
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drug interactions can influence drug exposure and efficacy. Over the past decade, the clinical relevance
of membrane transporters has increasingly been recognized. Official guidelines now include
recommendations about preclinical testing of compounds to be substrates or inhibitors of membrane
transporters and drug labels contain increasing information about the influence of genetic variants in
and drug-drug interactions at membrane transporters on drug pharmacokinetics and pharmacodynamics
(4–8).

Fig. 1. Schematic overview of pharmacologically relevant membrane transporters expressed in human hepatocytes
Shown are the hepatic uptake and efflux transporters of the SLC (green circles) and ABC (blue boxes) families that have been
discussed or been recommended for evaluation by the International Transporter Consortium (4). MRP, multidrug resistancerelated protein; OCT, organic cation transporter; OAT, organic anion transporter; ENT, equilibrative nucleoside transporter;
OATP, organic anion transporting polypeptide; NTCP, sodium taurocholate cotransporting polypeptide; OST, organic solute
transporter; BCRP, breast cancer resistance protein; BSEP, bile salt export pump; MDR, multidrug resistance protein; MATE,
multidrug and toxin extrusion protein.

With respect to the liver, initially, multidrug resistance protein 1/P-glycoprotein (MDR1/P-gp), breast
cancer resistance protein (BCRP), and organic anion transporting polypeptides (OATPs) have gained
the most attention, while certain organic anion transporters (OATs) and organic cation transporters
(OCTs) were mentioned mostly for their functions in the kidney (5). A prominent example of one of the
first hepatic uptake transporters termed clinically relevant is OATP1B1. OATP1B1 has a broad spectrum
of substrates, including drugs such as statins and anti-infective agents, and is genetically variable. It has
also been demonstrated that the exposure and efficacy of drugs that are substrates of OATP1B1 can be
influenced both by genetic variants and by drug-drug interactions of this transporter and this information
is well documented in drug labels and guidelines for preclinical testing (5, 7–9).
Similar to OATP1B1, OCT1 is an exclusively hepatic membrane transporter with a broad substrate
specificity and a high genetic variability (10–13). However, for many years OCT1 was not considered
to be clinically relevant. In 2012, only the European Medicines Agency (EMA) recommended
preclinical investigation of OCT1 for drug-drug interactions in its official guideline (7) and this was
optional. However, with accumulating evidence over the past years (14–21), in 2018, OCT1 was also
recognized as clinically relevant by the International Transporter Consortium (ITC) in its most recent
white paper (4, 22).
4
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2.3 OCT1: the hepatic uptake transporter of organic cations
Organic cation transporter OCT1 (SLC22A1) is a polyspecific transporter located in the sinusoidal
membrane of human hepatocytes (Fig. 1). OCT1 belongs to the SLC transporter family 22 (SLC22)
which also comprises the other organic cation transporters OCT2 and OCT3, the organic
zwitterion/cation transporters (OCTNs), and the organic anion transporters (OATs; (23)). OCT1
mediates the hepatocellular uptake of weakly basic and cationic substances, among them clinically
relevant drugs, endogenous compounds, and model substrates.

2.3.1 Structure and function of OCT1
OCT1 (as part of the SLC22 family) is a member of the major facilitator superfamily (MFS) of
transporters. A crystal structure of OCT1 or a closely related transporter has not been determined, but
the transport mechanism of OCT1 and many other MFS transporters is commonly described with the
alternating access model (Fig. 2A). Accordingly, the transporter undergoes a series of conformational
changes upon substrate binding, from outward-open via occluded states through to the inward-open
conformation, where the substrate is released into the intracellular space and the transporter
subsequently moves back into the outward-open conformation until the next substrate binds.
The OCT1 protein shows the classical MFS architecture, being composed of 12 α-helical transmembrane
helices (TMHs) with a large extracellular loop connecting TMH1 and TMH2 and a large intracellular
loop connecting TMH6 and TMH7. The N and C-termini are located intracellularly (Fig. 2B and C).
The 12 helices can be divided into two structurally similar domains, an N-domain comprising TMH1 to
6 and a C-domain comprising TMH7 to 12. In each of these domains, the helices can be further divided
into two inverted repeats of three helices each. These helices will herein be referred to as A, B, and Chelices for simplicity reasons. The substrate translocation pore is formed by four central helices, the Ahelices, i.e. TMH1, TMH4, TMH7, and TMH10 and is lined by the four B-helices, i.e. TMH2, TMH5,
TMH8, and TMH11 that may all interact with the substrate. The C-helices TMH3, TMH6, TMH9, and
TMH12 are located in the periphery on the outside of the transporter and are not suggested to interact
with the substrate (Fig. 2B and C; (24–27)).

5
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Fig. 2. Proposed transport mechanism and secondary structure of OCT1 (A) Schematic representation of the proposed
OCT1 transport mechanism as described using the alternating access model. (B) Schematic representation of the classical MFS
protein architecture with TMH1, TMH4, TMH7, and TMH10 being the central A-helices (blue-grey), TMH2, TMH5, TMH8,
and TMH11 being the B-helices lining the central pore (violet), and TMH3, TMH6, TMH9, and TMH12 being the C-helices
located in the periphery without substrate interaction. Schematic based on the crystal structure of glycerol-3-phosphate
transporter GlpT of E.coli (24). (C) Secondary structure of human OCT1 showing the 12 α-helical TMHs, the large extracellular
loop connecting TMH1 and TMH2, the large intracellular loop connecting TMH6 and TMH7 and the N and C-terminus located
intracellularly. Non-conserved amino acids between human and mouse OCT1 are shown in boxes. Amino acids affected by the
five most common genetic variants in human OCT1 (OCT1*2 to *6) are highlighted in blue, amino acids suggested to be of
key importance for substrate binding/translocation identified in rat OCT1 are highlighted in orange (28–32). Putative
glycosylation (Ψ) and phosphorylation (P) sites are given.
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2.3.2 Polyspecificity of OCT1
OCT1 is a polyspecific transporter. Its substrates are structurally highly diverse, ranging from small
quaternary amines such as TEA+ to complex structures such as ipratropium or morphine (Fig. 3). The
common denominator of OCT1 substrates is their positive ionizable site that is usually charged at
physiological pH.

Fig. 3. Chemical structures of OCT1 substrates The chemical structures of selected OCT1 substrates were drawn using
Marvin Sketch v19.12. ASP+, 4-di-1-ASP; MPP+, 1-methyl-4-phenylpyridinium; TEA+, tetraethylammonium

Accounting for the structural diversity of its substrates, OCT1 is suggested to have multiple binding
sites which may overlap between substrates (28, 29, 32). However, little is known about the exact amino
acids that are involved in substrate binding. Most structure-to-function data has been obtained by
analyzing the transport of model substrates MPP+ and TEA+. As a result, several amino acids have been
suggested to be of key importance for OCT1 substrate transport (Fig. 2C, Fig. 5; (28–32)). Of these,
Asp475 (identified in rat OCT1, corresponding to Asp474 in human OCT11) in TMH11 is generally

1
Due to the difference in length between the human and mouse OCT1 proteins (see section 2.3.4, Fig. 5), there is a one count
shift in amino acid numbering after position 84, i.e. Phe85 in human OCT1 corresponds to Phe86 in mouse OCT1. This amino
acid position in both OCT1 orthologs will be referred to as Phe84/85. Non-conserved amino acids at a certain position, such as
Leu155 in human and Val156 in mouse OCT1, will be referred to as hLeu155/mVal156. The differences in length and
numbering of mouse OCT1 also apply for rat OCT1.
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accepted to play a key role by interacting with the positive charge of the substrate. Indeed, mutation of
this amino acid dramatically decreases OCT1-mediated uptake (28). In addition, Phe160 (TMH2),
Trp218, Tyr222, Thr226 (all TMH4), Arg440, Ala443, Leu447, Gln448, and Cys451 (all TMH10) have
been suggested to be implicated in substrate transport in rat OCT1 (28–32). Nevertheless, the exact
binding sites of the many substrates of OCT1 are still unclear.

2.3.3 Genetic variability of human OCT1
Human OCT1 is genetically highly variable. Four amino acid substitutions and one deletion characterize
the five most common OCT1 genetic variants, i.e. OCT1*2 to *6 (Table 1). These OCT1 genetic variants
confer a complete loss or strong reduction of OCT1 activity. Nine percent of Europeans and White
Americans are homozygous or compound heterozygous carriers of these loss-of-function or reduced
function OCT1 genetic variants and are therefore so-called poor OCT1 transporters. In addition, a
number of rare or population-specific OCT1 genetic variants have been identified, i.e. OCT1*7 to *16
(12). As a major hepatic uptake transporter, OCT1 deficiency has been shown to affect the
pharmacokinetics and efficacy of clinically relevant drugs such as tramadol, tropisetron, sumatriptan,
and fenoterol (15, 16, 18, 20). The frequency of poor OCT1 transporter genotypes varies between
different ethnicities and different world regions (13, 12). While rare in East Asia, up to 80% of specific
populations in South America, such as the Surui Indians, are poor OCT1 transporters (12).
The effect on OCT1 activity differs between the genetic variants. While OCT1*5, *6, *12, and *15
confer a strong loss of activity, OCT1*3, *4, and *14 confer only a partial loss of activity. These effects
are observed for all substrates. In contrast, the loss of activity conferred by OCT1*2, *7, *10, *11, and
*13 is substrate-specific (12).

Haplotype

Ser14Phe

Ser29Leu

Arg61Cys

Cys88Arg

Pro117Leu

Phe160Leu

Ser189Leu

Thr245Met

Pro341Leu

Gly401Ser

Met408Val

Met420del

Ile449Thr

Gly465Arg

Arg488Met

Table 1. Haplotypes of genetic variants OCT1*1 to *13

OCT1*1 A
1B
1C
1D
OCT1*2
OCT1*3
OCT1*4
OCT1*5
OCT1*6
OCT1*7
OCT1*8
OCT1*9
OCT1*10
OCT1*11
OCT1*12
OCT1*13

Ser
Ser
Ser
Ser
Ser
Ser
Ser
Ser
Ser
Phe
Ser
Ser
Ser
Ser
Ser
Ser

Ser Arg
Ser Arg
Ser Arg
Ser Arg
Ser Arg
Ser Cys
Ser Arg
Ser Arg
Ser Arg
Ser Arg
Ser Arg
Ser Arg
Ser Arg
Ser Arg
Leu Arg
Ser Arg

Cys
Cys
Cys
Cys
Cys
Cys
Cys
Cys
Arg
Cys
Cys
Cys
Cys
Cys
Cys
Cys

Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Leu
Pro
Pro
Pro
Pro

Phe
Phe
Leu
Phe
Phe
Leu
Leu
Phe
Phe
Leu
Phe
Leu
Phe
Phe
Phe
Phe

Ser
Ser
Ser
Ser
Ser
Ser
Ser
Ser
Ser
Ser
Ser
Ser
Leu
Ser
Ser
Ser

Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Met

Pro
Pro
Pro
Leu
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Leu
Pro

Gly
Gly
Gly
Gly
Gly
Gly
Ser
Gly
Gly
Gly
Gly
Gly
Gly
Gly
Gly
Gly

Val
Met
Met
Val
Val
Met
Met
Val
Val
Met
Met
Met
Met
Met
Val
Val

Met
Met
Met
Met
del
Met
Met
del
del
Met
Met
Met
Met
Met
Met
Met

Ile
Ile
Ile
Ile
Ile
Ile
Ile
Ile
Ile
Ile
Ile
Ile
Ile
Thr
Ile
Ile

Gly
Gly
Gly
Gly
Gly
Gly
Gly
Arg
Gly
Gly
Gly
Gly
Gly
Gly
Gly
Gly

Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Met
Arg
Arg
Arg
Arg
Arg

Amino acid substitutions known to affect OCT1 function are highlighted in yellow, amino acid substitutions
known to not significantly affect OCT1 function are highlighted in white. Table modified from (12).
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2.3.4 Species differences in OCT1
The amino acid sequence of human OCT1 is more similar to its orthologs than to its paralogs (Fig. 4).
Human OCT1 has 69% and 48% amino acid identity with its paralogs OCT2 and OCT3, respectively.
In comparison, human OCT1 has 77% identity with its rodent (both mouse and rat) orthologs (Fig. 4).
The primary structure of OCT1 is also very conserved between other mammalian orthologs. The
sequence identity of human OCT1 ranges from 62% with naked mole OCT1 to 98% with bonobo OCT1.

Fig. 4. Amino acid identity of human OCT1 with different transporter orthologs and paralogs of the SLC22 family
Phylogenetic tree depicting the evolutionary conservation between different human (green) SLC22 transporters and selected
mouse (red) and rat (blue) OCT orthologs. Amino acid sequence identity to human OCT1 with the calculated number of nonconserved amino acids with human OCT1 given. Sequences were aligned using the BLOSUM62 algorithm of Clone Manager
Professional Suite v6.0/Align Plus v4.10. Branch lengths not to scale.

The mouse is a common model organism that is widely used in preclinical studies. Therefore, the
comparison between human and mouse OCT1 orthologs should be of high pharmacological interest. In
addition, most structure-function data of OCT1 has been obtained by mutagenesis of the rat ortholog
(28–33), which shows 97% sequence identity to mouse OCT1.
The most prominent difference between human and mouse OCT1 is in the organ expression. While
human OCT1 is predominantly expressed in the liver (11), mouse OCT1 is expressed to a similarly high
extent in liver and in kidney (34–36). Also within the liver, OCT1 expression varies between the
orthologs. Mouse OCT1 shows highest expression close to the vena centralis, whereas expression of
human OCT1 is equal across the whole liver (37, 38).
The human OCT1 protein consists of 554 amino acids (39), the mouse OCT1 protein consists of 556
amino acids (35, 36). One hundred and twenty-four amino acids are non-conserved between human and
mouse OCT1. These non-conserved residues are distributed throughout the whole protein (Fig. 5).
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In spite of the differences in sequence and expression, human and mouse OCT1 are both expressed in
the sinusoidal membrane of hepatocytes and may provide a first step in the hepatic metabolism or
excretion of many cationic drugs by mediating their uptake into hepatocytes. Some differences in OCT1
activity between the species have been reported, but functional data comparing OCT1 orthologs is scarce
(40). Since the general transport mechanism and more specifically the polyspecificity of OCT1 is poorly
understood, it is unclear whether or which of the differences in amino acid sequence may confer
differences in OCT1 function between the orthologs.
hOCT1
mOCT1

TMH1

1 MP T V D D I L E Q V G E S GW F Q K Q A F L I L C L L S A A F A P I C V G I V F L G F T P D H H C Q S P G V A E L 58
1 MP T V D D V L E H V G E F GW F Q K Q A F L L L C L I S A S L A P I Y V G I V F L G F T P D H H C Q S P G V A E L 58

hOCT1 59 S Q R C GW S P A E E L N Y T V P G L G P A G E A - F L G Q C R R Y E V DWN Q S A L S C V D P L A S L A T N R S H 115
mOCT1 59 S Q R C GW S P A E E L N Y T V P G L G S A G E A S F L S Q C MK Y E V DWN Q S T L D C V D P L S S L A A N R S H 116

TMH2

A-motif

hOCT1 116 L P L G P C Q D GW V Y D T P G S S I V T E F N L V C A D S W K L D L F Q S C L N A G F F F G S L G V G Y F A D R F 173
mOCT1 117 L P L S P C E H GW V Y D T P G S S I V T E F N L V C G D AW K V D L F Q S C V N L G F F L G S L V V G Y I A D R F 174

TMH3

TMH4

hOCT1 174 G R K L C L L G T V L V N A V S G V L MA F S P N Y M S M L L F R L L Q G L V S K G N WMA G Y T L I T E F V G S G 231
mOCT1 175 G R K L C L L V T T L V T S L S G V L T A V A P D Y T S M L L F R L L Q G MV S K G S W V S G Y T L I T E F V G S G 232

TMH5

TMH6

hOCT1 233 S R R T V A I MY QMA F T V G L V A L T G L A Y A L P HW RW L Q L A V S L P T F L F L L Y Y W C V P E S P RW L 289
mOCT1 234 Y R R T T A I L Y Q V A F T V G L V G L A G V A Y A I P DW RW L Q L A V S L P T F L F L L Y Y W F V P E S P RW L 290
hOCT1 290 L S Q K R N T E A I K I MD H I A Q K N G K L P P A D L K M L S L E E D V T E K L S P S F A D L F R T P R L R K R T 347
mOCT1 291 L S Q K R T T Q A V R I ME Q I A Q K N R K V P P A D L K MMC L E E D A S E R R S P S F A D L F R T P S L R K H T 348

TMH7

TMH8

hOCT1 348 F I L MY L W F T D S V L Y Q G L I L H MG A T S G N L Y L D F L Y S A L V E I P G A F I A L I T I D R V G R I Q P 405
mOCT1 349 L I L MY L W F S C A V L Y Q G L I MH V G A T G A N L Y L D F F Y S S L V E F P G A F I I L V T I D R I G R I Q P 406

TMH9

TMH10

hOCT1 406 MA M S N L L A G A A C L VM I F I S P D L HW L N I I I MC V G R MG I T I A I QM I C L V N A E L Y P T F V R N 463
mOCT1 407 I A A S N L V A G A A C L L M I F I P H E L HW L N V T L A C L G R MG A T I V L QMV C L V N A E L Y P T F I R N 464

TMH11

TMH12

hOCT1 464 L G V MV C S S L C D I G G I I T P F I V F R L R E VWQ A L P L I L F A V L G L L A A G V T L L L P E T K G V A L 521
mOCT1 465 L G MMV C S A L C D L G G I F T P F MV F R L ME VWQ A L P L I L F G V L G L S A G A V T L L L P E T K G V A L 522
hOCT1 522 P E T MK D A E N L G R - K A K P K E N T I Y L K V Q T S E P S G T
mOCT1 523 P E T I E E A E N L G R R K S K A K E N T I Y L Q V Q T G K S P H T

554
556

Fig. 5. Protein alignment of human and mouse OCT1 The regions of the TMHs are labeled and shown in boxes. Amino
acids affected by the five most common genetic variants in human OCT1 (OCT1*2 to *6) are highlighted in blue, amino acids
suggested to be of key importance for substrate binding/translocation identified in rat OCT1 are highlighted in orange (28–32).
The conserved A-motif of the MFS between TMH2 and TMH3 is underlined in violet.
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2.4 Aim of this work
The aim of this work was to utilize the polyspecificity of OCT1 to better understand the structurefunction relationships of OCT1 and to gain first insights into the potential mechanisms conferring the
polyspecificity of this transporter. We approached this question from two directions, analyzing the
effects of ligand (substrate or inhibitor) and of protein structure on OCT1 function.
The effects of ligand structure were analyzed by comparing the uptake and inhibitory potencies of
structurally similar drugs of the group of opioids. The effects of transporter structure and its variability
caused by genetic variants or artificial mutations were analyzed by comparing their effects on the uptake
and inhibition using different OCT1 substrates. Finally and most importantly, we analyzed the
interspecies variability in the transporter structure as a cause of difference in the uptake kinetics between
human and mouse OCT1 orthologs.
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3 Results and discussion
To investigate the polyspecificity of OCT1, we analyzed, on the one hand, the role of ligand structure,
i.e. of substrate or inhibitor, and on the other hand, the role of protein structure, i.e. of the transporter,
in OCT1 transport. To this end, we used HEK293 cells stably or transiently transfected to overexpress
OCT1 and performed uptake and inhibition experiments. The data presented here has been published in
three articles (publications A to C), one manuscript is considered for publication (publication D), and
the remaining data is still unpublished. The underlying original manuscripts can be found in chapter 4.

3.1 Effect of ligand structure on OCT1-mediated uptake (publication A)
Opioids as inhibitors of OCT1
Focusing on the ligand structure, we characterized and compared the uptake and the inhibitory potencies
of structurally similar opioids via OCT1. We compared the inhibitory potencies by measuring the effects
on the uptake of OCT1 substrate ASP+ in the presence of increasing concentrations of the opioids. OCT1
inhibitory potencies varied highly between the opioids (Fig. 6A). The variation was especially high
among the morphinan opioids, although their molecular structures are very similar. The inhibitory
potencies among morphinan opioids varied 313-fold, ranging from 6.4 µM for dextrorphan to 2004 µM
for oxycodone (Fig. 6B).

Fig. 6. Opioids as inhibitors of OCT1 (A) Histogram representing the variation in the inhibitory potency (IC50) of the 23
opioids analyzed. Opioids are divided into fully synthetic and morphinan opioids. (B) Selected examples of concentrationinhibitory plots for morphinan opioids with high and low inhibitory potencies. The previously reported inhibitor morphine is
shown as reference in bold. HEK293 cells stably overexpressing OCT1 were incubated with 0.5 µM ASP+ and increasing
concentrations of the selected opioids for 2 min. Shown are means and standard errors of the means of at least three independent
experiments. Reprinted with permission from publication A. Copyright 2019 American Chemical Society.
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Physicochemical descriptors of OCT1 inhibitors
To better understand the structural properties that lead to different potencies of interaction with OCT1,
we first analyzed the physicochemical properties of OCT1 inhibitors, distinguishing between OCT1
inhibitors and non-inhibitors. Compounds with an IC50 value below 100 µM were classified as
inhibitors, compounds with an IC50 value above 100 µM were classified as non-inhibitors of OCT1. Due
to the limited number of compounds analyzed in this study, the data set was enriched with structurally
related compounds from the ChEMBL database (41) and the literature (42). This was achieved in
cooperation with Hannah Rosa Friesacher and Barbara Zdrazil (University of Vienna).
OCT1 inhibitors generally possess a lower topological surface area (TPSA), less hydrogen bond donors
(HBD), hydrogen bond acceptors (HBA), amide bonds, heavy atoms, and rings, but higher SlogP values
than OCT1 non-inhibitors (Fig. 7A). This is in agreement with previous studies (42, 43). Significantly
higher logP and logD7.4 values were also observed when analyzing the 23 opioids from this study alone,
while the pKa did not differ significantly (Fig. 7B).
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Fig. 7. Most relevant physicochemical descriptors used for distinguishing OCT1 inhibitors and non-inhibitors (A) The
data is based on synthetic opioids used in this study enriched with open-source data. (B) Comparison of (i, ii) logD7.4 and (iii,
iv) pKa between inhibitors and non-inhibitors of OCT1 for (i, iii) all opioids and (ii, iv) morphinan opioids analyzed in this
study. TPSA, topological polar surface area; NumHBD, number of hydrogen bond donors; NumHBA, number of hydrogen
bond acceptors; NumAmideBonds, number of amide bonds; NumHeavyAtoms, number of heavy atoms; NumRings, number
of rings; SlogP, partition coefficient, pKa, acid dissociation constant. * P < 0.05, *** P < 0.001 in a Mann-Whitney-U test.
Adapted with permission from publication A. Copyright 2019 American Chemical Society.
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Pharmacophore models of OCT1 inhibitors
To analyze whether potent OCT1 inhibitors among the opioids share common chemical features,
pharmacophore models were generated (also in cooperation with Hannah Rosa Friesacher and Barbara
Zdrazil, University of Vienna). Two ligand-based pharmacophores were generated independently: one
for morphinan opioids (Fig. 8A) and one for fully synthetic opioids (Fig. 8B). Interestingly, both models
are very similar and show the same number of features at comparable positions (Fig. 8D). Therefore,
both independent pharmacophore models were combined into one shared pharmacophore model (Fig.
8C). Characteristic for the shared pharmacophore are a positive ionizable site, a hydrophobic part, and
a hydrogen bond acceptor (HBA).

Fig. 8. Ligand-based pharmacophore models of OCT1 inhibitors generated for (A) morphinan opioids with levorphanol
mapped and (B) fully synthetic opioids with sufentanyl mapped. (C) Shared OCT1 pharmacophore model generated using all
opioids (morphinan and fully synthetic) (D) Superimposition of the two pharmacophore models shown in A and B. Blue star
represents positive ionizable site, red sphere represents hydrogen bond acceptor (HBA), yellow sphere represents hydrophobic
region, blue ring represents aromatic feature. Distances between the positive ionizable site and other features are given.
Reprinted with permission from publication A. Copyright 2019 American Chemical Society.

Compared to previously published OCT1 pharmacophore models, the pharmacophore model generated
in this study resembles the models by Bednarczyk et al. and Moaddel et al. (44–46). The stereoselective
model by Moaddel et al. is especially similar to the model described here (46). It only contains one
additional HBA site that is suggested to be important for stereoselectivity. Therefore, our model may
resemble a more general version of this model without considering stereoselectivity. Other
pharmacophore models such as the one from Nies et al. show more pronounced differences compared
to our model (47). The generation of a “general” OCT1 pharmacophore model to fit all ligands is
challenging due to the high structural variability of OCT1 ligands, which may be the reason for
differences between the models. Regarding the five models compared here, between eight and 22
compounds were used to generate the individual models (Fig. 9). Six of the eight compounds used to
generate the first model of Moaddel et al. (45) overlap with the second model of Moaddel et al. (46) and
the models are very similar. Five of the 22 compounds each overlap between the models of Bednarczyk
et al. (44) and Moaddel et al. (46). The models share some common features but differ in the number of
16

Results and discussion
hydrophobic areas and HBA sites, probably because the latter model is stereoselective. Despite the high
structural variability of OCT1 ligands in general and between the compounds used to generate the five
pharmacophore models discussed here, all models contain one or more hydrophobic areas, four out of
five contain a positive ionizable site, and a different four out of five contain one or more HBA sites,
suggesting these as the most important features of OCT1 pharmacophores. The exact number and
distances of these features may vary depending on the set of compounds used for model generation.

Fig. 9. Venn diagram of the number and overlap of compounds used for OCT1 pharmacophore generation in five
different studies Between eight and 22 compounds were used to generate the five different pharmacophore models of OCT1.
Five compounds overlap between the models of Bednarczyk et al 2003 (44) and Moaddel et al. 2007 (46), with the latter model
having six compounds overlapping with the model of Moaddel et al. 2005 (45).

Structural determinants of OCT1 inhibitors among morphinan opioids
Next, we took advantage of the high structural similarity of morphinan opioids and related characteristic
structural features with the inhibitory potencies of the individual compounds. The main structural
determinant of the inhibitory potency of morphinan opioids appeared to be the ether linkage between
C4 and C5 of the morphinan ring (Fig. 10). Morphinan opioids lacking that ether linkage had an on
average 33-fold higher OCT1 inhibitory potency than the ones with C4-C5 ether linkage (median IC50
of 10.3 and 234 µM, respectively; P < 0.001; Fig. 10B).
Comparison of the 3D morphinan structures showed that the lack of C4-C5 ether linkage leads to an
increased three-dimensionality of the otherwise rather flat morphinan 5-ring system. Superimposition
of morphine and levorphanol structures illustrates that rings A and B of the morphinan system are
located in closer proximity in the absence of the C4-C5 ether linkage and the remaining 4-ring system
consequently appears more three-dimensional (Fig. 10C). Interestingly, a previous study reported a
higher OCT1 inhibitory potency (lower IC50) of the structurally more globular amantadine compared
with the more planar cyclohexylamine, which is a substructure of amantadine (44). In line with this,
organic cation transporters in general were suggested to interact with more three-dimensional structures
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based on pharmacophore modeling (48). This supports our observation of a higher inhibitory potency
of the more three-dimensional morphinan opioids lacking the C4-C5 ether linkage.
Related to the spatial orientation of compounds, stereoisomerism does not seem to affect the inhibitory
potency of morphinan opioids for OCT1. With 6.4 and 8.5 µM, stereoisomers dextrorphan and
levorphanol had very comparable inhibitory potencies (IC50 values), respectively (Fig. 10A).
Nevertheless, among the morphinan opioids with C4-C5 ether linkage, inhibitory potencies still varied
28-fold (from IC50 of 72 µM for morphine to 2004 µM for oxycodone), suggesting additional structures
to be important for the potency of inhibition of OCT1. The presence of a ketone group at C6 was
associated with an on average 9.5-fold lower inhibitory potency (P = 0.007; Fig. 10B) and methylation
of the C3-hydroxyl group was associated with an on average 4.5-fold lower inhibitory potency (not
significant; Fig. 10B). However, none of these structures could clearly be identified to be the major
determinant of the inhibitory potency of morphinan opioids for OCT1.
Despite its polyspecificity, OCT1 still seems to be very selective for its inhibitors. Oxycodone, the least
potent OCT1 inhibitor (highest IC50 of 2004 µM) has all five of the previously discussed structural
features. Removal of just one of these features, e.g. removal of the methylation at N17, increases the
inhibitory potency by 10-fold to 200 µM for noroxycodone (Fig. 10A). Similarly, removal of the
methylation at the C3-hydroxyl group increases the inhibitory potency about 8-fold to 250 µM for
oxymorphone. Removal of three structural features (methylation at the C3-hydroxyl group, the C6ketone group, and the C14-hydroxyl group) increases the inhibitory potency 28-fold to 72 µM for
morphine (Fig. 10A). Additional removal of the C4-C5 ether linkage further increases the inhibitory
potency to the lowest IC50 values of levorphanol (8 µM) and dextrorphan (6 µM; Fig. 10A).
Consequently, the extremely low inhibitory potency of oxycodone may not be explained by a single
structural determinant, but probably rather by a combination of structural elements. This demonstrates
that only minor structural changes of the ligand can strongly affect the inhibition of OCT1.
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Fig. 10. Structural determinants of the potency of morphinan opioids to inhibit OCT1 (A) Relations between the structures
of morphinan opioids and their potency to inhibit OCT1 (IC50). A single difference between two molecules is shown with an
arrow and the exact difference is indicated. IC50 values are given for each molecule. The positions of important structural
determinants, i.e. methylation at the C3-hydroxyl group (orange), the ether linkage between C4 and C5 (green), the ketone
group at C6 (light blue), the hydroxyl group at C14 (dark blue), and methylation at N17 (pink) are indicated on the example of
oxycodone. (B) Comparison of the IC50 values between compounds with or without the structural determinants listed in A.
Blue circles represent dextrorphan opioids. Shown are the medians of each group. Significances were calculated using the
Mann-Whitney-U test (*** P < 0.001). (C and D) Superimpositions of morphine and (C) oxycodone or (D) levorphanol
structures. Adapted with permission from publication A. Copyright 2019 American Chemical Society.
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Opioids as substrates of OCT1
We also analyzed the uptake of opioids via OCT1. Ten out of 21 opioids tested showed a more than 2fold increase of the uptake in OCT1-overexpressing cells compared to control cells and were classified
as substrates. Besides the previously known morphine (49), methylnaltrexone, 3-hydroxymorphinan,
norfentanyl, noroxycodone, meptazinol, 3-methoxymorphinan, oxymorphone, dextrorphan, and
hydromorphone were identified as OCT1 substrates. The strongest increase of the uptake in OCT1overexpressing cells was observed for methylnaltrexone (up to 86-fold), norlevorphanol (up to 18-fold),
and norfentanyl (up to 7-fold).
Focusing on the structure of the opioids, we observed substantial differences in the OCT1-mediated
uptake between structurally highly similar parent drugs and their metabolite compounds (Fig. 11).
Whereas the metabolites norfentanyl, noroxycodone, and norlevorphanol showed up to 14.9-fold higher
uptake in OCT1-overexpressing compared to control cells, despite only minor structural differences,
their parental compounds fentanyl, oxycodone, and levorphanol were not taken up by OCT1 (Fig. 11).
This underlines that only minor structural changes of the ligand can also strongly affect the uptake
mediated by OCT1.
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Fig. 11. Comparison of the OCT1-mediated uptake between (A) fentanyl and its metabolite norfentanyl, (B) oxycodone
and its metabolites noroxycodone and oxymorphone, and (C) levorphanol and its metabolite norlevorphanol HEK293
cells stably overexpressing OCT1 or transfected with the empty vector pcDNA5 (control) were incubated with 0.1 µM of the
opioids in the presence or absence of 2 mM MPP+ for 2 min. Shown are also the pKa, OCT1 inhibitory potency (IC50 in µM),
and the transporter-independent membrane permeability (Pe in 10-6 × cm × s-1) of all compounds. Shown are means and standard
errors of the means of at least three independent experiments. *** P < 0.001 in a Tukey’s post hoc analysis following one-way
ANOVA. Reprinted with permission from publication A. Copyright 2019 American Chemical Society.
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Determinants of OCT1 substrates among opioids
The major negative determinant of OCT1-mediated uptake of opioids seems to be the passive membrane
permeability (Pe). Passive membrane permeability was negatively correlated with the fold increase in
uptake in OCT1-overexpressing over control cells (Fig. 12A), i.e. the lower the passive membrane
permeability, the higher the uptake by OCT1-overexpressing cells. In contrast, the affinity of the
interaction with OCT1, as represented by the IC50 value, seems to play if only a minor role (Fig. 12B).
The IC50 value was neither correlated with the uptake, nor was it reduced for the metabolites that showed
higher OCT1-mediated uptake.

Fig. 12. Correlation of (A) passive membrane permeability (Pe) or (B) half-maximal inhibitory concentration (IC50) with
OCT1 uptake Pe was determined using the PAMP assay, IC50 values were measured using ASP+ as substrate. Shown is the
fold uptake of opioids in HEK293 cells stably overexpressing OCT1 compared to control cells at an opioid concentration of
0.1 µM. Uptake was measured for 2 min. Arrows point from parent compound to metabolite for the three selected couples
shown in Fig. 11. Reprinted with permission from publication A. Copyright 2019 American Chemical Society.

Similar to the OCT1 inhibitors, we related characteristic structural features of the morphinan opioids,
i.e. the ether linkage between C4 and C5, the ketone group at C6, the hydroxyl group at C14, methylation
at the C3-hydroxyl group, and methylation at N17, with OCT1-mediated uptake. None of the structural
features was able to distinguish between morphinan opioids that are substrates and the ones that are no
substrates of OCT1 (Fig. 13). Therefore, in contrast to the inhibitory potency, the OCT1-mediated
uptake of morphinan opioids does not seem to be determined by these structural elements.
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Fig. 13. Structural features and OCT1-mediated uptake of morphinan opioids Comparison of the fold uptake over negative
control at an opioid concentration of 0.1 µM between compounds with or without the following structural determinants:
methylation at the C3 hydroxyl group (orange), ether linkage between C4 and C5 (green), ketone group at C6 (light blue),
hydroxyl group at C14 (dark blue), and methylation at N17 (pink). Blue circles represent dextrorphan opioids. Shown are the
medians of each group.

Our data demonstrates that in spite of its polyspecificity, OCT1-mediated uptake and inhibition of this
uptake is still somewhat very specific.
In general, despite only minor structural differences of the ligands, their interaction with OCT1 can vary
strongly, as was shown for oxycodone (IC50 of 2004 µM) and morphine (IC50 of 72 µM; Fig. 10A). On
the other hand, despite high structural differences of the ligands, their interaction with OCT1 can be
very comparable, as was shown for dextromethorphan (IC50 of 15.2 µM; Fig. 10A) and sufentanil (IC50
of 19.4 µM; publication A). Even though we were able to identify structural elements that may
determine whether or not a morphinan opioid is an inhibitor of OCT1, our analyses are only valid for
this small subset of OCT1 ligands. Due to the dual complexity of OCT1 transport, i.e. the complexity
of ligand and transporter structures, analyses of the ligands are important but will not suffice without
also considering the transporter structure. Consequently, analyses of the transporter structure will be the
topic of the next chapter.
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3.2 Effect of transporter structure on OCT1-mediated uptake
Focusing on the transporter structure, we followed three independent strategies. We investigated the
variability of transporter structure caused by (i) naturally occurring OCT1 genetic variants, (ii) artificial
mutations of selected key amino acids, and (iii) interspecies sequence differences between human and
mouse OCT1 orthologs and analyzed the effects on uptake and inhibition of OCT1.

3.2.1 Effect of naturally occurring OCT1 genetic variants
We took advantage of the high naturally occuring genetic variability of OCT1 and analyzed the effects
of variability in the transporter structure caused by the genetic variants on OCT1-mediated uptake and
inhibition. This could not only result in a better understanding of the polyspecificity and structurefunction relationships, but could be of direct clinical application.

3.2.1.1 Effect of genetic variants on the OCT1-mediated uptake (publications A and B)
We compared the effects of OCT1 genetic variants on the uptake of selected opioids and of the H2receptor antagonist ranitidine, all of which were initially confirmed to be substrates of OCT1. The effects
of genetic variants OCT1*1 to *8 on the uptake of methylnaltrexone, hydromorphone, norfentanyl,
noroxycodone, norlevorphanol, and ranitidine differed strongly between the genetic variants but were
mostly comparable between the substrates, with some substrate-specific differences (Fig. 14). While the
uptake by OCT1*4 to *6 was strongly reduced or completely absent, OCT1*7 and *8 had either no or
only slight effects on the uptake. Uptake by OCT1*2 was reduced by about 50% for most compounds,
but only by about 25% for norlevorphanol. OCT1*3 strongly reduced the uptake of most compounds
but had less effects on the uptake of norlevorphanol and ranitidine, which was only reduced by about
65% and 75%, respectively.

Fig. 14. Effects of genetic variants OCT1*2 to *8 on the OCT1-mediated uptake of methylnaltrexone, hydromorphone,
norfentanyl, noroxycodone, norlevorphanol, and ranitidine HEK293 cells stably overexpressing OCT1 were incubated
with 0.1 µM of the respective opioid or with 1 µM ranitidine for 2 min. OCT1-mediated uptake was calculated by subtracting
the uptake of control cells (pcDNA5) from the uptake of OCT1-overexpressing cells. The uptake is represented as percentage
of reference (OCT1*1) uptake. Shown are means and standard errors of the means of at least three independent experiments.
Adapted with permission from publications A (Copyright 2019 American Chemical Society) and B (Copyright 2017 Meyer et al.).
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The effects of the genetic variants OCT1*1 to *13 (Table 1) on the uptake of ranitidine were analyzed
in more detail. OCT1*12 and *13, in addition to OCT1*5 and *6 (Fig. 14), showed a complete lack of
ranitidine uptake. Uptake by OCT1*7, *9, and *11 did not differ compared to the reference (OCT1*1B).
The genetic variants that showed uptake of ranitidine were further analyzed in concentration-dependent
uptake measurements. The capacity of ranitidine transport (vmax) was significantly decreased by
OCT1*2, *3, *4, and *10, with the reduction ranging from 50% (OCT1*10) to 91% (OCT1*4; Table 2).
The affinity for ranitidine (KM) was not affected significantly by any of the OCT1 genetic variants
analyzed (P = 0.17; Table 2).
Table 2. Effects of OCT1 genetic variants on the kinetics of OCT1-mediated ranitidine uptake

OCT1
variant

Characteristic

KM

vmax

CLint

amino acid

[µM]

substitution

(SEM)

[pmol x min x mg protein ]
(SEM)

[µL x min-1 x mg protein-1]
(SEM)

OCT1*1B

Reference

62.91 (4.32)

1125.41 (86.12)

18.48 (1.83)

OCT1*1A

Met408Val

54.50 (7.17)

1047.13 (123.39)

19.32 (0.95)

OCT1*1C

Phe160Leu

82.62 (10.65)

1245.87 (209.39)

15.05 (1.74)

OCT1*1D

Pro341Leu/Met408Val

66.74 (6.14)

883.10 (76.48)

13.62 (1.62)

OCT1*2

Met420del

52.25 (8.38)

***

402.04 (51.24)

8.18 (1.39)**

OCT1*3

Arg61Cys

39.45 (7.35)

255.08 (12.75)***

7.76 (1.80)**

OCT1*4

Gly401Ser

56.40 (28.25)

106.65 (26.70)***

3.14 (0.82)***

OCT1*7

Ser14Phe

61.58 (13.19)

753.08 (49.95)

14.94 (3.61)

OCT1*8

Arg488Met

69.21 (5.88)

1412.43 (108.88)

20.68 (1.22)

OCT1*9

Pro117Leu

77.17 (33.23)

1138.47 (279.72)

17.01 (2.72)

OCT1*10

Ser189Leu

64.44 (7.94)

567.50 (59.10)

8.957 (0.75)*

OCT1*11

Ile449Thr

131.41 (58.37)

1283.33 (319.87)

11.56 (2.19)

-1

-1

*

P < 0.05, ** P < 0.01, *** P < 0.001 compared to the reference in a Tukey’s HSD post hoc analysis following one-way ANOVA.
Adapted from publication B. Copyright 2017 Meyer et al.

*

Correlation of the substrate-specific effects of the uptake conferred by OCT1*2, *7, *10, *11, and *13
Next, we focused on analyzing the effects of genetic variants OCT1*2, *7, *10, *11, and *13 that confer
a substrate-specific reduction or loss of OCT1 function, while at the same time showing correct
membrane localization (12). The aim was to take advantage of the substrate-specificity of the effects of
these genetic variants, which means that the variability of transporter structure caused by these variants
affects the transport of some but not of other substrates. Comparison of these effects may allow to group
substrates whose uptake is affected similarly, which could indicate that they interact with similar
structures of the transporter. In addition, the correct membrane localization of these variants ensures that
the effects on substrate uptake are indeed caused by variability of the transporter structure and not by a
reduced number of transporter molecules at the plasma membrane.
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Therefore, we compared the effects of OCT1 genetic variants on the uptake of ranitidine to the effects
on the uptake of other clinically relevant drugs and model substrates that have previously been studied
by our group using the same cell model (12, 16, 18, 49). The effects of these OCT1 genetic variants on
the uptake of ranitidine, metformin, monocrotaline, morphine, sumatriptan, O-desmethyltramadol (the
active metabolite of tramadol), tyramine, tropisetron, debrisoquine, ASP+, MPP+, and TEA+ differed
strongly between the variants, but, as expected, also between the substrates (Fig. 15).

Fig. 15. Comparison of the effects of genetic variants OCT1*1, *2, *7, *10, *11, and *13 on the uptake of 12 OCT1
substrates Uptake data for ranitidine is obtained from publication B, the data for morphine, ASP+, metformin, monocrotaline,
TEA+, sumatriptan, O-desmethyltramadol, MPP+, tyramine, tropisetron, and debrisoquine is obtained from previously
published studies from our group (49, 12, 16, 18). OCT1-mediated uptake is represented as percent uptake of the reference
OCT1*1. Shown are means and standard errors of the means of at least three independent experiments.

The effects of these OCT1 genetic variants on ranitidine uptake correlated most strongly with the effects
on morphine uptake (r2 of 0.961; Fig. 16, Table 3). Moderate correlation was observed with ASP+ and
metformin (r2 of 0.769 and 0.726, respectively), while the correlation was poor with TEA+, sumatriptan,
and especially MPP+ (r2 of 0.347, 0.237, and 0.103, respectively; Table 3). This suggests that ranitidine
and morphine likely share a similar or overlapping binding site in OCT1.

Fig. 16. Correlation of the effects of OCT1*2, *7, *10, *11, and *13 on the uptake of ranitidine and morphine The solid
line represents linear regression, the dashed line represents an optimal theoretical correlation with identical effects of all genetic
variants analyzed on the uptake of ranitidine and morphine. Adapted from publication B. Copyright 2017 Meyer et al.
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Regarding the other substrates, the best correlation of the effects of OCT1*2, *7, *10, *11, and *13 was
observed between metformin and monocrotaline (r2 of 0.99; Table 3). The effects of these two substrates
also correlated well with the effects on TEA+ and ASP+ uptake (r2 of between 0.896 for metformin/ASP+
and 0.842 for metformin/TEA+ and monocrotaline/TEA+, respectively), while the effects on TEA+ and
ASP+ uptake correlated only moderately well (r2 of 0.636). Based on this very high correlation,
metformin and monocrotaline are likely to share a similar binding site in OCT1. It could be speculated
that this binding site may overlap with each of the binding sites of TEA+ and ASP+, while the binding
sites of the latter two substrates are probably distinct.
A good correlation was also observed for the effects on TEA+ and sumatriptan uptake (r2 of 0.824) and
on O-desmethyltramadol and MPP+ uptake (r2 of 0.756; Table 3). Interestingly, the effects on the uptake
of tropisetron, tyramine, and especially on that of debrisoquine correlated only moderately with
sumatriptan, morphine and ranitidine, and morphine and MPP+, respectively (r2 of 0.536, 0.492 and 0.4,
0.364 and 0.363, respectively), and did not correlate with the effects on the uptake of any other substrate
(r2 of between 0.0002 and 0.288 for debrisoquine/metformin and debrisoquine/tyramin, respectively;
Table 3). This suggests that tyramine, tropisetron, and debrisoquine bind to distinct sites in OCT1 that
are not influenced by the changes in transporter structure caused by OCT1*2, *7, *10, *11, and *13 and
that mostly differ from the binding sites of the remaining substrates analyzed.
Regarding the model substrates, in addition to the correlation of the effects on ASP+ and TEA+ with the
effects on metformin and monocrotaline, the effects on ASP+ correlated with the effects on ranitidine
and morphine (r2 of 0.769 and 0.703, respectively; Table 3; (12)), while the effects on TEA+ correlated
well with the effects on sumatriptan (r2 of 0.824; Table 3; (12)). Except for O-desmethyltramadol, the
effects on MPP+ uptake did not correlate well with the effects on any other substrate (r2 between 0.065
and 0.468 for morphine and monocrotaline, respectively; Table 3; (12)), indicating potential differences
in OCT1 transport between MPP+ and the remaining substrates.
Table 3. Correlation of the uptake of 12 OCT1 substrates conferred by OCT1*2, *7, *9, *10, *11, and *13
r2
Ranitidine
0.961 Morphine
Morphine
0.769 0.703 ASP+
ASP+
0.726 0.576 0.896 Metformin
Metformin
0.685 0.523 0.867 0.990 Monocrotaline
Monocrotaline
0.347 0.211 0.636 0.842 0.842 TEA+
TEA+
0.237 0.158 0.439 0.602 0.546 0.824 Sumatriptan
Sumatriptan
O-Desmethyltramadol 0.260 0.140 0.327 0.446 0.543 0.332 0.036 O-Desmethyltramadol
0.103 0.045 0.372 0.385 0.468 0.381 0.067
MPP+
0.756 MPP+
0.400 0.492 0.203 0.074 0.078 0.014 0.111
Tyramine
0.162 0.065 Tyramine
0.187 0.169 0.087 0.171 0.116 0.207 0.536
Tropisetron
0.066 0.168 0.086 Tropisetron
0.232 0.364 0.009 0.0002 0.006 0.099 0.021
Debrisoquine
0.119 0.363 0.288 0.180
2
Pearson correlation was computed using the uptake data from Fig. 15. Values for r are highlighted in differing shades from
green to red for high and low values
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Correlation of the effects of OCT1*2, *3, *7, *10, *11, and *13 on the uptake of 12 OCT1 substrates
Comparing the substrate uptake conferred by the genetic variants OCT1*2, *7, *10, *11, and *13, the
correlation between these OCT1 genetic variants was moderate to low (r2 between 0.635 and 0.285 for
OCT1*7/*11 and OCT1*10/*11, respectively; Table 4). Interestingly, the best correlation was observed
when OCT1*3 was included in the analysis. The uptake conferred by OCT1*3 correlated well with the
uptake by OCT1*2 and *7 (r2 of 0.809 and 0.702, respectively).
Table 4. Correlation of the effects of OCT1*2, *3, *7, *10, *11, and *13 on the uptake of ranitidine, morphine, ASP+,
metformin, monocrotaline, TEA+, sumatriptan, O-desmethyltramadol, MPP+, tyramine, tropisetron, and debrisoquine

r2
OCT1*3
OCT1*7
OCT1*10
OCT1*11
OCT1*13

OCT1*2

0.809
OCT1*3
0.634
0.702
OCT1*7
0.593
0.464
0.311
OCT1*10
0.293
0.364
0.635
0.285
OCT1*11
0.539
0.627
0.418
0.354
0.316
Pearson correlation was computed using the uptake data from Fig. 15. Values for r2 are highlighted in differing shades from
green to red for high and low values.

Indeed, it seems that OCT1*2 and *3 have comparable effects on the uptake of the 18 substrates
analyzed, with OCT1*3 merely conferring an overall stronger reduction of uptake (Fig. 17). This more
pronounced reduction of uptake by OCT1*3 is probably caused by a reduced membrane localization of
this variant (12, 50). Based on our comparisons, it may be speculated that OCT1*2 and *3 had the same
effects on the uptake of the 18 substrates analyzed if OCT1*3 was completely localized at the plasma
membrane. The amino acid changes that are characteristic for these OCT1 genetic variants somehow
seem to have a comparable impact on substrate transport. A previous study compared the inhibition of
ASP+ uptake by 17 inhibitors between reference (OCT1*1) and OCT1*2 and *3 variants. Comparison
of this data also showed a good correlation of the effects of OCT1*2 and *3 on the inhibition of ASP+
uptake (r2 of 0.854; (50)). However, inhibitors and substrates not necessarily interact the same with a
transporter and this data may not be completely comparable to our analyses.
OCT1*2 is characterized by the deletion of Met420, which is located in TMH9. OCT1*3 is characterized
by the substitution of Arg61 for cysteine, which is located in the large extracellular loop (Fig. 2C, Fig. 5,
Table 1). The mechanism leading to the reduction of OCT1 activity conferred by these genetic variants
is not completely understood. The substrate-specific effects of Met420del are suggested to be caused by
the loss of the methionine side chain and its complex but indirect interactions with essential amino acids
in other TMHs (51). Arg61Cys in turn is suggested to confer a substrate-wide strong loss of OCT1
activity caused by the improper membrane localization of the variant protein (12, 50). However, here,
we also observed substrate-specific effects of this variant. Since Arg61 is localized in the large
extracellular loop, Arg61Cys could impact the structural stability of the OCT1 protein. Similarly, due
to the proposed indirect role of Met420 in OCT1 transport, Met420del could also impact the tertiary
structure of OCT1. The changes in the tertiary structure of OCT1 caused by these two genetic variants
may therefore obstruct substrate transport in a comparable way. The observation of similar effects of
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Met420del (OCT1*2) and Arg61Cys (OCT1*3) on the uptake of the substrates tested here is interesting
and should be further investigated in more detail.

Fig. 17. Comparison of the effects of OCT1*2 and *3 on the uptake of 18 substrates (A) Uptake data for the opioids is
obtained from publication A, data for ranitidine is obtained from publication B, the data for morphine, ASP+, metformin,
monocrotaline, TEA+, sumatriptan, O-desmethyltramadol, MPP+, tyramine, tropisetron, debrisoquine, and fenoterol is obtained
from previously published studies from our group (49, 12, 16, 18, 20). OCT1-mediated uptake is represented as percent uptake
of the reference OCT1*1. Shown are means and standard errors of the means of at least three independent experiments. (B)
Correlation of the uptake of the 18 substrates conferred by OCT1*2 and *3. The solid line represents linear regression, the
dashed line represents an optimal theoretical correlation with identical uptake conferred by both genetic variants.

Potential clinical consequences of the effects of OCT1 genetic variants on the uptake
We showed that OCT1 genetic variants affect the uptake of several clinically relevant drugs, i.e. the H2receptor antagonist ranitidine and the opioids methylnaltrexone, hydromorphone, norfentanyl, and
noroxycodone and this could have clinical implications.
Concerning ranitidine, based on our in vitro data, poor OCT1 transporters may be expected to have up
to 50% increased plasma concentrations and substantially reduced hepatic concentrations. As has been
shown for other drugs, OCT1 deficiency can have comparable effects on pharmacokinetics as hepatic
impairment (18). Indeed, some effects on ranitidine half-life, bioavailability, distribution, and clearance
have been reported for patients with liver impairment (52). However, ranitidine has a broad therapeutic
index and even dosages of more than 20-fold the single dose were not associated with a higher
prevalence of adverse effects (53). Therefore, the expected increase in ranitidine plasma concentrations
in poor OCT1 transporters is not suggested to increase the risk of ranitidine-related adverse reactions.
On the other hand, poor OCT1 transporters may be expected to have substantially lower ranitidine
concentrations in hepatocytes and therewith a reduced risk for hepatic toxicity. Indeed, ranitidine
administration has been associated with increased aspartate and alanine transaminases AST and ALT,
respectively (52), and very rare cases of severe hepatotoxicity after ranitidine administration have been
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reported (54). The effects of OCT1 deficiency on transaminase levels and hepatotoxicity following
ranitidine administration remain to be further investigated.
Also the pharmacokinetics of methylnaltrexone may be affected by OCT1 deficiency in humans. Even
though methylnaltrexone is not substantially metabolized in the liver (only 6% of intravenous (i.v.) dose
recovered in urine is in the form of metabolites), biliary excretion seems to play an important role, with
17% of an i.v. dose being recovered in feces. More importantly, moderate to severe hepatic impairment
led to a 4-fold increase in maximal plasma concentrations (Cmax) and to a more than 2-fold increase in
the AUC of methylnaltrexone and a dose reduction of 3-fold is recommended for these individuals (55).
In addition, methylnaltrexone has an estimated volume of distribution (varying from 8 to 115 L/kg) that
substantially exceeds the total body fluid volume (56, 57). Due to the high OCT1-mediated accumulation
of methylnaltrexone that we observed in hepatocytes and the reported organ accumulation in rats (57),
methylnaltrexone may be expected to accumulate in the human liver. Therefore, poor OCT1 transporters
may be expected to have increased plasma concentrations of methylnaltrexone, due to both reduced
biliary excretion and a reduced volume of distribution. Based on our in vitro data, this may affect carriers
of OCT1*3 to *6 but not of OCT1*2. However, these effects remain to be analyzed in humans.
Besides the potential clinical consequences, analysis of the effects of OCT1 genetic variants can also be
helpful to better understand the structure-function relationships of OCT1. Since the transport mechanism
of OCT1 and the amino acids involved in it are poorly understood, structure-function relationships have
mostly been studied using mutagenesis experiments employing the model substrates MPP+ and TEA+
(28–32). Based on the results of our correlation analyses, this structure-function data may not be
transferrable to other substrates. The model substrates ASP+, TEA+, and particularly MPP+ cannot be
used to accurately predict the effects of substrate-dependent OCT1 genetic variants on other substrates
(12) and it can be expected that also the effects of artificial mutations on OCT1 function vary depending
on the substrate. Consequently, this demonstrates that the effects of OCT1 genetic variants and artificial
mutations on OCT1 function need to be assessed individually for each substrate. Due to the
polyspecificity and the strong substrate-specific effects of transporter variability in OCT1, the relevance
of amino acids determined using one substrate cannot be generalized and be transferred to other
substrates of OCT1.
Regarding the uptake of the opioids methylnaltrexone, hydromorphone, norfentanyl, noroxycodone, and
norlevorphanol, only the effects of the genetic variants OCT1*2 to *8, but not of OCT1*10, *11, and
*13 were measured. Therefore, this data could not be taken into account for the correlation analyses.
OCT1*1 to *8 are the most common OCT1 genetic variants and analysis of their effects on OCT1
substrate uptake can provide valuable information, especially about potential clinical consequences for
carriers of these OCT1 genetic variants. However, for structure-function analyses, only the variants
localized (at least partially) on the plasma membrane and showing substrate-specific effects are of
analytic interest. Therefore, the substrate-specific genetic variants OCT1*2, *7, *10, *11, and
*13 should always be analyzed when establishing structure-function relationships of OCT1.
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3.2.1.2 Effect of genetic variants on the inhibitory potency of OCT1 (publication B)
Besides the direct effects on uptake, we also investigated the effects of OCT1 genetic variants and
different substrates on the inhibition of OCT1. We compared the potency of ranitidine to inhibit the
OCT1-mediated uptake of metformin, morphine, ASP+, and MPP+ between the reference (OCT1*1) and
the most common reduced function variant OCT1*2 (characterized by Met420del). The inhibitory
potency of ranitidine varied strongly between the substrates and varied moderately between the genetic
variants (Fig. 18). Ranitidine inhibition was on average twice as potent on the uptake mediated by
OCT1*2 compared to the one by OCT1*1. The difference between the genetic variants was most
pronounced when inhibiting morphine (IC50 of 19.5 and 45.5 µM for OCT1*2 and *1, respectively) and
least pronounced when inhibiting metformin uptake (IC50 of 14.8 and 20.9 µM for OCT1*2 and *1,
respectively). A more potent inhibition of OCT1*2-mediated uptake compared to OCT1*1 has also
previously been observed for ranitidine inhibition of trospium uptake (58). At high ranitidine
concentrations expected in the gastrointestinal (GI) tract, the uptake of all substrates tested was strongly
inhibited by more than 70% for both genetic variants. Similar results were reported for the inhibition of
trospium uptake by ranitidine (59). Therefore, inhibition of OCT1 uptake by ranitidine may be clinically
relevant if OCT1 expression can be proven in the GI tract. In addition, carriers of the OCT1*2 variant
may be more susceptible to OCT1 inhibition by ranitidine than carriers of OCT1*1 (Table 5).

Fig. 18. Differences between OCT1*1 and *2 in the inhibitory potency of ranitidine on the uptake of metformin, morphine,
ASP+, and MPP+ HEK293 cells stably overexpressing OCT1*1 or *2 were incubated with (A) 0.1 µM morphine, (B) 100 µM
metformin, (C) 1 µM ASP+, or (D) 0.1 µM MPP+ for 2 min in the presence of increasing concentrations of ranitidine. Uptake
is represented as OCT1-mediated uptake without inhibitor. Shown are means and standard errors of the means of at least three
independent experiments. Clinically relevant concentrations in plasma, portal vein, and gastrointestinal (GI) tract are
highlighted in grey. Adapted from publication B. Copyright 2017 Meyer et al.
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The inhibitory potencies of ranitidine were strongly substrate-specific and varied from IC50 values of
20.9 µM for metformin to 337 µM for ASP+ (Fig. 18). This provides another example of the
polyspecificity of OCT1. Interestingly, low concentrations of ranitidine, as expected in the plasma, led
to an induction of morphine uptake by about 40%. This effect has been observed for other membrane
transporters (60) and may indicate a positive interaction of the two substrates at the binding site. This
effect was genotype-dependent and absent for OCT1*2.
Based on the correlation of the effects of OCT1 genetic variants on the uptake of different substrates,
we concluded that ranitidine and morphine may share similar or overlapping binding sites within the
OCT1 binding cavity (see section 2.2.1.1, Fig. 15, Table 3). Assuming that a good correlation is
indicative of similarities in binding sites, one could presume that the higher the correlation of the effects
of OCT1 genetic variants on the uptake of two substrates, the more potent will be the inhibition of uptake
between them. The correlation of the effects of OCT1 genetic variants on ranitidine uptake was strongest
with the effects on morphine uptake (r2 of 0.961), moderate with the effects on ASP+ and metformin
uptake (r2 of 0.769 and 0.726, respectively), and poor with the effects on MPP+ uptake (r2 of 0.103).
However, ranitidine inhibition was most potent on metformin uptake (IC50 of 20.9 µM), followed by
morphine (IC50 of 45.5 µM), MPP+ (IC50 of 81.9 µM), and was least potent on ASP+ (IC50 of 337 µM),
which does not support this hypothesis. However, for a compound to be an inhibitor of OCT1, it does
not necessarily need to be a substrate of this transporter. Among others, corticosterone and quinidine are
examples of non-transported inhibitors of OCT1 and substrates and inhibitors may interact differently
with the transporter (50, 61, 62). Therefore, uptake data cannot be used to predict inhibitory potencies.
In addition to the substrate specificity, the inhibition of OCT1 is also genotype-dependent. Analogous
to the strategy used for OCT1 substrates, analysis and subsequent correlation of the effects of the alleles
OCT1*2, *7, *10, *11, and *13 on the inhibition of OCT1 may provide new insights into potentially
similar or overlapping binding sites of OCT1 inhibitors. As mentioned previously, substrates and
inhibitors may interact differently with a transporter and analyses of the effects of transporter variability
by genetic variants or artificial mutations on the inhibition of OCT1 transport is also an important topic
that should be assessed experimentally in more detail. Such analyses may not only help to identify
structures in OCT1 that are important for inhibition of transport but may additionally help to better
understand the similarities and differences in the interaction between OCT1 inhibitors and substrates
and thereby improve the knowledge of OCT1 structure-function relationships. Until then, also the
inhibition of OCT1 needs to be assessed individually for each substrate and also for each of the OCT1
genetic variants.

33

Results and discussion
Potential clinical consequences of the effects of OCT1 genetic variants on the inhibitory potency
Several drugs were identified as OCT1 inhibitors in vitro. It is an open question whether this indicates
potential drug-drug interactions at OCT1 in vivo and could therefore be of clinical relevance.
Ranitidine seems to be rather safe at clinically used doses and only few drug-drug-interactions involving
ranitidine have been reported (63–65). However, high-dose ranitidine may still be of interest as a probe
drug in vivo to inhibit OCT1-mediated uptake of other drugs. Based on our data, ranitidine is expected
to reach concentrations sufficient to inhibit OCT1 only in the GI tract (Fig. 18). However, whether OCT1
is expressed in relevant amounts in the intestine and what is its exact localization is still debatable. While
targeted proteomics measurements suggest OCT1 to be expressed in the small intestine (66), OCT1
mRNA levels are up to 800-fold lower in the intestine than in the liver (67, 68). Furthermore, the exact
subcellular localization of OCT1 in enterocytes is controversial, with reports of both apical and
basolateral expression of OCT1 (69, 70). Effects of ranitidine on OCT1-mediated uptake in the intestine
may be more complex than simple inhibition. Due to its therapeutic effects, ranitidine may increase the
intestinal pH which would facilitate the absorption of weakly basic drugs, the typical OCT1 substrates,
by passive diffusion. This mechanism may compensate inhibitory effects of ranitidine in the intestine.
Although OCT1 is not listed by the FDA as a relevant transporter for preclinical testing of drug-drug
interactions, we still applied the formal criteria for evaluating the potential for drug-drug interactions
(8). Following these official guidelines, ratios of maximal unbound plasma concentration to IC50 above
0.1 (Cmax unbound/IC50 > 0.1) indicate a potential for drug-drug-interactions and warrant further in vivo
analyses. Regarding ranitidine, this criterion was met for inhibition of metformin and morphine, but the
latter only by OCT1*2 and not OCT1*1 (Table 5). However, taking into account that OCT1 is localized
in the liver, the portal vein concentration becomes of interest. Considering the maximal unbound portal
vein concentration (Cmax portal unbound) of ranitidine at the highest dose of 300 mg (50 µM, estimated as
described elsewhere (71, 50)), the ratio of Cmax portal unbound/IC50 is above 0.1 for all substrates and both
genotypes tested. Therefore, inhibition of OCT1 may also be relevant in the liver. Nevertheless,
ranitidine has been widely used for many years without reports of substantial drug-drug-interactions.
Table 5. Potency of ranitidine to inhibit the OCT1-mediated uptake of morphine, metformin, ASP+, and MPP+

Substrate
Morphine
Metformin
ASP+
MPP+

OCT1
variant

IC50 [µM]

OCT1*1
OCT1*2
OCT1*1
OCT1*2
OCT1*1
OCT1*2
OCT1*1
OCT1*2

45.5
19.5
20.9
14.9
337
155
81.9
34.4

Cmax

Cmax

Cmax portal

Cmax portal

[µM]

Cmax, GI
/IC50

unbound

unbound

unbound

unbound

3800
3800
3800
3800
3800
3800
3800
3800

83.5
195
182
256
11.3
24.5
46.4
110

2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.2

Cmax, GI

[µM]

/IC50
0.048
0.113
0.105
0.148
0.007
0.014
0.027
0.064

[µM]

50
50
50
50
50
50
50
50

/IC50
1.099
2.564
2.389
3.362
0.149
0.322
0.610
1.452

IC50, half-maximal inhibitory concentration; Cmax, GI, theoretical maximal gastrointestinal concentration after oral dose (300 mg in
250 ml fluid); Cmax unbound, mean unbound steady-state total Cmax after 300 mg; Cmax portal unbound, maximal portal vein concentration
of unbound ranitidine as calculated according to (71, 50). Adapted from publication B. Copyright 2017 Meyer et al.
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Regarding the potential of the opioids to be clinically relevant OCT1 inhibitors, tapentadol,
dextromethorphan, tilidine, and methylnaltrexone have ratios of Cmax

portal unbound/IC50

above 0.1,

indicating potential drug-drug interactions at OCT1 in the liver (Table 6). This may be especially
relevant for tapentadol, which has estimated maximal unbound portal vein concentrations that are close
to the IC50 values obtained in this study. However, it has to be kept in mind that IC50 values can vary
depending on the uptake of which drug is being measured. Our data is based on the inhibition of the
model substrate ASP+. Therefore, inhibition experiments using the victim drug of interest may be
warranted to exclude drug-drug-interactions at OCT1 (72, 73) and it would also be interesting to further
analyze effects of OCT1 genetic variants on OCT1 inhibition.
Table 6. OCT1 inhibitory potencies of opioids, their systemic concentrations, and resulting potentials for drug-druginteractions

Inhibitor
a

Tapentadol

Dextromethorphanb
Methylnaltrexonec
Tilidined
Morphineb

Hydromorphoneb
Fentanylb
Oxycodoneb
Sufentanile

Route
of
Dose
admini- [mg]
stration
PO-IR
86
PO-PR
86
IV
34
PO
60
PO
450
IV
50
PO
50
PO-SR
50
IV
10
IM
10
PO-IR
10
PO
4
TD
5
TM
0.4
PO-CR
10
PO-IR
5
SL-RD 0.615
SL-SD 0.015

Cmax

[ng/mL]

64.2
22.5
243
5.2
49
906
30
7.4
300
70
10
11.8
1.4
0.8
15.1
15.5
0.276
0.035

Cmax

[µM]

Cmax

Cmax portal

unbound

unbound

18.6
18.4
8.13
4.57
64.9
10.6
8.18
6.74
2.03
1.5
1.37
0.72
0.14
0.01
1.06
0.54
0.007
0.0002

[µM]

0.29
0.23
0.1
0.08
1.1
0.88
0.02
0.007
0.14
0.12
3.31
2.49
0.11
0.08
0.03
0.02
1.05
0.68
0.25
0.16
0.04
0.02
0.04
0.03
0.004 0.0007
0.002 0.0004
0.05
0.03
0.05
0.03
0.0007 0.00005
0.0001 0.00001

[µM]

Cmax

Cmax portal

[µM]

unbound

unbound

21.9
21.9
21.9
15.2
234
38.7
38.7
71.8
71.8
71.8
71.8
138
46.2
46.2
2004
2004
19.4
19.4

0.011
0.004
0.040
0.0004
0.0005
0.064
0.002
0.0002
0.010
0.002
0.0003
0.0002
0.00001
0.00001
0.00001
0.00001
0.000003
0.0000004

0.849
0.842
0.371
0.302
0.277
0.273
0.211
0.094
0.028
0.021
0.019
0.005
0.003
0.0003
0.001
0.0003
0.0004
0.00001

IC50

/IC50

/IC50

Clinical data obtained from a (74), b (75), c (76), d (77), and e (78); IC50, half-maximal inhibitory concentration of the uptake of
0.5 µM ASP+; Cmax portal unbound, maximal portal vein concentration of unbound drug as calculated according to (71, 50); PO, per
oral; IV, intravenous; IM, intramuscular; TD, transdermal; TM, transmucosal; SL, sublingual; IR, immediate release; PR,
prolonged release; SR, slow release; CR, controlled release; RD, repeated dose; SD, single dose. Adapted with permission from
publication A. Copyright 2019 American Chemical Society.

In light of the clinical importance of OCT1 and the recommendations for its investigation of substrate
or inhibitor potential during drug development (7, 4), it is of high interest to identify specific inhibitors
of OCT1 that can be used in the clinical setting. So far, neither probe drugs nor specific clinical inhibitors
of OCT1 are available. Currently, genetically-determined OCT1 deficiency is used as a substitute and
clinical studies involving OCT1 are typically carried out with these individuals. Therefore, the above
mentioned in vitro OCT1 inhibitors could be suitable and should further be investigated for their
specificity of OCT1 inhibition.
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3.2.2 Effect of artificial mutations
(publication C, unpublished data)

on

OCT1-mediated

transport

Substrate-specific effects of Tyr222Phe and Asp475Glu mutations on the transport of rat OCT1
Amino acids that are important for substrate binding are generally not affected by naturally occurring
genetic variants. These amino acids can be addressed by specifically introducing artificial mutations and
analyzing their effects on OCT1-mediated transport in model systems. In this study, we analyzed the
effects of artificial mutations of the suggested key amino acids Tyr222 in TMH4 and Asp475 in TMH11
of rat OCT1 and measured the uptake of MPP+ and TEA+. Both amino acids had previously been
suggested to be involved in MPP+ and TEA+ transport (28, 29). Effects of mutation of Tyr222-to-Phe
and Asp475-to-Glu were observed both on the uptake and on the inhibition of OCT1, but the effects
differed between the substrates.
The affinity for MPP+ and TEA+ uptake was determined in concentration-dependent uptake
measurements and was obtained by plotting the replacement of radiolabeled with non-labeled substrate
and fitting to the Hill equation. While Asp475Glu increased the affinity for both MPP+ and TEA+ uptake
(by 3.5 and 4.5-fold, respectively), Tyr222Phe only increased the affinity for TEA+ uptake (by 3.7-fold),
but had no effect on MPP+ uptake (Fig. 19, Fig. 21).

Fig. 19. Effects of Tyr222Phe and Asp475Glu mutations on MPP+ and TEA+ uptake in rat OCT1 HEK293 cells stably
overexpressing OCT1 were incubated with increasing concentrations of a mixture of radiolabeled and unlabeled (A) MPP+ or
(B) TEA+ for 2 min. The uptake affinity was calculated by measuring the replacement of radiolabeled with non-labeled substrate
and fitting to the Hill equation. Uptake is represented as OCT1-mediated uptake of non-labeled substrate uptake. Shown are
means and standard errors of the means of at least three independent experiments. Adapted with permission of the American
Society for Pharmacology and Experimental Therapeutics from publication C. All rights reserved.

We also analyzed the effects of Tyr222Phe and Asp475Glu on the inhibitory potency of TEA+ by
measuring the uptake of MPP+ in the presence of increasing concentrations of inhibitor. Inhibition of
MPP+ uptake by TEA+ was 8.2-fold more potent upon mutation of Asp475Glu, but was not affected by
Tyr222Phe (lower IC50 compared to wild-type; Fig. 20). This indicates that Asp475 seems to be involved
in the uptake of MPP+ and TEA+ by rat OCT1. Tyr222 seems to be involved in the uptake of TEA+, but
not in the inhibition of OCT1 mediated uptake of MPP+ by TEA+.
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TEA+
Variant

IC50 [µM]

Rat OCT1

638.3

Tyr222Phe

526.2

Asp475Glu

80.9 ***

Fig. 20. Effects of Tyr222Phe and Asp475Glu mutations on the inhibition of MPP+ uptake by TEA+ in rat OCT1 HEK293
cells stably overexpressing OCT1 were incubated with 100 nM MPP+ (90 nM unlabeled and 10 nM [3H]-MPP+) in the presence
of increasing concentrations of TEA+ for 2 min. Uptake is represented as OCT1-mediated uptake without inhibitor. Halfmaximal inhibitory concentrations (IC50) were obtained by fitting to the Hill equation. Shown are means and standard errors of
the means of at least three independent experiments. Adapted with permission of the American Society for Pharmacology and
Experimental Therapeutics from publication C. All rights reserved.

Discrepancies in the uptake kinetics between different data analysis methods
Interestingly, different affinities for MPP+ and TEA+ uptake were obtained when the data was analyzed
using the classical curve fit to the Michaelis-Menten equation and plotting transport velocity as a
function of substrate concentration (Michealis-Menten plot) as opposed to fitting to the Hill equation
and plotting substrate-replacement curves as described above (Fig. 21). Using the classical MichelisMenten analysis, the Tyr222Phe mutation also showed an effect on the affinity for MPP+ uptake (2-fold
lower KM, P = 0.034; Fig. 21). The remaining affinity values had comparable trends between the analysis
methods. With substrate-replacement curves, the focus of the analysis is on the affinity of interaction,
while Michaelis-Menten plots better visualize differences in maximal uptake rates (vmax; Fig. 21). The
vmax of both MPP+ and TEA+ uptake was reduced upon mutation of Tyr222Phe (by 2.8 and 3.3-fold,
respectively) and was strongly reduced upon mutation of Asp475Glu (by 6.5 and 9.9-fold, respectively).
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Substrate-replacement A, C
Variant
MPP+

TEA+

A, C

IC50

Michaelis-Menten B, D
KM

vmax

[µM]

[µM]

[pmol x min-1 x mg protein-1]

Rat OCT1

77.3

47.2

1293

Tyr222Phe

85.8

27.0 *

486.7 **

Asp475Glu

21.3 **

15.6 **

199.5 ***

Rat OCT1

233

131

2499

Tyr222Phe

67.7 ***

40.6 **

774

Asp475Glu

51.0 ***

53.3 *

249 **

shown in panels A and C; B, D shown in panels B and D

Fig. 21. Comparison of (A, C) substrate-replacement plots and (B, D) the classical Michaelis-Menten plots of the effects
of Tyr222Phe and Asp475Glu mutations on MPP+ and TEA+ uptake The uptake data shown in Fig. 19 was analyzed and
plotted using (A, C) substrate-replacement curves and (B, D) the classical Michaelis-Menten plots. The uptake kinetics obtained
with both methods are shown in the table. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to rat OCT1 in a Tukey’s post hoc
analysis following one-way ANOVA.

Discrepancies of kinetic parameters and even effects of mutations have been observed before and may
be caused by different model systems or different experimental conditions ((73), publication C). The
effects of Tyr222 and Asp475 mutations described in this section were analyzed in rat OCT1 and it is
unclear whether these results hold true for human OCT1 or other OCT1 orthologs.
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Identification of the structures involved in Asp475-independent transport of mouse OCT1
Mutation of Asp475 strongly affected MPP+ and TEA+ transport in rat OCT1 and this amino acid is
generally thought to be of key importance for OCT1 transport (28). Next, we analyzed to what extend
these findings are also valid for human OCT1. From a previous study we know that mutation of
Asp474/475Glu strongly decreased TEA+ uptake also in human and mouse OCT1(79). The capacity
(vmax) was strongly decreased and the affinity was increased (reduced KM) upon this mutation in all
OCT1 orthologs, but the effect was most pronounced in rat OCT1 and least pronounced in human OCT1.
This suggests that Asp474/475 is important for TEA+ transport in human, mouse, and rat OCT1, but
there may be species differences in the importance of this amino acid in OCT1 transport.
Next to the species differences, another aspect that may lead to variability in the observed effects is the
exact mutation introduced to analyze an amino acid of interest. Therefore, we also previously analyzed
the effects of mutating Asp474/475 to asparagine (Asn; (79)) and compared them to the effects of the
commonly used mutation to glutamate (Glu; (80)). Aspartate and asparagine show an almost identical
3D structure, but asparagine lacks the negative charge (Fig. 22A). In contrast, the previously analyzed
glutamate has a different 3D orientation, but keeps the same negative charge. Especially accounting for
the essential role of the negative charge of aspartate for the interaction with the positive charge of the
organic cationic substrates ((28), Fig. 22B), substitution of the negatively charged aspartate for the
neutral asparagine should be more informative. The major concern of a misfolded protein and aberrant
membrane localization upon mutation of Asp474/475Asn could successfully be addressed by showing
correct membrane localization of this mutant (79).
As expected, in human OCT1, the Asp474Asn mutation strongly decreased the uptake of TEA+ (79).
Interestingly, in contrast in mouse OCT1, the Asp474Asn mutation led to a 3-fold increase in the
capacity of TEA+ transport (vmax). The effects of the Asp474/475Asn mutation in human and mouse
OCT1 were further characterized in a different study in our group (81). While in human OCT1, the
Asp474Asn mutation strongly decreased the uptake of all substrates tested (MPP+, TEA+, ranitidine,
sumatriptan, and fenoterol), in mouse OCT1, the Asp475Asn mutation strongly decreased the uptake of
ranitidine, fenoterol, and sumatriptan, but led to a substantial increase in the uptake of MPP+ and, as
previously shown, of TEA+ (81). This suggests that despite the proposed essential role of Asp474/475
in OCT1 transport, mouse OCT1 is capable of an Asp475-independent transport, which was shown for
MPP+ and TEA+. In addition, this demonstrates further species differences as well as substrate-specific
differences in the effects of key amino acid mutations.
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Fig. 22. Asp474/475 in TMH11 of OCT1 (A) Structural view of the TMH11 region with the differences of substitution of
aspartate (Asp) for asparagine (Asn), and glutamate (Glu) at position 474 in human OCT1 shown. The view is based on the
homology model of human OCT1 by Dakal et al (82) and was generated in collaboration with Ralph Krätzner, University of
Göttingen. (B) Protein sequence alignment of TMH11 of selected SLC22 family transporters. The negatively charged aspartate
(Asp, D) at positions corresponding to 474/475 in the OCT1 orthologs is conserved throughout the OCTs and is replaced by
the positively charged arginine (Arg, R) in the OCTNs and OATs.

In this work, we further analyzed the Asp475-independent transport. Human-mouse chimeric OCT1
constructs carrying the Asp474/475Asn mutation were generated and the uptake of MPP+ and TEA+ was
measured at single concentrations. High substrate concentrations were chosen for the single
concentration measurements; concentrations at which the differences in the uptake between the human
and mouse Asp474/475Asn mutants were very pronounced (400 µM for MPP+ and 3000 µM for TEA+).
While mouse OCT1 with human TMH11-12 and Asp474Asn mutation showed comparable uptake to
the mouse Asp475Asn mutant, the uptake was strongly decreased for both mouse OCT1 with human
TMH10-12 and Asp474Asn and mouse OCT1 with only human TMH10 and Asp475Asn (Fig. 23). This
suggests TMH10 to be involved in conferring the Asp475-independent transport in mouse OCT1.
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Fig. 23. Asp474/475-independent uptake of MPP+ and TEA+ by human-mouse chimeric OCT1 HEK293 cells transiently
overexpressing human, mouse, or human-mouse chimeric OCT1 carrying the Asp474/475Asn mutation were incubated with
400 µM MPP+ or 3000 µM TEA+, respectively, for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake of
control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are means and standard errors of the means of
at least three independent experiments.

To further narrow down the structures or single amino acids responsible for the Asp475-independent
transport of MPP+ and TEA+ in mouse OCT1, we mutated the non-conserved amino acids in TMH10
between human and mouse OCT1 (Fig. 24A) and analyzed the effects on MPP+ and TEA+ uptake. We
separated the non-conserved amino acids into two groups according to their localization within TMH10:
group 1 comprising hMet435/mAla436 and hIle442/mAla443 (blue) and group 2 comprising
hAla445/mVal446, hIle446/mLeu447, and hIle449/mVal450 (orange, Fig. 24). Simultaneous mutation
of group 2, i.e. of Val446Ala, Leu447Ile, and Val450Ile in mouse OCT1 carrying human TMH11-12
and the Asp474Asn mutation moderately decreased the uptake of both MPP+ and TEA+ by up to 35%
(Fig. 24B). However, the reverse mutation of Ala445Val, Ile446Leu, and Ile449Val in mouse OCT1
carrying human TMH10 and the Asp475Asn mutation did not lead to an increase in MPP+ and TEA+
uptake. Simultaneous mutation of group 1, i.e. Ala436Met and Ala443Ile did not affect the uptake,
neither on the same background nor with the reverse mutations (Met435Ala, Ile442Ala) in mouse OCT1
carrying human TMH10 and the Asp475Asn mutation. This indicates that Val446, Leu447, and/or
Val450 either alone or in any combination may play a role in the Asp475-independent uptake observed
for mouse OCT1. However, neither of the combined mutations in TMH10 could fully explain the
Asp475-independent uptake of MPP+ and TEA+ in mouse OCT1 and further experiments are warranted
to identify the exact amino acids responsible.
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Fig. 24. Effects of combined mutations of non-conserved amino acids in TMH10 on Asp475-independent uptake of
MPP+ and TEA+ in mouse OCT1 (A) Helical wheel representation of human TMH10 with non-conserved amino acids shown
in boxes and the corresponding amino acids in mouse OCT1 given. Amino acids that were mutated simultaneously are
highlighted in orange and blue, respectively. (B) Effects of the mutations in TMH10 on Asp475-independend uptake of MPP+
and TEA+. Border colors of columns indicate TMH10 to be of human (green) or mouse (red) OCT1 origin. Orange or blue
shading of columns indicates amino acid mutations in TMH10 (according to orange and blue coloring in panel A). HEK293
cells transiently overexpressing human, mouse, or human-mouse chimeric OCT1 carrying the Asp474/475Asn mutation and
mutations of non-conserved amino acids in TMH10 were incubated with 400 µM MPP+ or 3000 µM TEA+, respectively, for
2 min. OCT1-mediated uptake was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells
overexpressing OCT1. Shown are means and standard errors of the means of at least three independent experiments.

The observation of an Asp475-independent transport is surprising because Asp474/475 is the amino acid
that is generally accepted to be essential for OCT1 transport by interacting with the positive charge of
the substrate (28). Indeed, the negatively charged aspartate at this position is highly conserved among
the organic cation transporters of the SLC22 family, while the corresponding arginine in the organic
anion transporters is positively charged (Fig. 22B). Mutation of the corresponding amino acids in other
SLC22 orthologs or paralogs similarly impaired cation or anion transport (83–85) which strongly
suggests an important role of the amino acid charge at this position for substrate charge selectivity. In
line with this, removal of the negative charge by the Asp474/475Asn mutation strongly decreased the
uptake of all substrates tested in human OCT1 and of several substrates in mouse OCT1 (81).
Surprisingly, mouse OCT1 was still able to transport MPP+ and TEA+ independently of Asp475 and our
experimental data points to TMH10 to be involved in the Asp475-independent transport (Fig. 23,
Fig. 24B).
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For MPP+, this may be explained by the existence of several MPP+ binding sites – one high-affinity and
two low-affinity binding sites – of which the low-affinity sites are suggested to be directly involved in
MPP+ transport while the high-affinity site may have allosteric effects (86). One of the low-affinity sites
involves Asp475 together with Tyr218 (TMH4). It would be possible that the loss of interaction partner
upon mutation of Asp475Asn could be compensated for by Tyr218. Interestingly, the other low-affinity
site involves Arg440 (86), which is located in TMH10 and therefore is in line with our observations of
an important role of this transmembrane helix in Asp475-independent transport. Arg440 has also been
suggested to be involved in TEA+ transport together with Leu447 (also TMH10), Asp475, and Trp218
(publication C, (29, 30, 32)). However, both Trp217/218 and Arg439/440 are conserved between human
and mouse OCT1 (Fig. 5, Fig. 24A) and can therefore not explain the differences between the species
observed here. Furthermore, tryptophan (Trp) and leucine (Leu) are neutral amino acids, whereas
arginine (Arg) is even positively charged. Following the considerations of the importance of the negative
charge of Asp474/475 for the interaction with the positive charge of the substrate, direct compensation
of the loss of negative charge at Asp475 by the differently charged Tyr218, Leu447, or Arg440 seems
rather unlikely. Alternatively, it may be speculated that another negatively charged amino acid acts as a
“bridge” between the positive charge of the substrate and a neutral or positively charged amino acid in
e.g. TMH10. However, none of the amino acids in TMH10 are negatively charged.
Up to now, the majority of the structure-function analyses, including the identification of key amino
acids like Asp 474/475, were performed by analyzing the direct uptake of a handful of model substrates
like MPP+, TEA+, and ASP+, or the inhibition of their uptake. There is no literature data on potential
interaction partners of the other substrates analyzed that did not show Asp475-independent transport,
the majority of which are clinically relevant drugs. In addition and also opposed to the other substrates
analyzed, especially TEA+ and to a certain extent also MPP+ are rather small molecules (Fig. 3), which
increases the possibility of them having more than one binding site within the proposed substrate binding
core of OCT1. This may explain why Asp475-independent transport is possible for MPP+ and TEA+ but
was not observed for the other compounds analyzed that have more complex structures. Still, human
OCT1 did not show Asp475-independent transport of neither MPP+, nor TEA+, nor any other compound
analyzed (79, 81). With regard to the reported multiple binding sites of MPP+ in rat OCT1, this may
question the presence of several binding sites in human OCT1.
The vast majority of amino acids suggested to be important for OCT1 transport have been identified in
mutagenesis experiments using rat OCT1 (28–32), but there is no literature data about the importance
of these amino acids in human OCT1. Leu447 in TMH10 which may interact with TEA+ is not conserved
between human and rodent OCT1 (Fig. 5, Fig. 24A) and may explain some species-specific differences
between the species. Furthermore, the effects of the mutations Phe159/160Ala, Phe159/160Tyr, and
Trp217/218Tyr in human and mouse OCT1 differed strongly between the species and also between
different substrates as analyzed in a different study in our group (81). Therefore, the role of amino acids
that are highly conserved among the species and were suggested to play a key role in substrate
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recognition in rat OCT1 may differ in other OCT1 orthologs like human OCT1 and also for other OCT1
substrates. The substrate-specific Asp475-independent transport observed in mouse OCT1 should be
analyzed in more depth with specific focus on TMH10 and Trp218 in TMH4 to identify the structures
responsible. Furthermore, it would be interesting to further analyze the substrate-specific and speciesspecific differences in the effects of other key amino acid mutations to gain further insights into the
structure-function relationships of OCT1. Due to the lack of literature data and since it may be helpful
to better understand the structure and function of OCT1, species-specific differences in OCT1 uptake
were analyzed in more detail in the following section.
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3.2.3 Effect of species differences on OCT1-mediated uptake: comparison of
transport kinetics between human and mouse OCT1 orthologs
(publication D, unpublished data)
We also analyzed the variability in transporter structure due to sequence differences between human and
mouse OCT1 orthologs. OCT1 orthologs are known to differ in organ expression and amino acid
sequence, but it is unclear to what extent they may also differ in OCT1 function and whether differences
in OCT1 function may be explained by sequence differences. As discussed in the previous section, we
observed species differences in the role of key amino acids. To further analyze species differences in
OCT1 uptake, we compared the transport kinetics of known OCT1 substrates between human and mouse
OCT1 orthologs. Furthermore, differences in OCT1 sequence and transport activity between the two
orthologs were used to identify structures involved in OCT1 transport.

We compared the uptake of 12 known OCT1 substrates between human and mouse OCT1.
Concentration-dependent measurements showed strong differences in the uptake kinetics between the
two OCT1 orthologs. Differences were observed both in the capacity (vmax) and in the affinity (KM) of
OCT1 transport and comprised all possible manifestations without a clear predominance of human or
mouse OCT1 (Fig. 25).
To exclude artefacts of our model system, we quantified OCT1 protein expression in our HEK293 cells
stably transfected to overexpress human or mouse OCT1 using targeted proteomics. The protein
expression of human OCT1 was 36% higher than that of mouse OCT1 in the respective cell lines
(publication D). Normalization of uptake data to the amount of OCT1 protein, as opposed to the
“classical” normalization the total amount of protein, did not change the observation of strong
differences in OCT1 uptake kinetics between human and mouse OCT1 (Fig. 25).

The observed differences in the transport kinetics between human and mouse OCT1 could be
differentiated into four groups. First, substrates with a higher capacity of transport by human compared
to mouse OCT1 were trospium and ASP+ (8.4 and 5.6-fold higher vmax, respectively; Fig. 25). Second, a
substrate with a higher capacity of transport by mouse compared to human OCT1 was fenoterol (8-fold
higher vmax; Fig. 25). Third, substrates with a higher affinity of transport by mouse than by human OCT1
were trospium, thiamine, ASP+, and metformin (11.2, 9.5, 4.9, and 4.9-fold lower KM, respectively;
Fig. 25). Fourth, substrates with no substantial differences in transport between human and mouse OCT1
were e.g. methylnaltrexone and MPP+ (Fig. 25).
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Fig. 25. Comparison of capacity (vmax) and affinity (KM) of substrate transport between human and mouse OCT1 Uptake
data was normalized to the amount of (A) total protein or (B) of OCT1 protein. HEK293 cells stably overexpressing OCT1
were incubated with increasing concentrations of the substrates for 2 min. OCT1-mediated uptake was determined by
subtracting the uptake of control cells from the uptake of OCT1-overexpressing cells. KM and vmax were calculated by fitting
the data to the Michaelis-Menten equation. Shown is the fold change to human OCT1. *For Isobutyryl-L-carnitine (IBC), the
fold change at the second highest (3000 µM) concentration is shown because the data could not be fit to the Michaelis-Menten
equation. Shown are means and standard errors of the means of at least three independent experiments.
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3.2.3.1 Substrates with higher affinity of transport by mouse than by human OCT1
(publication D)
Substrates with a much higher affinity of mouse than of human OCT1, but without strong differences in
maximal transport rates were metformin and thiamine (Fig. 25). This is an interesting finding in at least
two aspects. First, changes in affinity without changes in vmax may indicate direct effects on substrate
binding. Second, metformin is a clinically relevant drug used for the treatment of diabetes and thiamine
is one of the few endogenous substrates of OCT1.
Mouse OCT1 showed a 4.9-fold higher affinity for metformin than human OCT1 (KM of 491 and
2197 µM, respectively, P < 0.0001; Fig. 26A), resulting in a 6.5-fold higher intrinsic clearance (Fig.
26B). Similarly, mouse OCT1 showed a 9.5-fold higher affinity for thiamine than human OCT1 (KM of
143 and 1057 µM, respectively, P < 0.0005; Fig. 26C), resulting in a 5.1-fold higher intrinsic clearance
of thiamine by mouse than by human OCT1 (Fig. 26D). The capacity of metformin transport was 45%
increased in mouse OCT1 (vmax of 1353 and 939 pmol × min-1 × pmol OCT1-1 for mouse and human
OCT1, respectively), while the capacity of thiamine transport was 50% increased in human OCT1 (vmax
of 528 and 287 pmol × min-1 × pmol OCT1-1 for human and mouse OCT1, respectively). Interestingly,
normalization to the amount of total instead of OCT1 protein resulted in an even more increased
metformin capacity by 80% of mouse OCT1 and a smaller increase of thiamine capacity by 50% of
human OCT1.

Fig. 26. Comparison of (A) metformin and (B) thiamine uptake between human and mouse OCT1 HEK293 cells stably
overexpressing human (green) or mouse (red) OCT1 were incubated with increasing concentrations of (A) metformin or (B)
thiamine for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake
of cells overexpressing OCT1. Background thiamine levels were subtracted from all values to avoid influence of endogenous
thiamine on the measurements. Shown are means and standard errors of the means of at least three independent experiments.
** P < 0.01, *** P < 0.001 in a one-way ANOVA. Adapted from publication D.
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To identify the structures conferring the differences in metformin affinity, we analyzed human-mouse
chimeric OCT1. To this end, the protein was separated into three parts, from N-terminus to large
intracellular loop, from TMH7 to TMH9, and from TMH10 to the C-terminus (Fig. 27A). Concentrationdependent measurements pointed to the first six helices of OCT1 to confer the differences in metformin
affinity between human and mouse OCT1 (Fig. 27B and C).

Fig. 27. Metformin uptake of human-mouse chimeric OCT1 (A) Schematic representation of human (green) and mouse
(red) wild-type OCT1 and human-mouse chimeric OCT1 with numbering of the individual TMHs. Coloring according to the
origin of the TMHs of either human (green) or mouse (red) OCT1. (B) Concentration-dependent uptake of metformin by human
(green) and mouse (red) wild-type and human-mouse chimeric OCT1. HEK293 cells stably overexpressing OCT1 were
incubated with increasing concentrations of metformin for 2 min. OCT1-mediated uptake was calculated by subtracting the
uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. (C) Affinity for metformin (KM) of human
and mouse wild-type OCT1 compared to human-mouse chimeric OCT1. Represented are the KM values of the data shown in
B as percent of human OCT1. Shown are means and standard errors of the means of at least three independent experiments.
Adapted from publication D.

To further narrow down the structures in the first half of OCT1 conferring the differences in metformin
affinity, refined human-mouse chimeric OCT1 constructs were generated that carried single
substitutions of the first six TMHs and the large extracellular and large intracellular loop of the
respective other species. The uptake was analyzed at a single concentration of metformin and since we
were interested in the differences in transport affinity, a low substrate concentration far below the KM
of both human and mouse OCT1 was chosen (100 µM; lowest concentration in concentration
dependence, dashed line not visible in Fig. 26A).
Introduction of human TMH2, TMH3, or TMH5 into mouse OCT1 significantly reduced metformin
uptake (Fig. 28B). More importantly, introduction of mouse TMH2 or TMH3 into human OCT1 led to
a significant increase in metformin uptake (Fig. 28A).
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Next, we further characterized human-mouse chimeric OCT1 with single or simultaneous substitution
of TMH2 and TMH3 using concentration-dependent measurements. Introduction of mouse TMH2 and
TMH3 into human OCT1, either alone or in combination, increased the affinity for metformin (2.4-fold
lower KM). Similarly, simultaneous introduction of human TMH2 and TMH3 into mouse OCT1 strongly
and significantly decreased the affinity for metformin (14.2-fold higher KM, P = 1.77 × 10-8; Fig. 28C).
Interestingly, these effects were species-specific. In human OCT1, metformin affinity was increased
upon introduction of either mouse TMH2 or TMH3 or the combination of both. In contrast in mouse
OCT1, metformin affinity was only decreased upon simultaneous introduction of human TMH2 together
with TMH3. Single introduction of these human TMHs into mouse OCT1 did not affect the affinity for
metformin (Fig. 28C).

Fig. 28. Effects of substituting TMH2 and TMH3 in human and mouse OCT1 on metformin uptake and affinity
(A and B) Human-mouse chimeric constructs with single TMH substitutions of each of the first six TMHs, the large
extracellular (EC), or the large intracellular (IC) loop (human background light green, mouse background light red). The uptake
of 100 μM metformin was measured and related to the uptake by human (green) and mouse (red) wild-type OCT1. (C)
Concentration-dependent uptake of metformin by human (green) and mouse (red) wild-type OCT1 and human-mouse chimeric
OCT1 with substitution of TMH2 and TMH3 (dotted lines). (D) Effects on metformin affinity (KM) after substituting TMH2
and TMH3 alone or in combination between human and mouse OCT1. Represented are the KM values of the measurment in B.
In all cases, HEK293 cells transiently overexpressing OCT1 were incubated with metformin for 2 min. OCT1-mediated uptake
was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are
means and standard errors of the means of at least three independent experiments. * P < 0.05, ***/+++ P < 0.001 compared to
(*) human or (+) mouse OCT1 in a Tukey’s post hoc analysis following one-way ANOVA. Adapted from publication D.
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Similar to metformin, also for thiamine, human-mouse chimeric OCT1 pointed to the first six TMHs to
confer the differences in affinity between human and mouse OCT1 (Fig. 29A and B).

Fig. 29. Thiamine uptake of human-mouse chimeric OCT1 (A) Concentration-dependent uptake of thiamine by human
(green) and mouse (red) wild-type and human-mouse chimeric OCT1. (B) Affinity for thiamine (KM) of human and mouse
wild-type OCT1 compared to human-mouse chimeric OCT1. Represented are the KM values of the data shown in A as percent
of human OCT1. HEK293 cells stably overexpressing OCT1 were incubated with increasing concentrations of thiamine for 2
min. OCT1-mediated uptake was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells
overexpressing OCT1. Background thiamine levels were subtracted to avoid influence of endogenous thiamine on the
measurements. Shown are means and standard errors of the means of at least three independent experiments. Adapted from
publication D.

Concentration-dependent measurements of the more precise human-mouse chimeric constructs showed
a significant increase in thiamine affinity upon simultaneous introduction of mouse TMH2 and TMH3
into human OCT1 (KM of 456 µM compared to 1517 µM of human OCT1; Fig. 30). However, in
contrast to metformin, introduction of human TMH2 and TMH3 into mouse OCT1 did not lead to a
significant decrease in thiamine affinity (Fig. 30).

Fig. 30. Effects of substituting TMH2 and TMH3 in human and mouse OCT1 on thiamine affinity (A) Concentrationdependent uptake of thiamine by human (green) and mouse (red) wild-type and human-mouse chimeric (dotted lines) OCT1.
(B) Effects on thiamine affinity (KM) after substituting TMH2 and TMH3 in combination between human and mouse OCT1.
Represented are the KM values of the data shown in A. HEK293 cells transiently overexpressing OCT1 were incubated with
increasing concentrations of thiamine for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake of control
cells (pcDNA5) from the uptake of cells overexpressing OCT1. Background thiamine levels were subtracted to avoid influence
of endogenous thiamine on the measurements. Shown are means and standard errors of the means of three independent
experiments. ** P < 0.01 compared to human OCT1 in a Tukey’s post hoc analysis following one-way ANOVA. Adapted from
publication D.
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Metformin and thiamine have previously been suggested to share similar binding sites in OCT1 (87).
However, despite certain structural similarities between the two compounds and initial indications of a
similar transport mechanism (Fig. 27B and C, Fig. 29), the differences in affinity for metformin and
thiamine are not conferred by the exact same structures in OCT1 (Fig. 28C and Fig. 30C). TMH2 and
TMH3 seem to confer the differences both in metformin and thiamine affinity between human and
mouse OCT1, but the mechanisms seems to differ between the two substrates. This underlines the
polyspecificity of OCT1 and shows that even structurally somewhat similar compounds that show
similar differences in their uptake kinetics between human and mouse OCT1 orthologs seem to have
different binding sites in OCT1. In addition, this demonstrates that structure-function relationships of
OCT1 are highly substrate-specific and need to be established for each substrate and each species
individually.

Identification of single amino acids in TMH2 and TMH3 that confer the differences in metformin
uptake between human and mouse OCT1
To identify single amino acids within TMH2 and TMH3 that could confer the differences in metformin
affinity between human and mouse OCT1, we collaborated with Alžběta Türková and Barbara Zdrazil
(University of Vienna). The homolgy-based structural models they generated showed no major
differences between human and mouse OCT1 tertiary structures (Fig. 31A). Two major binding cavities
involving TMH2 and TMH3 were identified. One of these proposed cavities is located in the middle of
the translocation pore and has also been suggested by several previous reports (42, 88, 72). It is enframed
by the A and B-helices, i.e. by TMH1, TMH4, TMH5, TMH7, TMH8, TMH9, TMH11, and most
importantly by TMH2.
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Fig. 31. Comparison of human and mouse OCT1 structures with a focus on TMH2 and TMH3 (A) Superpositions of
human and mouse OCT1 structural models with TMH2 and TMH3 highlighted in green (human OCT1) and red (mouse OCT1).
(B) Protein sequence alignment of human and mouse OCT1 using EMBOSS Needle (89) with TMH2 and TMH3 highlighted
in boxes and the conserved A-motif of the MFS underlined. Coloring based on amino acid identity. Arrows indicate the
positions of amino acids hLeu155/mVal156 (closed arrow), hGly165/mVal166 and hGly181/mVal182 (open arrows),
hPhe169/mIle170 (arrow head), and hMet193/mThr194 (stick arrow) that were of particular interest. Adapted from publication D.

None of the five non-conserved amino acids in TMH2 could be suggested to directly interact with
metformin (Fig. 31B), but the structural models suggest that Leu155 in human, which corresponds to
Val156 in mouse OCT1 (TMH2), can form a hydrophobic core packing with Ile35 in TMH1 (Fig. 32A
and B). The stronger hydrophobic interaction of Leu155 in human OCT1 might obstruct substrate entry
and conformational changes in that region, which may explain the differences in metformin affinity
between the species. Indeed, mutation of Val156-to-Leu in mouse OCT1 decreased metformin uptake
by 44% (P = 4.6 × 10-7; Fig. 32C). However, the reverse mutation of Leu155Val in human OCT1
increased metformin uptake only marginally by 5% (Fig. 32C). Therefore, the difference of
hLeu155/mVal156 alone cannot fully explain the differences in metformin transport between human
and mouse OCT1. In addition, this hypothesis did not include differences in TMH3 that were suggested
to be important by the analyses of human-mouse chimeric OCT1 (Fig. 28).
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Fig. 32. Potential involvement of hLeu155/mVal156 in TMH2 of human/mouse OCT1 in conferring the differences in
metformin uptake Hydrophobic interactions between hLeu155/mVal156 and Ile35 in (A) human and (B) mouse OCT1 in (left
panel) top view and (middle panel) side view. (A and B, right panel) Helical wheel projection of TMH2 and TMH1 showing
the positioning of hLeu155/mVal156 (TMH2) and Ile35 (TMH1). Non-conserved amino acids are highlighted in color, Ile35
is highlighted in black. (C) Effects of substitutions of Leu155Val in human and Val156Leu in mouse OCT1 on metformin
uptake. HEK293 cells transiently overexpressing OCT1 were incubated with 100 µM metformin for 2 min. OCT1-mediated
uptake was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1.
Shown are means and standard errors of the means of at least three independent experiments. +++ P < 0.001 compared to mouse
OCT1 in a Tukey’s post hoc analysis following one-way ANOVA. Reprinted from publication D.

An alternative hypothesis that involves both TMH2 and TMH3 suggested a role of two non-conserved
amino acids, one from each TMH, which lie directly opposite each other. In human OCT1 these residues
are glycines: Gly165 and Gly181, whereas in mouse OCT1 these residues are valines: Val166 and
Val182 (Fig. 33A and B). The glycines in human OCT1 could confer a higher flexibility of the helices
in that region. In contrast, the valines in mouse OCT1 introduce more hydrophobicity and potentially
stronger ligand interactions.
Indeed, mutation of the valines in mouse OCT1 to glycines (Val166Gly and Val182Gly) significantly
reduced metformin uptake, either alone or in combination (P < 0.0002; Fig. 33C). However, the decrease
was only between 23 and 26% and the reverse mutations in human OCT1 (Gly165Val and Gly181Val)
had no effect on metformin uptake. Therefore, the glycine-to-valine differences in TMH2 and TMH3
alone can neither explain the differences in metformin transport between human and mouse OCT1.
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Fig. 33. Potential involvement of TMH2 and TMH3 in conferring the differences in metformin uptake between human
and mouse OCT1 (A and B) Top view of the TMH2-TMH3 region in (A) human and (B) mouse OCT1 structural models with
protein surface colored according to lipophilicity (red, hydrophilic; yellow, hydrophobic; white, neutral surface) and (A)
glycines 165 and 181 in human OCT1 and (B) valines 166 and 182 in mouse OCT1 highlighted. (C) Effects of substitutions of
Gly165Val and Gly181Val in human and Val166Gly and Val182Gly in mouse OCT1 on metformin uptake. HEK293 cells
transiently overexpressing OCT1 were incubated with 100 µM metformin for 2 min. OCT1-mediated uptake was calculated by
subtracting the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are means and standard
errors of the means of at least three independent experiments. +++ P < 0.001 compared to mouse OCT1 in a Tukey’s post hoc
analysis following one-way ANOVA. Adapted from publication D.

The role of Leu155 in human and Val156 in mouse OCT1 TMH2 was further analyzed in concentrationdependent uptake measurements. The affinity for metformin was not significantly affected by the
Leu155Val mutation in human and the Val156Leu mutation in mouse OCT1 (Fig. 34). However,
simultaneous mutation of Leu155Val and introduction of mouse TMH3 in human OCT1 increased the
affinity for metformin (1.7-fold lower KM compared to wild-type human OCT1). In line with this,
simultaneous mutation of Val156Leu and introduction of human TMH3 in mouse OCT1 strongly
decreased the affinity for metformin (3.7-fold higher KM compared to mouse OCT1, Fig. 34). This
supports the hypothesis that Val156 in TMH2 together with TMH3 confer the higher affinity for
metformin in mouse OCT1. However, this can only explain 47% of these differences and the exact
amino acid(s) in TMH3 involved remain unknown.
Among the non-conserved amino acids in TMH3, the difference between Met193 in human which
corresponds to Thr194 in mouse OCT1 (Fig. 31B) seemed the most likely to confer differences in
metformin transport due to the more bulky and hydrophobic nature of Met193 in human OCT1, which
could hinder conformational changes of the transporter and thereby may explain differences in
metformin affinity. However, simultaneous mutation of Val156Leu and Thr194Met in mouse OCT1
reduced the affinity for metformin only slightly (1.8-fold higher KM compared to mouse OCT1; Fig. 34).
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This suggests that the higher affinity of mouse OCT1 for metformin is determined by Val156 in TMH2
and (an)other non-synonymous amino acid(s) in TMH3 that still needs to be identified. Thr194 in TMH3
may play a role, but additional amino acid(s) have to be involved to determine the differences in
metformin affinity between human and mouse OCT1.

Fig. 34. Effects of mutations of hLeu155/mVal156 in TMH2 together with TMH3 of human/mouse OCT1 on the affinity
(KM) for metformin Effects of substitutions of Leu155Val in human and Val156Leu in mouse OCT1 in combination with
TMH3 and/or substitution of Thr194Met in mouse TMH3 on the affinity (KM) for metformin. HEK293 cells transiently
overexpressing OCT1 were incubated with increasing concentrations of metformin for 2 min. OCT1-mediated uptake was
calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are
means and standard errors of the means of at least three independent experiments. * P < 0.05 compared to human OCT1 in a
Tukey’s post hoc analysis following one-way ANOVA. Adapted from publication D.

An alternative hypothesis was generated based on the observation that the affinity of mouse OCT1 for
metformin is rather similar to the affinity of human OCT2 than to that of human OCT1 (Fig. 35A).
Therefore, we mutated amino acids in TMH2 and TMH3 that are identical in mouse OCT1 and human
OCT2, but are different in human OCT1 (Fig. 35B), and analyzed the effects on metformin uptake.
These amino acids were Leu155 in human and Val156 in mouse OCT1 TMH2 that had already been
analyzed (Fig. 32) and Phe169 in human and Ile170 in mouse OCT1 TMH3. However, mutation of both
Val156Leu and Ile170Phe in mouse OCT1 did not lead to a stronger effect on metformin uptake than
Val156Leu alone (decrease by 43%) and mutation of Leu155Val and Phe169Ile in human OCT1, neither
alone nor in combination affected metformin uptake (Fig. 35C). This indicates that the difference of
Phe169 in human and Ile170 in mouse OCT1 TMH3, neither alone nor in combination with Leu155 in
human and Val156 in mouse OCT1 TMH2, can explain more than 43% of the differences in metformin
uptake between human and mouse OCT1. In addition, this indicates that the higher affinity for
metformin by mouse OCT1 and human OCT2 is likely conferred by independent structures, although
conclusions concerning the affinity of uptake cannot reliably be drawn from single concentration
measurements.
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Fig. 35. Differences in metformin uptake between human OCT1, mouse OCT1, and human OCT2 (A) Concentrationdependent uptake of metformin by human OCT1 (green), mouse OCT1 (red), and human OCT2 (grey). HEK293 cells stably
overexpressing OCT1 or OCT2 were incubated with increasing concentrations of metformin for 2 min. OCT-mediated uptake
was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1 or OCT2.
(B) Protein sequence alignment of TMH2 and TMH3 of human OCT1, mouse OCT1, and human OCT2 using the CLUSTAL
O(1.2.4) multiple sequence alignment tool (89). Coloring based on the BLOSUM62 matrix. Arrows indicate amino acids
mutated in C. (C) Effect of mutations of hLeu155/mVal156 and hPhe169/mIle170 in human/mouse OCT1, respectively, on
metformin uptake. HEK293 cells transiently overexpressing OCT1 were incubated with 100 µM metformin for 2 min. Shown
are means and standard errors of the means of three independent experiments. +++ P < 0.001 compared to mouse OCT1 in a
Tukey’s post hoc analysis following one-way ANOVA. Adapted from publication D.

The role of TMH2 and TMH3 in determining differences in transport affinity between human and
mouse OCT1
The important role of TMH2 and especially of TMH3 in OCT1 transport suggested here is surprising.
A potential critical involvement of TMH2 in substrate interaction has previously been connected only
to Phe160 (32, 72). In contrast, to the best of our knowledge, TMH3 has not gained any attention as
particularly relevant for OCT1-mediated transport in the past. Considering the classical MFS transporter
architecture (Fig. 2, Fig. 31A), TMH2 is one of the B-helices, lining the central translocation pore, while
TMH3 is a C-helix that is suggested to be located rather on the outside of the transporter, without direct
substrate interaction. Therefore, TMH3 might rather play an indirect role, as suggested by our second
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hypothesis of a higher conformational flexibility of human OCT1 in the TMH2-TMH3 region caused
by two glycine residues, which, however, could not fully be confirmed experimentally (Fig. 33). Other
candidates in TMH3, which neither seem to directly interact, but rather affect conformational changes
include Met193 in human, corresponding to Thr194 in mouse OCT1, and Asn186 in human,
corresponding to Thr187 in mouse OCT1. However, the difference of Met193 in human and Thr194 in
mouse OCT1 could also not be identified as the sole cause of the higher metformin affinity of mouse
OCT1 (Fig. 34) and the role of Asn186 in human and Thr187 in mouse OCT1 remains to be analyzed.
Protein alignment of selected mammalian OCT1 orthologs reveals that Leu155 is conserved throughout
the primate OCT1 orthologs (Fig. 36). The corresponding Val156 of mouse OCT1 is present in the
remaining mammalian orthologs (Fig. 36). Similar conservation patterns can also be observed for
hPhe161/mLeu162 (TMH2), hVal183/mThr184, hMet193/mThr194, and hPhe195/mVal196 (all
TMH3), and hAsn198/mAsp199 (just after the presumed TMH3; Fig. 36), which may suggest a similar
importance of these amino acids in OCT1 function.
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Fig. 36. Protein sequence alignment of the TMH2-TMH3-TMH4 region of selected OCT1 orthologs and paralogs of the
SLC22 family Human, mouse, and rat OCT1 are highlighted in green, red, and blue, respectively. The conserved A-motif of
the MFS is underlined in violet. The positively charged arginine (Arg, R) at positions corresponding to 175/176 in the OCT1
orthologs is conserved throughout the OCT orthologs and paralogs of the SLC22 family and may interact with the conserved
glutamate (Glu, E) at positions corresponding to 226/227 in the OCT1 orthologs in TMH4. Arrows indicate amino acids with
similar conservation patterns.
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Another interesting point concerning this region is the so called A-motif that is highly conserved within
the MFS. This motif is located between TMH2 and TMH3 and/or between TMH8 and TMH9 and seems
to have an important structural role (90, 91, 27). However, except for the hPhe169/mIle170 difference,
the sequence of this motif is identical in human and mouse OCT1 (Fig. 31B, Fig. 36). Residues of this
conserved motif have been shown to interact with residues of neighboring TMHs, forming gates, that
change as part of the conformational changes during the transport cycle (27, 92, 93). These gating
interactions may be involved in determining substrate selectivity. Although the A-motif is conserved
between the species (Fig. 36), and by definition within the whole superfamily, it may interact with
different residues in the neighboring TMHs, leading to different gating scenarios, which may in turn
influence substrate specificity and thereby may be an explanation of the observed differences in
metformin kinetics between human and mouse OCT1. With regard to OCT1 and based on our structural
models, it may be speculated that Arg175/176 in the A-motif between TMH2 and TMH3 interacts with
Glu226/227 in TMH4 in the inward open state, as similar interactions between a positively charged
residue of the A-motif with a co-conserved negatively charged residue in the following transmembrane
helix (TMH4) have been reported for other MFS transporters that have been crystallized in multiple
conformational states (27, 92, 93). Both amino acids are highly conserved within the SLC22 family and
within the mouse and rat OCT orthologs (Fig. 36). This, together with the loss of transport activity upon
mutation of Glu227 in rat OCT1 (29) suggests an important structural role of these amino acids. Since
these amino acids and with that likely also the functional consequences are conserved between the
species, the differences in metformin affinity may be conferred by differences in other residues that
interact with the A-motif or other amino acids in TMH2/TMH3 during other stages of the transport
cycle.
To summarize, our experiments demonstrated that the determinants of the differences in metformin
affinity between human and mouse OCT1 are clearly located in TMH2 and TMH3, but the precise
structures that were analyzed could not explain more than 47% of these differences. The underlying
mechanism is probably more complex and most likely involves a combination of amino acids in the
TMH2-TMH3 region which needs further investigation.
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3.2.3.2 Substrates with higher capacity of transport by human than by mouse
OCT1
Substrates with a much higher capacity of transport by human than by mouse OCT1 were trospium and
ASP+ (Fig. 25). With ASP+ being a model substrate, we decided to analyze in depth the differences in
transport between human and mouse OCT1 of the clinically more relevant trospium.
Concentration-dependent measurements showed an 8.4-fold higher capacity of trospium transport by
human than by mouse OCT1 (Fig. 37). The affinity for trospium was 11.2-fold lower by human than by
mouse OCT1.

Fig. 37. Comparison of trospium uptake between human and mouse OCT1 HEK293 cells stably overexpressing human
(green) or mouse (red) OCT1 were incubated with increasing concentrations of trospium for 2 min. OCT1-mediated uptake
was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are
means and standard errors of the means of five independent experiments. The dotted line marks the concentration used for
single concentration uptake measurements shown in Fig. 39 and Fig. 40.

To localize structures in OCT1 conferring these differences, we analyzed human-mouse chimeric OCT1
(the same constructs as in Fig. 27A). Concentration-dependent measurements pointed to the first six
helices of OCT1 to confer the differences in trospium uptake between human and mouse OCT1
(Fig. 38).

Fig. 38. Trospium uptake of human-mouse chimeric OCT1 Concentration-dependent uptake of metformin by human (green)
and mouse (red) wild-type and human-mouse chimeric OCT1. HEK293 cells stably overexpressing OCT1 were incubated with
increasing concentrations of metformin for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake of control
cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are means and standard errors of the means of at least
three independent experiments.
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To further narrow down the structures in the first six TMHs conferring these differences, we generated
refined chimeric constructs carrying single substitutions of the first six TMHs and the large extracellular
and intracellular loop of the respective other species. The uptake was analyzed at a single concentration
of trospium and since we were interested in the differences in transport capacity, a high substrate
concentration showing strong differences between human and mouse OCT1 was chosen (200 µM;
indicated as dashed line in Fig. 37). Introduction of mouse TMH1 or TMH5 into human OCT1 strongly
reduced trospium uptake to levels comparable to mouse OCT1 (Fig. 39A). This indicates that TMH1
and TMH5 may confer the differences in trospium uptake between human and mouse OCT1 (Fig. 39).

Fig. 39. Effects of single TMH substitutions between human and mouse OCT1 on the uptake of trospium (A and B)
Human-mouse chimeric constructs with single TMH substitutions of each of the first six TMHs, the large extracellular (EC),
or the large intracellular (IC) loop (human background light green, mouse background light red). HEK293 cells transiently
overexpressing OCT1 were incubated with 200 µM trospium for 2 min. OCT1-mediated uptake was calculated by subtracting
the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1 and related to the uptake by human (green)
and mouse (red) wild-type OCT1. Shown are means and standard errors of the means of at least three independent experiments.
*** P < 0.001 compared to human OCT1 in a Tukey’s post hoc analysis following one-way ANOVA. n/a, data not available

In TMH1, five amino acids differ between human and mouse OCT1 (Fig. 40A). We mutated these amino
acids to the corresponding amino acids in human or mouse OCT1, respectively, and analyzed the effects
on trospium uptake. Since the human-mouse chimeric construct with substitution of TMH1 included the
substitution of the N-terminus, we mutated the non-conserved amino acids in the N-terminus as well, in
order to exclude effects of this region on trospium uptake. Mutation of Phe32-to-Leu in human OCT1
reduced trospium uptake by more than 60% (Fig. 40B). The reverse mutation in mouse OCT1,
Phe32Leu, substantially increased trospium uptake by more than 160% (Fig. 40C). Mutation of the other
amino acids did not affect trospium uptake. This clearly identifies Phe32 in human and Leu32 in mouse
OCT1 to confer the differences in trospium uptake between human and mouse OCT1.
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Fig. 40. The role of TMH1 in trospium uptake (A Protein sequence alignment of the TMH1 region of human and mouse
OCT1 showing the non-conserved amino acids between the species. (B and C) Effects of mutating non-conserved amino acids
in TMH1 between human and mouse OCT1 on trospium uptake. HEK293 cells transiently overexpressing OCT1 were
incubated with 200 µM trospium for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake of control cells
(pcDNA5) from the uptake of cells overexpressing OCT1 and related to the uptake by human (green) and mouse (red) wildtype OCT1. Shown are means and standard errors of the means of at least three independent experiments. ***/+++ P < 0.001
compared to human (*) or mouse (+) OCT1 in a Tukey’s post hoc analysis following one-way ANOVA.

3.2.3.3 Substrates with higher capacity of transport by mouse than by human
OCT1
Substrates with a much higher capacity of transport by mouse than by human OCT1 were the
endogenous metabolite isobutyryl-L-carnitine and the drug fenoterol (Fig. 25). Since isobutyryl-Lcarnitine is practically not transported by human OCT1, we focused our analyses on the comparison of
fenoterol transport by human and mouse OCT1.
Concentration-dependent measurements showed an 8-fold higher capacity of fenoterol transport by
mouse than by human OCT1 (Fig. 41). The affinity for fenoterol was 5.1-fold higher by human than by
mouse OCT1.

Fig. 41. Comparison of fenoterol uptake between human and mouse OCT1 HEK293 cells stably overexpressing human
(green) or mouse (red) OCT1 were incubated with increasing concentrations of fenoterol for 2 min. OCT1-mediated uptake
was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are
means and standard errors of the means of four independent experiments. The dotted line marks the concentration used for
single concentration uptake measurements shown in Fig. 42. Adapted from (79).
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Similar to trospium, previous results of concentration-dependent measurements using human-mouse
chimeric OCT1 (the same constructs as in Fig. 27A) pointed to the first six TMHs of OCT1 to confer
the differences in fenoterol uptake (79). To further narrow down the structures in the first six TMHs
conferring these differences, we used the refined chimeric constructs carrying single substitutions of the
first six TMHs and the large extracellular and intracellular loop of the respective other species. The
uptake was analyzed at a single concentration of fenoterol and since we were interested in the differences
in transport capacity, a high substrate concentration showing strong differences between human and
mouse OCT1 was chosen (50 µM; indicated as dashed line in Fig. 41). Introduction of human TMH1,
TMH2, TMH4, or TMH5 into mouse OCT1 strongly reduced fenoterol uptake to levels comparable to
human OCT1 (Fig. 42B). Introduction of mouse TMH1 into human OCT1 led to a moderate increase in
fenoterol uptake (Fig. 42A).
Since human-mouse chimeric OCT1 with TMH1 exchange showed the most promising results, we
mutated the non-conserved amino acids in TMH1 and the N-terminus between human and mouse OCT1
(Fig. 40A and B) and analyzed the effects on fenoterol uptake. Mutation of Cys36-toTyr in human OCT1
increased fenoterol uptake by 45% (Fig. 42C). Accordingly, the reverse mutation of Tyr36Cys in mouse
OCT1 decreased fenoterol uptake by 90% (Fig. 42D). Mutation of the other amino acids did not affect
fenoterol uptake. This clearly identifies Cys36 in human and Tyr36 in mouse OCT1 to confer the
differences in fenoterol uptake between human and mouse OCT1.

Fig. 42. Effects of single TMH substitutions between human and mouse OCT1 on the uptake of fenoterol (A and B)
Human-mouse chimeric constructs with single TMH substitutions of each of the first six TMHs, the large extracellular (EC),
or the large intracellular (IC) loop (human background light green, mouse background light red). (C and D) Effects of mutating
non-conserved amino acids in TMH1 between human and mouse OCT1 on fenoterol uptake. HEK293 cells transiently
overexpressing OCT1 were incubated with 50 µM fenoterol for 2 min. OCT1-mediated uptake was calculated by subtracting
the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1 and related to the uptake by human (green)
and mouse (red) wild-type OCT1. Shown are means and standard errors of the means of at least three independent experiments.
***/+++ P < 0.001 compared to human (*) or mouse (+) OCT1 in a Tukey’s post hoc analysis following one-way ANOVA. n/a,
data not available.
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We also analyzed the effects of mutating the non-conserved amino acids in TMH1 and the N-terminus
between human and mouse OCT1 on the uptake of isobutyryl-L-carnitine (IBC). IBC is a very good
substrate of mouse OCT1, but is practically not transported by human OCT1 (Fig. 25). Similar to
fenoterol, mutation of Tyr36-to-Cys in mouse OCT1 strongly decreased IBC uptake by 90% (Fig. 43B).
For IBC, also mutation of Leu32-to-Phe in mouse OCT1 decreased IBC uptake by 66%. In contrast,
mutation of the non-conserved amino acids in TMH1 of human OCT1 did not increase its ability to
transport IBC (Fig. 43A). This suggests that Tyr36 in mouse OCT1 also plays an important role in IBC
uptake. In addition, also Leu32 seems to be of importance for IBC uptake by mouse OCT1. In contrast
to fenoterol, the corresponding amino acids in human OCT1 did not affect IBC uptake. However, an
important difference between the two compounds is that fenoterol, but not IBC, is transported by human
OCT1. The lack of IBC transport by human OCT1 does not seem to be caused by the non-synonymous
amino acids in TMH1 only, but could be more complex and cannot be completely explained by the
single mutations analyzed here.

Fig. 43. Effects of mutating non-conserved amino acids in TMH1 between human and mouse OCT1 on the uptake of
isobutyryl-L-carnitine (IBC) HEK293 cells transiently overexpressing OCT1 were incubated with 800 µM IBC for 2 min.
OCT1-mediated uptake was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells
overexpressing OCT1 and related to the uptake by human (green) and mouse (red) wild-type OCT1. Background IBC levels
were subtracted from all values to avoid influence of endogenous IBC on the measurements. Shown are means and standard
errors of the means of three independent experiments. +++ P < 0.001 compared to mouse OCT1 in a Tukey’s post hoc analysis
following one-way ANOVA.

The role of TMH1 in determining differences in transport capacity between human and mouse OCT1
We identified two amino acids in TMH1 of OCT1 that confer differences in transport capacity between
human and mouse OCT1. Phe32 seems to confer a higher transport capacity of human compared to
mouse OCT1, while Tyr36 seems to confer a higher transport capacity of mouse compared to human
OCT1. To thoroughly analyze the effects of these amino acids, we also analyzed the combination of
both mutations on the uptake of trospium, fenoterol, and IBC. The introduction of an additional mutation
did not lead to a stronger effect of the single mutation that was shown before (Fig. 44). This indicates
that the respective substrates interact independently with either one of these amino acids.
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Fig. 44. Effects of Phe32Leu and Cys36Tyr mutations in human and Leu32Phe and Tyr36Cys mutations in mouse OCT1
on the uptake of (A, B) trospium, (C, D) fenoterol, and (E, F) isobutyryl-L-carnitine (IBC) HEK293 cells transiently
overexpressing OCT1 were incubated with (A, B) 200 µM trospium, (C, D) 50 µM fenoterol, or (E, F) 800 µM IBC for 2 min.
OCT1-mediated uptake was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells
overexpressing OCT1 and related to the uptake by human (green) and mouse (red) wild-type OCT1. (E, F) Background IBC
levels were subtracted from all values to avoid influence of endogenous IBC on the measurements. Shown are means and
standard errors of the means of three independent experiments. ***/+++ P < 0.001 compared to human (*) or mouse (+) OCT1
in a Tukey’s post hoc analysis following one-way ANOVA.

Protein alignment of selected mammalian OCT1 orthologs reveals that Phe32 is conserved throughout
most of the mammalian orthologs, except for the rodent orthologs (e.g. mouse, rat, hamster, prairie vole,
and chinchilla) that have leucine at the corresponding position (Leu32; Fig. 45). Similarly, Tyr36 of the
rodent OCT1 orthologs is conserved throughout most of the mammalian species analyzed, while the
corresponding Cys36 of human OCT1 is present only in human and primates (Fig. 45).
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Fig. 45. Protein sequence alignment of the TMH1 region of selected OCT1 orthologs Human, mouse, and rat OCT1 are
highlighted in green, red, and blue, respectively. The important amino acids hPhe32/mLeu32 and hCys36/mTyr36 identified
in this study are highlighted.

TMH1 is one of the central A-helices in OCT1 (Fig. 2B). Depicting this helix as a helical wheel
projection, it becomes apparent that Phe32 and Cys36 are both facing the inside of the central pore of
the transporter (Fig. 46). Therefore, interaction of these residues with substrates during the translocation
process is well possible. Phe32 and especially Cys36 (corresponding to Tyr36 in mouse OCT1) have
previously been suggested to interact with OCT1 substrates based on in silico analyses (42, 88).
However, to our knowledge, this is the first experimental confirmation of the critical role of their
substrate-specific effects.
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Fig. 46. Helical wheel representation of human TMH1 with non-conserved amino acids shown in boxes and the
corresponding amino acids in mouse OCT1 given. hPhe32/mLeu32 and hCys36/mTyr36 that are suggested to determine
differences in transport capacity between human and mouse OCT1 are highlighted in green for human OCT1 and red for mouse
OCT1.

Interestingly, these amino acids or TMH1 in general have only been suggested by computational
analyses and not by any of the extensive mutagenesis studies that have been conducted over the last two
decades. The majority of the mutagenesis experiments has been conducted using the model substrates
MPP+ and TEA+. Since structure-function relationships of OCT1 are highly substrate-specific, the
restricted analysis of only a few substrates in the mutagenesis experiments may have prevented the
identification of other key amino acids that are involved in the transport of other substrates. Therefore,
in order to explore the role of a certain amino acid in OCT1 transport in as much detail as possible,
mutagenesis studies should ideally be carried out using as many substrates as possible.

3.2.3.4 Substrates with no substantial differences in transport between human and
mouse OCT1
A substantial number of substrates such as methylnaltrexone, sumatriptan, ipratropium, and MPP+ did
not show strong differences in their transport kinetics between human and mouse OCT1 (Fig. 25). This
suggests that these compounds interact with the same structures in human as they do in mouse OCT1
and that these structures are conserved between the two orthologs. Substrates of this group are excellent
candidates for comparing the effects of key amino acid mutations between human and mouse OCT1.
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3.2.3.5 Potential clinical consequences of species differences in OCT1
We observed strong differences in the transport kinetics of several substrates between human and mouse
OCT1 (Fig. 25). The affinity for metformin, the most commonly used oral antidiabetic drug, was 4.9fold higher by mouse than by human OCT1, which resulted in a 6.5-fold higher intrinsic clearance of
mouse compared to human OCT1 (Fig. 26A). Assuming that OCT1 is the major determinant of
metformin levels in the liver (94, 95), it could be expected that the substantial differences in metformin
clearance observed will lead to substantial differences in metformin exposure between the human and
mouse liver. Using in-vitro-to-in-vivo-extrapolation (IVIVE) and taking the differences in OCT1
expression (publication D) into account, we estimated metformin liver-to-blood partition coefficients of
3.34 for human and 13.4 for mouse (Table 7). Therefore, 11-fold higher metformin concentrations may
be expected in the mouse than in the human liver.
Comparing the predicted values with experimentally measured values in mouse (96) showed an almost
2-fold higher predicted Kp and consequently almost 2-fold higher predicted hepatic metformin
concentrations (Table 7). This indicates that our model overestimates the Kp in mice and the presence
of other contributing factors besides OCT1-mediated uptake.
Direct experimental data on hepatic metformin concentrations in humans is not available to the best of
our knowledge. However, based on PET studies with 11C-labeled metformin, a hepatic Kp of 2.5 was
estimated for humans (97), which is 34% lower than our estimation and supports the differences in
metformin concentrations between human and mouse livers that were suggested by our model.
Table 7. Parameter of OCT1-mediated metformin pharmacokinetics in humans and mice measured experimentally or
estimated using IVIVE

Mouse

Parameter

Human

Mean

n

SD

Mean

n

SD

491

11

155

2198

11

1154

Metformin CLin vitro [µL × min × mg protein ]

37

11

16.1

7.85

11

3.9

OCT1 expression in liver [pmol × mg protein ]

1.27

20

0.72

1.44

12

1.09

OCT1 expression in vitro [pmol × mg protein ]

11.3

9

5.23

15.4

9

4.92

13.4

11

6.04

3.34

11

0.98

695

11

311

66.8

11

19.6

Affinity for metformin uptake KM [µM]
-1

-1

-1

-1

Predicted metformin Kp,u

a)

Predicted maximal hepatic metformin concentrations [µM]
Observed metformin Kp,u

b)

6.8

c)

Observed maximal hepatic metformin concentrations [µM]

c)

2.5

350

Kp, u was calculated as described in publication D, with protein weights of 1500 g for human and 2.5 g for mouse (98) and
total amounts of protein of 90 and 115 mg × g liver-1 for human and mouse liver, respectively (99). Passive diffusion was
calculated to be 0.343 µL × min-1 × mg protein-1 based control cells
b)
Hepatic concentrations were calculated assuming portal vein concentrations of 51.7 µM for mouse (96) and 20 µM for human
(double Cmax in humans after 1 g of metformin (95)).
c)
The experimental data of mouse Kp and hepatic concentrations were obtained from (96) 30 min after oral dose of 50 mg/kg
metformin. Concentrations were calculated assuming 2.5 g average weight and 1.3 mL average volume of mouse liver. The
human Kp was obtained from (97). No experimental data of human liver concentration was available. Table modified from
publication D.
a)
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Regarding the species differences in transport capacity as for trospium and fenoterol, analysis of
clinically relevant concentrations showed only marginal differences in the uptake between human and
mouse OCT1 (Fig. 47). Interestingly, mouse OCT1 showed a slightly higher uptake of both compounds,
in spite of the higher capacity of trospium uptake shown for human OCT1 (Fig. 37). The conclusions
drawn from our comparisons of differences in vmax may therefore have a limited relevance for the
situtation in vivo. Instead, differences in KM may be more relevant and should deserve more attention in
future investigations.

Fig. 47. Comparison of (A) trospium and (B) fenoterol uptake at low (clinically relevant) concentrations between human
and mouse OCT1 Plasma concentrations are estimated to be 13.3 nM for trospium (59) and 2.18 nM for fenoterol (20) based
on clinical data. Shown is the uptake at the lowest concentrations measured from the data in (A) Fig. 37 and (B) Fig. 41.
HEK293 cells were incubated with 100 nM (A) trospium or (B) fenoterol for 2 min. OCT1-mediated uptake was calculated by
subtracting the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are means and standard
errors of the means of at least three independent experiments.

Literature data comparing OCT1 function between orthologs is generally scarce. However, in a recently
published study, Morse and colleagues reported differences of OCT1 inhibition on the uptake of
ondansetron and tropisetron between human and mouse hepatocytes (100). Interestingly, in addition to
the species differences, these differences were also substrate-specific and not apparent for sumatriptan
and fenoterol (100). This together with our in vitro data and estimations suggests that the mouse as a
model organism may only be of limited use to predict pharmacologic effects concerning OCT1 in
humans. Since both mice and rats are still important models in preclinical investigations and due to the
lack of a more comparable animal model at the moment, these species differences should be considered
when using rodent models to infer functional consequences for humans. Since human and mouse not
only differ in OCT1 function but also in OCT1 organ expression, the use of humanized mouse models
could be a solution to more precisely analyze the role of OCT1 that is relevant for humans. Furthermore,
this demonstrates the need to further investigate species differences in OCT1, not only to improve our
general understanding of this transporter, but also to improve our knowledge about differences and
similarities between OCT1 orthologs and thereby to improve the use of preclinical animal models.
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3.3 Summarizing discussion: the polyspecificity of OCT1 – friend or
foe for understanding structure-function relationships
The polyspecificity, i.e. the ability to interact with a broad spectrum of structurally highly diverse
ligands, is a prominent characteristic of OCT1. The polyspecificity of OCT1 was the major focus of this
study, and its utility for better understanding the role and structure-function relationships of OCT1 will
be discussed in the following.

3.3.1 Physiological and pharmacological relevance of polyspecificity
Polyspecific substrate transport is poorly understood and may serve as both friend and foe for the
function and analysis of OCT1. Polyspecificity as a friend is certainly observed in the physiological
context, with it being an important aspect of the physiological function of OCT1. OCT1 is the
predominantly expressed uptake transporter of organic cations in the liver, showing a 22-fold higher
protein expression than the other hepatic uptake transporter of organic cations, OCT3 (32-fold higher
mRNA expression; (66, 101)). With more than 150 substrates identified so far (publication A, (102,
62)), the substrate spectrum of OCT1 is very broad and comprises very different chemical structures
(Fig. 3), many of which are drugs. The transporter polyspecificity allows for the uptake of a variety of
substances into the liver and their subsequent elimination, which is especially important for the
detoxification of the body from xenobiotics such as drugs or toxins. Indeed, the majority of the
pharmacologically relevant transporters, such as OATP1B1, MDR1/P-gp, BCRP, and of course OCT1,
are polyspecific (9, 5, 103), a property that has also long been known for other proteins involved in
metabolism and elimination, such as the drug-metabolizing enzymes of the CYP450 family (104). This
polyspecificity provides the body with an important tool to eliminate a great variety of substances with
just a handful of membrane transporters and metabolizing enzymes. Consequently, polyspecificity
seems to play an important role in metabolism and elimination and serves as a friend for the
physiological function of OCT1.
Also for the characterization of OCT1 transport, the polyspecificity can be utilized as a friend. In this
study, we compared the transport kinetics between human and mouse OCT1 orthologs that have 77%
protein sequence identity. We observed strong differences in the kinetics of OCT1-mediated uptake
between human and mouse OCT1 (section 3.2.3), which demonstrated overlapping, but not identical
substrate spectra of these OCT1 orthologs (105). These differences may be due to evolutionary
adaptation and could indicate differences in the role of OCT1 between the species. Assuming that the
substrate spectrum of a transporter is adapted to substances that the organism is or was evolutionarily
typically exposed to, such as natural or environmental toxicants (106), it could be speculated that the
different substrate spectra of OCT1 orthologs have arisen from the different exposures of the organisms
to such substances. Even without expert knowledge of evolutionary biology, it is obvious that two
organisms as distinct as human and mouse encounter very different substances through their diet and in
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their typical environment and that adaptation to these will also include proteins of metabolism and
elimination such as membrane transporters. Species differences in substrate spectra have also been
reported for other pharmacologically relevant transporters, e.g. MRP2, or several CYP enzymes (107–
111). In the OATP family, different species even have different transporter isoforms. For example,
human OATP1A1 has five rodent orthologs (OATP1A1, OATP1A3-6) that are suggested to have arisen
from gene duplications and subsequent evolutionary selection (112). These observations may support
the hypothesis of evolutionarily-determined differences in substrate spectra between transporter
orthologs.
On a similar note, human and mouse OCT1 show a different organ expression, which could also be
connected to a different role of this transporter between the species and the evolutionary development
of different substrate spectra. In the mouse but not in humans, OCT1 is expressed to a similarly high
extent in liver and in kidney (34–36, 11). Therefore, the substrate spectrum of mouse OCT1 may
additionally comprise compounds that can be found in renal proximal tubules. Interestingly, mouse
OCT1 has a similar affinity for metformin as human OCT2 (Fig. 35), which is expressed in renal
proximal tubules. Although our results indicate that the high affinities of these transporters are conferred
by different mechanisms, these similarities in function could further be investigated in the future. Based
on knockout mice, OCT1 and OCT2 were suggested to have a somewhat redundant function in the
mouse kidney. Knockout of either one of the transporters alone did not significantly affect renal
secretion of the organic cations analyzed (113, 114), suggesting a compensatory role of the respective
other OCT in the mouse kidney. The significance of the mutual presence of these transporters in the
mouse kidney is unclear (115). The need for a compensatory “backup” transporter would rather be
expected for humans, where genetically-determined loss of OCT1 function is not uncommon (12).
However, genetic variability is not expected in mice (especially not in laboratory animals). The mutual
presence of OCT1 and OCT2 in the mouse kidney could also simply be a “relict” stemming from a lack
of selective pressure to keep only one of the OCT transporters, but this is pure speculation and remains
to be subject of further investigation.
Consequently, the different substrate spectra between human and mouse OCT1 may (at least in part) be
explained by slightly different physiological roles of the transporter orthologs in these species and may
have developed evolutionarily. Nevertheless, functional data about other OCT1 orthologs in the
literature, besides human and rat, is extremely scarce and to our knowledge, this study is one of the first
to provide a comprehensive functional comparison of OCT1 orthologs. Therefore, the speculations
about the significance of different substrate spectra can so far not be substantiated with much
experimental data. This underlines the importance of the present study and the need for further
(functional) investigations also of other OCT1 orthologs. In this context, OCT1 polyspecificity serves
as a friend by providing a powerful tool for analyzing substrate spectra by species comparisons which
should further be exploited in the future.
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Also pharmacologically, transporter polyspecificity plays an important role. On the one hand, this
polyspecificity can serve as a friend, by facilitating the hepatic or intestinal uptake (depending on the
transporter) of many different chemical structures, which is desirable for drugs acting in the liver or for
improving oral bioavailability by intestinal uptake.
On the other hand, this polyspecificity can serve as a foe, by posing a challenge to the drug development
process. Due to the broad substrate specificities of membrane transporters and especially the high
structural variability of their substrates, in silico predictions about possible interactions of a compound
with a given transporter are difficult. Furthermore, the ability of a transporter to interact with many
different compounds renders it more susceptible to drug-drug interactions, which can have severe
clinical consequences. In addition to the individual polyspecificity, overlapping substrate spectra
between different transporters expressed in a certain tissue exacerbate the assessment of the role a
transporter plays in the metabolism and elimination of a certain compound. This is additionally
complicated by the frequent lack of specific inhibitors of membrane transporters (5). Therefore, the
interaction of a transporter with a certain compound in the preclinical stages of drug development is
typically assessed using overexpressing cell systems, analogous to the experiments described in this
study, which is nowadays also recommended for OCT1 by the EMA and the ITC (7, 4, 8). A thorough
investigation of potential drug-drug interactions at a polyspecific transporter is complicated by chosing
a suitable probe drug that accurately reflects or allows to confidently extrapolate the effects on the uptake
of typical substrates of the transporter in vivo. As we (section 3.2.1) and others (73) demonstrated for
OCT1, model substrates cannot be used to accurately predict effects on the uptake of other OCT1
substrates. Therefore, it is difficult to draw reliable conclusions using this strategy and this problematic
has to be kept in mind when interpreting data about potential drug-drug interactions at OCT1 in vitro
until we have better methodology to address these questions.
In addition to drug development, OCT1 polyspecificity can also affect existing drugs, with potential
clinical implications. OCT1 function is affected by genetic variants but due to its polyspecificity, the
functional consequences of several of these variants differ depending on the substrate analyzed (section
3.2.1, (12)). Therefore, the effects of OCT1 genetic variants have to be assessed individually for each
substrate and it is not possible to assign universally valid activity scores to genetic variants of OCT1, as
it is typically done for e.g. CYP alleles (116).
Thus, in the pharmacological context of research and development, transporter polyspecificity rather
serves as a foe by complicating the analysis of transporter-ligand interactions. To improve both our
understanding of the physiological role of OCT1 and the drug development process, it is pivotal to better
understand the structural basis of the transporter polyspecificity so it can be utilized to our advantage.
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3.3.2 Structural basis of polyspecificity
Many of the pharmacologically relevant membrane transporters are polyspecific, but the molecular basis
of this polyspecificity is still unclear. As for OCT1, the detailed mechanism and the amino acids
involved in substrate translocation of these transporters are poorly understood, which complicates the
search for a structural explanation. Several hypotheses for transporter polyspecificity have been
suggested based on 3D homology models, crystal structures, functional studies involving mutagenesis,
and theoretical considerations as summarized in the following.
The existence of multiple, potentially overlapping binding sites seems to be a prerequisite for
polyspecific substrate transport and has been indicated e.g. for OCT1 (28, 29, 32). Furthermore, a certain
molecular and structural flexibility of the transporter seems to be required (103) and is also suggested
for polyspecific enzymes (106). ABC transporters have been suggested to be able to tune the surface
topology of their substrate binding cavity by rearranging their TMHs through binding, twisting, or
unwinding which may provide the structural basis for their polyspecificity (117).
Another explanation suggested for MFS transporters may be an extension of the substrate spectrum by
providing additional binding partners (different amino acids) for the individual interaction with a variety
of different substrates. Comparison of the polyspecific transporters Mdr1p (C. albicans) and MdfA
(E.coli) with the specific transporters GLUT1 (human) and GLUT1-4 homologue XylE (E.coli)
suggested the existence of a substrate binding core common to both types (specific and polyspecific) of
transporters. The substrate specificity of the polyspecific transporters was suggested to be extended by
additional residues located in the periphery of the core binding region that are absent in the specific
transporters (118). This theory is partially supported by the observation that the substrate specificity of
the UapA transporter in A. nodulans that specifically translocates purines (xanthine/uric acids) was
extended by mutations of amino acids that are not directly involved in substrate binding, without
affecting the affinities of its classical substrates (119–122).
Applying these considerations to OCT1, Asp474 in human OCT1 (Asp475 in mouse OCT1) in TMH11
would certainly be part of the substrate binding core. This amino acid is generally accepted to play an
essential role in OCT1 transport by interacting with the positive charge of the substrate (28). The
negatively charged aspartate at this position is conserved throughout the OCT1 orthologs and the cation
transporting paralogs (OCTs and OCTNs), while this position contains the positively charged arginine
in the anion transporting paralogs (OATs), underlining an important role of this amino acid position for
substrate (charge) interaction (Fig. 25; (83–85)). Utilizing the polyspecificity of OCT1 for structurefunction analyses, we compared the transport kinetics between human and mouse OCT1. Based on the
observed different interaction of substrates with the two orthologs, we identified TMH1 (more precisely
hPhe32/mLeu32 and hCys36/mTyr36) to confer differences in transport capacity (sections 3.2.3.2 and
3.2.3.3) and TMH2 and TMH3 to confer differences in transport affinity (section 3.2.3.1) between
human and mouse OCT1. In addition, several amino acids have previously been identified to be
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important for MPP+ and TEA+ transport based on mutagenesis studies in rat OCT1 (28–32). This
structure-function data available so far enables us to narrow down a few regions that seem to be
important in determining the substrate selectivity of OCT1 and may be considered as “polyspecificity
regions” in addition to a core binding region comprising Asp474/475.
The exact interactions during ligand binding and the conformational changes accompanying and
enabling substrate translocation are dynamic and difficult to assess. Crystal structures of polyspecific
enzymes with bound substrate reveal different conformations of a single enzyme depending on which
substrate it is interacting with (106), which supports the prerequisite of a high structural flexibility. For
these enzymes, a combination of two classical models of protein-ligand interaction has been suggested
to contribute to their polyspecificity: the induced fit model, where conformational changes are induced
by ligand binding, and the model of conformational selection, where the protein is present in different
conformations in the absence of ligand that the ligand can subsequently “select” from for binding (106).
For OCT1, conformational changes have been suggested to be induced by ligand binding (123), but
since there is no crystal structure available for OCT1, it cannot be excluded that conformational selection
could also occur. This has been suggested for MDR1/P-gp, which shows a high heterogeneity of
conformations in the absence of ligands which could contribute to its polyspecificity (106).
Consequently, a flexible binding site seems to be an important factor enabling polyspecific ligand
binding and our understanding of these binding sites and residues in OCT1 is constantly improving.

3.3.3 How to use OCT1 polyspecificity to improve the experimental analysis
and data interpretation
OCT1 polyspecificity can serve as a friend, enabling structure and function comparisons for example as
done here between orthologs. However, for the interpretation of experimental data, this polyspecificity
can also serve as a foe. As shown in this and several other studies (12, 80, 81, 62), variability of the
protein structure caused by genetic variants or artificial mutations can affect OCT1 function, but these
effects are often substrate-specific. As we showed for the effects of OCT1 genetic variants, due to this
substrate-specificity, model substrates such as TEA+, MPP+, or ASP+ cannot be used to predict the
effects on other compounds, such as clinically relevant drugs, which would be helpful for the drug
development process as discussed in 3.3.1. Similar difficulties arise for the interpretation of mutagenesis
studies of key amino acids, since binding of different substrates involves different amino acids of the
transporter and the definition as “key” for the transport of the whole spectrum of substrates is so far only
known for Asp475 (with very few species-specific exceptions, see section 3.2.2). On the same note, also
species differences in protein sequence and substrate spectrum/transport kinetics are challenging for the
interpretation of experimental data. On the one hand, due to differences in transport, also key amino
acids can differ between the species (see section 3.2.2). On the other hand, returning to the drug
development process, data obtained in model organisms such as mice not necessarily hold true for the
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situation in humans as we showed for OCT1-determined differences in the estimated hepatic
concentrations of metformin (section 3.2.3.5, publication D). Therefore, with our current knowledge,
structure-function relationships of OCT1 have to be established individually for each substrate and also
for each species. These analyses and interpretations would greatly be facilitated if OCT1 ligands could
be clustered into groups showing the same transport characteristics.
On the one hand, such clustering would improve our understanding of OCT1 structure-function
relationships by revealing groups of ligands that interact similarly with the transporter, which would
allow for the more targeted analyses of the structures involved from both the ligand and transporter side.
On the other hand, since there are no general model substrates for OCT1 available, clustering of ligands
into groups would enable the definition of model substrates representative of different groups. This
would allow to concentrate the analyses specifically on a few representative “cluster model substrates”
which would enable both a more thorough investigation by reducing the number of ligands analyzed
and the extrapolation of results to the whole group. Consequently, both the structure-function research
concerning OCT1 and the pharmaceutical industry looking for probe drugs would benefit from a
successful clustering of OCT1 ligands.
Despite the broad range of structures that are OCT1 ligands, only minor structural differences can lead
to strong differences in the interaction with OCT1, as we showed for morphinan opioids (chapter 2.1).
Therefore, with regard to their binding sites in OCT1, ligands may not simply be clustered based on
their chemical structures, but the clustering has to be based on experimental data. Analogous to this
whole study, clustering of OCT1 ligands can be approached from the two aspects involved – the ligand
and the transporter structure.
Focusing on the ligand, despite our results of highly variable inhibitory potencies of structurally similar
morphinan opiods, it may still be useful to analyze structurally similar compounds for their interaction
with OCT1. These analyses facilitate the search for structural determinants of OCT1 interaction, as we
did for morphinan opioids (chapter 3.1). Therefore, it may be useful to first compare several smaller
groups each of similar compounds and then to compare this data between different groups for a more
global understanding. This may provide valuable insights into OCT1-ligand interaction. Furthermore, a
better knowledge of the structural prerequisites of OCT1 ligands could facilitate the identification of the
protein structures of OCT1 involved in ligand binding/translocation.
Focusing on the transporter, changes in transport activity or kinetics caused by genetic variants can be
used for clustering. In this study, correlation of the uptake conferred by different OCT1 genetic variants
(showing substrate-specific effects; section 3.2.1.1) revealed a few substrates with strong correlations,
such as metformin and monocrotaline (r2 of 0.99) and ranitidine and morphine (r2 of 0.961), which
indicates that they may interact similarly with OCT1. Nevertheless, these interpretations are based on
indirect observations and need experimental validation. Further experiments may include the
comparison of the effects of key amino acid mutations between these substrates or also characterization
of the transport mediated by OCT1 orthologs or paralogs and subsequent analyses of chimeras.
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Similarly, ligand clustering may also be based on the effects of artificial mutations as was done in a
preliminary study of our group (80), or based on the species differences that we observed in the present
study (section 3.2.3). Unfortunately, these results are hardly comparable due to a very limited amount
of overlapping substrates used between the two studies. In general, comparison of the effects of both
naturally occuring and artificial mutations with species differences would be interesting to draw
conclusions about the mechanisms involved in conferring differences in OCT1 function based on
transporter variability. To this end, more substrates need to be analyzed for the effects of all three
possible causes of transporter variability investigated here. With increasing experimental data,
conclusions drawn from these analyses may become more and more valuable. In this regard, the
polyspecificity can be utilized as a friend and provides a tool for the analysis of OCT1 transport.

As shown in this study, differences in the protein structure and transport characteristics between two
transporters can be utilized to identify the protein structures that confer the different transport
characteristics. These analyses can include transporter orthologs, such as the comparison between
human and mouse presented here (section 3.2.3), but also transporter paralogs. To this end, chimeric
proteins consisting of different parts of the transporters of interest can be generated and analyzed for
their transport characteristics. With increasing information and first hypotheses, following this strategy,
more specific chimeras can be generated and important regions/structures can further be narrowed down
up to the point when single amino acids can be mutated (classical mutagenesis experiments) as was
shown for the identification of hLeu155/mVal156 and TMH3 in determining the differences in
metformin affinity between human and mouse OCT1 (section 3.2.3.1). Focusing on this study, it would
also be interesting to analyze chimeras of OCT1 and OCT2. The human paralogs have 69% amino acid
identity (Fig. 4) and an overlapping substrate spectrum (105). Interestingly, OCT2 has a higher affinity
for metformin than OCT1, and this affinity is similar to the affinity of mouse OCT1 (Fig. 35). Since
OCT2 is a major cation transporter in kidney proximal tubules and clinical data obtained in humans
using 11C-labeled PET imaging (97) and in mice (96) shows a much stronger accumulation of metformin
in the kidney than in the liver, studying the role of OCT2 and identifying regions conferring the high
affinity for metformin of this transporter could be of clinical interest. Furthermore, the results of our
present study indicate that the higher affinity for metformin is conferred by different mechanism in
human OCT2 than in mouse OCT1 (section 3.2.3.1). Therefore, the comparison of OCT1 and OCT2
could deliver additional insights into structure-function relationships. Furthermore, since both human
OCT2 and mouse OCT1 are expressed in renal proximal tubules and may have overlapping substrate
spectra, it would be interesting to also compare these two transporters with respect to their transport
kinetics of other (clinically relevant) substrates and to perform more detailed structural analyses using
chimeric proteins.
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With a more specific hypothesis (or when orthologs or paralogs interact similarly with a ligand), single
amino acids can directly be mutated and analyzed. One strategy to generate more specific hypotheses
about the involvement of single amino acids in ligand interaction is the sequence comparison of
transporter orthologs (or paralogs). The protein sequence of the mammalian OCT1 orthologs is very
conserved (2.3.4). Based on this high homology and generally similar transport characteristics, it may
be speculated that highly conserved amino acids are important for the tertiary structure of the transporter,
while non-conserved residues may determine the individual substrate selectivity of the transporter
ortholog. Indeed, the relevant amino acids identified in this study are not conserved throughout all
orthologs analyzed but only among certain subgroups (section 3.2.3; Fig. 36, Fig. 45). It would be
interesting to analyze whether the orthologs that have the same otherwise non-conserved amino acids
show similar transport kinetics, which would strengthen the supposed important role of these residues
and with that the usefulness of the sequence comparison approach. In addition, this could be useful for
the more targeted use of model organisms in preclinical testing with regard to OCT1.

Another important factor influencing mutagenesis experiments is the choice of substituting amino acid.
As we and others showed in this and in previous studies (section 3.2.2; (51, 79–81, 28, 29)), the effects
of amino acid mutations can vary depending on which amino acid they are substituted with and this
needs to be considered when interpreting the results. A general strategy in mutagenesis experiments is
the substitution with alanine. Its simple structure with a short, non-reactive side chain makes the
mutation to alanine very informative. Unwanted effects of amino acid substitutions include steric effects,
often caused by bulky side chains or reactivity towards other amino acids, both of which conceal the
actual role of the amino acid of interest. Similarly, only small differences between substituted amino
acids, e.g. in the positioning of functional groups, are of only limited significance. In case of Asp475 in
OCT1, the negative charge of this amino acid is thought to be essential for interacting with the positive
charge of the substrate. Therefore, substitution for a neutral amino acids such as asparagine, which even
has the same spatial orientation minus the negative charge, is much more informative of the role of the
amino acid charge than substitution for the also negatively charged glutamate (section 3.2.2).
Consequently, amino acids should be carefully chosen to specifically address the research question and
to avoid unwanted “side effects” that could influence the conclusions drawn.

In line with potential unwanted effects on protein structure, the interpretation of mutagenesis results can
be challenging because it is difficult to differentiate whether the observed effects on transport are direct
or indirect, i.e. whether the mutated amino acid is directly involved in ligand binding or indirectly via
modification of the general protein structure. This is especially challenging for polyspecific transporters
where multiple and in part highly substrate-specific interactions are postulated. In addition, the
identification of mechanistically important amino acids is difficult, especially when the interactions are
changing throughout the transport process. These analyses and interpretations would be facilitated by a
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crystal structure or other 3D structure of the transporter. Although dynamic processes can of course not
be captured by the static “snapshot” given by 3D structures, the analysis of several snapshots of different
conformations could still enable to reveal also changing interactions between ligand and transporter.
Nevertheless, especially with regard to polyspecificity and the likely different interactions of different
ligands with a polyspecific transporter, even 3D structures have strong limitations. As mentioned in
section 1.1.2, the mechanisms of polyspecificity are also poorly understood for transporters and enzymes
of which several crystal or other 3D structures exist. Therefore, in spite of the wishes for a crystal or
other 3D structure of OCT1 or another SLC22 transporter, OCT1 transport and polyspecificity will not
suddenly be understood once this structure becomes available. Nevertheless, a 3D structure would still
be very helpful and would certainly enable much more precise analyses of OCT1.
Until then, homology models based on the crystal structures of somewhat related transporters may be
used for a better structural orientation. Despite their often very low sequence identity (maximally 19.5%
for OCT1 homology models available so far; (62)), which needs to be considered, these models may
still be a useful tool to approximate spatial orientations of structures and to generate hypotheses about
structure-function relationships that can then be tested experimentally (as in section 3.2.3). The close
collaboration with structural biologists is very beneficial for an optimal and informed use of the
somewhat restricted tool of a homology model. In our study, combining experimental results with
information from species-specific homology models led to the identification of structures and even
single amino acids that are important for metformin affinity (section 3.2.3.1, publication D). Ideally,
homology models can also be improved by manual refinement based on experimental data. This may
provide an additional strategy to improve OCT1 structure-function analyses until a 3D structure
becomes available.

In conclusion, the polyspecificity of OCT1 can be a foe by challenging the analysis and interpretation
of structure-function relationships. However, as demonstrated in this work, the polyspecificity can also
be a friend, providing an essential aspect of the physiological role of OCT1 and can be utilized as a tool
to analyze and better understand the structure-function relationships of this transporter.
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ABSTRACT: Genetic variants in the hepatic uptake transporter OCT1, observed in 9% of Europeans and white
Americans, are known to aﬀect pharmacokinetics and eﬃcacy
of tramadol, morphine, and codeine. Here, we report further
opioids to be substrates and inhibitors of OCT1. Methylnaltrexone, hydromorphone, oxymorphone, and meptazinol were
identiﬁed as OCT1 substrates. Methylnaltrexone is the
strongest OCT1 substrate currently reported. It showed 86fold higher accumulation in OCT1-overexpressing cells
compared to control cells. We observed substantial diﬀerences
in the inhibitory potency among structurally highly similar
morphinan opioids (IC50 ranged from 6.4 μM for dextrorphan
to 2 mM for oxycodone). The ether linkage of C4−C5 in the morphinan ring leads to a strong reduction of inhibitory potency.
In conclusion, although polyspeciﬁc, OCT1 possesses a strong selectivity for its ligands. In contrast to methylnaltrexone and
hydromorphone, oxycodone and hydrocodone do not interact with OCT1 and may be safer for use in individuals with genetic
OCT1 deﬁciency.

■

INTRODUCTION
Opioids cause analgesia by activating endogenous opioid
receptors. The term “opioid” comprises the naturally occurring
opiates, semi-synthetic derivatives, as well as fully synthetic
compounds. Morphine, codeine, and thebaine are alkaloids
derived from Papaver somniferum, the opium poppy. Oxycodone, hydromorphone, hydrocodone, and norlevorphanol
are semi-synthetic derivatives obtained by chemical modiﬁcation of the basic morphinan structure. Tramadol, fentanyl,
sufentanil, and pethidine are fully synthetic compounds
artiﬁcially designed to bind to opioid receptors and do not
have a morphinan structure.
Therapeutically, opioids are mostly employed for their
analgesic properties, although weaker opioids are also used as
anti-tussives and opioids that do not permeate the blood−
brain barrier are used as anti-diarrheal agents. Opioids
continue to be the ﬁrst choice of perioperative pain treatment
and are widely used for the treatment of chronic pain. Opioids
are highly addictive and can cause strong adverse reactions,
from constipation to potentially life-threatening respiratory
depression.1,2 Respiratory depression is dose and blood
concentration dependent. Thus, individual variation in
systemic opioid concentrations, for example, caused by genetic
© 2019 American Chemical Society

variants, can cause respiratory depression with lethal outcomes
in environments that lack adequate monitoring.
The organic cation transporter 1 (OCT1, SLC22A1) is
strongly expressed in the sinusoidal membrane of human
hepatocytes. It mediates the uptake of weak basic and cationic
substances from the blood into the liver. OCT1 is a
polyspeciﬁc transporter. Its substrates are clinically relevant
drugs like fenoterol, sumatriptan, metformin, tropisetron, and
ranitidine3−8 and endogenous compounds such as thiamine
(vitamin B1).9
Human OCT1 is genetically highly variable. Four amino
acid substitutions and one deletion determine ﬁve common
OCT1 alleles with signiﬁcantly reduced or completely absent
transport activity: OCT1*2 (characterized by a deletion of
Met420), *3 (Arg61Cys), *4 (Gly401Ser), *5 (Gly465Arg/
Met420del), and *6 (Cys88Arg/Met420del).5,10−13 Nine
percent of Europeans and white Americans are homozygous
or compound heterozygous carriers of these loss-of-function or
reduced-function OCT1 alleles. These so-called poor OCT1
transporters have signiﬁcantly increased plasma concentrations
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codone, meptazinol, 3-methoxymorphinan, oxymorphone,
dextrorphan, and hydromorphone. The strongest increase
observed was for methylnaltrexone (85.9-fold), followed by
norlevorphanol (17.5-fold), and norfentanyl (7-fold, Table 1).

of fenoterol, sumatriptan, and bendamustine, leading to an
increased eﬃcacy and/or toxicity of these substances.3,5,14,15
Furthermore, poor OCT1 transporters have increased gastrointestinal toxicity of metformin without having signiﬁcantly
increased systemic drug concentrations.16 The number of poor
OCT1 transporters varies strongly between diﬀerent ethnicities
and diﬀerent world regions.12,13 While more than 80% of some
indigenous populations in South America (e.g., the Surui
Indians) are poor OCT1 transporters, heritable loss of OCT1
activity is extremely rare in East Asia.13
Most opioids are weak bases that are protonated at
physiological pH. This makes them suitable substrates of
OCT1. So far, morphine and the active metabolite of tramadol,
O-desmethyltramadol, have been identiﬁed to be OCT1
substrates.14,17,18 Based on high-throughput screens, fentanyl,
loperamide, and tapentadol were found to inhibit OCT1, but
the inhibition was not characterized in detail and there is no
data on OCT1-mediated uptake of these opioids.4,19
OCT1 genetic variants have been shown to aﬀect
pharmacokinetics and eﬃcacy of tramadol and morphine. In
poor OCT1 transporters, plasma concentrations of Odesmethyltramadol were nearly doubled compared to extensive
transporters (with two fully active OCT1 alleles), leading to
stronger and prolonged opioidergic eﬀects.14 Poor OCT1
transporter genotypes were also associated with reduced
requirements of tramadol for postoperative pain treatment20
and increased plasma O-desmethyltramadol-to-tramadol ratios
in infants.21
Morphine, but not its pro-drug codeine, is a substrate of
OCT1.17,18 Poor OCT1 transporters had 70% higher plasma
concentrations of morphine, but unchanged levels of codeine,
after oral administration of 30 mg codeine.17 These ﬁndings
were conﬁrmed and extended by a study of Fukuda et al.,
where pediatric patients with poor OCT1 transporter genotype
showed signiﬁcantly lower morphine plasma clearance (by
20%) than extensive OCT1 transporters.22,23 Recently, an
association between OCT1 genetic variants and morphinerelated adverse eﬀects in children has been reported by Balyan
et al.24 However, the data on morphine is not unequivocal.
Two recent studies by Oosten et al.25 and Nielsen et al.26 did
not show an association of OCT1 genotype and morphine
pharmacokinetics.
In this study, we performed a systematic screen of opioids,
opioid antagonists, and their metabolites to identify substrates
or inhibitors of OCT1 beyond the previously known tramadol,
codeine, and morphine. We investigated whether these newly
identiﬁed substrates were aﬀected by OCT1 genetic variants
and whether there are opioids that are potentially “safe” to use
in individuals with poor OCT1 transporter genotype. Finally,
we aimed to identify typical structural determinants of
substrates and inhibitors of OCT1 among the opioids.

Table 1. Opioids as Substrates of OCT1a
fold increase at substrate concentration of
opioid or metabolite
methylnaltrexone
norlevorphanol
norfentanyl
morphine
noroxycodone
meptazinol
3-methoxymorphinan
oxymorphone
dextrorphan
hydromorphone
levorphanol
hydrocodone
tapentadol
dextromethorphan
tilidine
pethidine (meperidine)
sufentanil
codeine
fentanyl
naltrexone
oxycodone

0.05 μM
32.4
14.0
7.0
4.6
4.0
0.8
2.5
2.4
2.1
2.0
1.5
0.9
0.9
1.1
1.3
1.1
1.1
0.7
1.0
0.8
0.9

± 20.4
± 1.7
± 0.5
± 0.5
± 1.4
± 0.2
± 0.7
± 1.6
± 0.2
± 0.1
± 0.2
± 0.1
± 0.2
± 0.2
± 0.2
± 0.1
± 0.0
± 0.2
± 0.1
± 0.2
± 0.0

0.1 μM
67.9
14.9
6.6
5.1
3.9
2.2
2.2
1.3
1.9
1.9
1.7
1.6
1.6
1.3
1.3
1.2
1.0
1.0
1.0
0.8
0.8

± 39.8
± 1.2
± 0.6
± 0.7
± 0.3
± 0.5
± 0.4
± 0.4
± 0.8
± 0.1
± 0.1
± 0.3
± 0.3
± 0.4
± 0.3
± 0.1
± 0.1
± 0.3
± 0.1
± 0.2
± 0.1

0.5 μM
85.9
17.4
7.2
4.3
3.6
3.2
2.0
0.9
1.5
2.0
1.3
1.2
1.5
0.8
1.3
1.2
1.1
0.8
1.0
1.0
0.9

± 24.7
± 4.8
± 0.6
± 0.7
± 0.1
± 1.4
± 0.1
± 0.2
± 0.1
± 0.1
± 0.0
± 0.1
± 0.2
± 0.2
± 0.1
± 0.1
± 0.1
± 0.0
± 0.1
± 0.2
± 0.0

a

Shown is fold increase of the uptake in OCT1-overexpressing cells
compared to control cells (that carry the empty vector pcDNA5).
Shown are means and standard errors of the means (SEM) of at least
three independent experiments. Bolded are opioids that showed 2fold or higher increase in the uptake at at least one concentration
tested.

All nine compounds showed an at least 2-fold increase in their
intracellular accumulation in OCT1-overexpressing cells
compared to control cells for at least one of the three
concentrations tested. This increase was reversible when
OCT1 was inhibited by MPP+.
Detailed Characterization of Methylnaltrexone, Hydromorphone, Noroxycodone, Norfentanyl, and Norlevorphanol as Substrates of OCT1. We analyzed in detail
the uptake of the four strongest of the newly identiﬁed OCT1
substrates (methylnaltrexone, noroxycodone, norfentanyl, and
norlevorphanol; Table 1). Hydromorphone was also analyzed
due to its potential clinical relevance. We determined OCT1
uptake kinetics, uptake in primary human hepatocytes, and the
eﬀect of common variants in the OCT1 gene on the uptake.
We also determined the uptake kinetics of these substances for
OCT3, the other organic cation transporter that is relevantly
expressed in the sinusoidal membrane of human hepatocytes.
The uptake of methylnaltrexone was increased 86-fold in
OCT1-overexpressing cells when 0.1 μM methylnaltrexone
was used (Figure 1A). The increase was completely blocked in
the presence of 2 mM MPP + as OCT1 inhibitor.
Methylnaltrexone uptake by OCT1 showed Michaelis−
Menten kinetics with a vmax of 371.9 pmol × min−1 × mg
protein−1 and KM of 20.3 μM (Figure 1B). Primary human
hepatocytes showed 7.7-fold reduced methylnaltrexone uptake
upon OCT inhibition with MPP+ when 0.1 μM methylnal-

■

RESULTS
Opioids as Substrates of OCT1. To identify substrates of
OCT1, we measured the uptake of 21 opioids in OCT1overexpressing HEK293 cells with and without 2 mM MPP+ as
inhibitor of OCT1 and compared it to the uptake in control
cells. The uptake was measured at three concentrations (0.05
μM, 0.1 μM, and 0.5 μM). These concentrations were selected
because they are close to the concentrations observed in the
systemic circulation in humans (Supplementary Table S1).
We identiﬁed nine previously unknown OCT1 substrates:
methylnaltrexone, 3-hydroxymorphinan, norfentanyl, noroxy9891
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Figure 1. Characterization of OCT1-mediated uptake of methylnaltrexone. (A) Uptake at a single concentration of 0.1 μM methylnaltrexone.
Shown is the fold diﬀerence between the uptake in OCT1-overexpressing cells and control (pcDNA5) cells. The cells were incubated for 2 min in
the presence or absence of 2 mM MPP+. (B) Concentration dependence of methylnaltrexone uptake via OCT1 and OCT3. OCT1 and OCT3overexpressing cells and control cells were incubated for 2 min with increasing concentrations of methylnaltrexone. (C) OCT-mediated uptake of
0.1 μM methylnaltrexone in primary human hepatocytes. Hepatocytes were incubated for 2 min in the presence or absence of 2 mM MPP+ as OCT
inhibitor. (D) Eﬀects of OCT1 genetic variants on methylnaltrexone uptake. Cells overexpressing one of the common OCT1 alleles were incubated
for 2 min with 0.1 μM methylnaltrexone. Data are shown as percentage of reference allele (OCT1*1) uptake. * P < 0.05, ** P < 0.01, *** P <
0.001 compared to (A) the control cells, (B) inhibition with MPP+, or (D) the reference allele in a Tukey’s HSD post hoc analysis following oneway ANOVA. Shown are means and standard errors of the means of at least three independent experiments.

trexone was used (Figure 1C) and 5.9-fold reduced uptake
when 1 μM methylnaltrexone was used (data not shown).
OCT3 was a much weaker uptake transporter of methylnaltrexone (vmax of 17.5 pmol × min−1 × mg protein−1 and KM of
22.5 μM), suggesting only a limited importance of this
transporter in the hepatic uptake of methylnaltrexone. The
common OCT1 genetic variants in Europeans and white
Americans resulted in signiﬁcantly reduced methylnaltrexone
uptake (Figure 1D). Methylnaltrexone uptake was reduced by
43.2% for the OCT1*2 allele, by more than 88% for the
OCT1*3 and *4 alleles, and was completely lacking in
OCT1*5 and *6 alleles. Alleles OCT1*7 and *8 conferred
no reduced OCT1-mediated uptake of methylnaltrexone
(Figure 1D).
Another OCT1 substrate of potential clinical relevance,
which we analyzed in detail, is hydromorphone. The uptake of
hydromorphone was increased by about 2-fold in OCT1overexpressing cells at a single concentration of 0.1 μM (Figure
2A). This increase was completely reversed when 2 mM MPP+

was used as OCT1 inhibitor. The uptake of hydromorphone
by OCT1 showed Michaelis−Menten kinetics with a vmax of
33.0 pmol × min−1 × mg protein−1 and KM of 56.1 μM (Figure
2B). The OCT3-mediated uptake was much stronger with a
vmax of 673 pmol × min−1 × mg protein−1 and KM of 755 μM
(Figure 2B). Primary human hepatocytes showed 1.7-fold
reduced hydromorphone uptake at a concentration of 0.1 μM
upon OCT inhibition with MPP+ (Figure 2C). The common
variant allele OCT1*2 reduced OCT1-mediated hydromorphone uptake by 58.7%, and the uptake by OCT1*3, *4, and
*6 alleles was reduced to the levels of the negative control
(Figure 2D). Alleles OCT1*7 and *8 did not confer reduced
hydromorphone uptake.
Similar results were obtained for metabolites norfentanyl,
noroxycodone, and norlevorphanol (Figure 3 and Supplementary Figures S1, S2, and S3). Saturable uptake following
Michaelis−Menten kinetics was observed for norfentanyl both
by OCT1 and OCT3 (vmax of 177.5 pmol × min−1 × mg
protein−1 and KM of 7.7 μM for OCT1 and vmax 104.3 pmol ×
9892
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Figure 2. Characterization of OCT1-mediated uptake of hydromorphone. (A) Uptake at a single concentration of 0.1 μM hydromorphone. Shown
is the fold diﬀerence between the uptake in OCT1-overexpressing cells and control (pcDNA5) cells. The cells were incubated for 2 min in the
presence or absence of 2 mM MPP+. (B) Concentration dependence of hydromorphone uptake via OCT1 and OCT3. OCT1 and OCT3overexpressing cells and control cells were incubated for 2 min with increasing concentrations of hydromorphone. (C) OCT-mediated uptake of
0.1 μM hydromorphone in primary human hepatocytes. Hepatocytes were incubated for 2 min in the presence or absence of 2 mM MPP+ as OCT
inhibitor. (D) Eﬀects of OCT1 genetic variants on hydromorphone uptake. Cells overexpressing one of the common OCT1 alleles were incubated
for 2 min with 0.1 μM hydromorphone. Data are shown as percentage of reference allele (OCT1*1) uptake. * P < 0.05, ** P < 0.01, *** P < 0.001
compared to (A) the control cells, (B) inhibition with MPP+, or (D) the reference allele in a Tukey’s HSD posthoc analysis following one-way
ANOVA. Shown are means and standard errors of the means of at least three independent experiments.

min−1 × mg protein−1 and KM 49.1 μM for OCT3;
Supplementary Figure S1B). Saturable uptake was observed
also for noroxycodone uptake by OCT1 (vmax of 120.6 pmol ×
min−1 × mg protein−1 and KM of 20.1 μM; Supplementary
Figure S2B). No saturation was reached in the OCT3mediated uptake when up to 250 μM of noroxycodone was
used (Supplementary Figure S2B). In none of the cases, the
parent drug (fentanyl, oxycodone, and dextromethorphan) or
the other metabolites (oxymorphone) showed OCT1-mediated uptake (Table 1, Figure 3).
Opioids as Inhibitors of OCT1. In parallel, we measured
the ability of 23 opioids to inhibit OCT1 by analyzing the
uptake of the model substrate ASP+ in the presence of
increasing concentrations of opioids using OCT1-overexpressing HEK293 cells. Except for norfentanyl, all fully synthetic
opioids were potent inhibitors of OCT1 (IC50 below 100 μM,
Table 2 and Figure 4A). In contrast and despite the high
structural similarities, we observed highly variable inhibitory
potencies among the morphinan opioids (Table 2 and Figure

4). The half-maximal inhibitory concentrations (IC50) varied
313-fold among the morphinan opioids (from 6.4 μM for
dextrorphan to 2004 μM for oxycodone; Figure 4B).
Dextromethorphan, its metabolites (dextrorphan and 3methoxymorphinan), and dextrorphan stereoisomer levorphanol were the most potent OCT1 inhibitors (Table 2).
Molecular Determinants of OCT1 Inhibitors. Out of
the 23 opioids analyzed in this study, 14 were morphinan
opioids and nine were fully synthetic opioids. Among the
morphinan opioids, six showed IC50 values below and eight
above 100 μM. For the purpose of our analyses, the ﬁrst group
of compounds (IC50 < 100 μM) was classiﬁed as active and the
second group (IC50 > 100 μM) as inactive. Using the same
criteria for the fully synthetic opioids, eight compounds were
classiﬁed as active and one as inactive. In order to increase the
size of the data sets, structurally related compounds with
published OCT1 inhibitory potency were extracted from the
ChEMBL database56 and from systematic screens published in
the scientiﬁc literature.4 The substructure search with the
9893
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Figure 3. Comparison of the OCT1-mediated uptake between (A) fentanyl and its metabolite norfentanyl, (B) oxycodone and its metabolites
noroxycodone and oxymorphone, and (C) levorphanol and its metabolite norlevorphanol. OCT1-overexpressing cells and control (pcDNA5) cells
were incubated for 2 min with 0.1 μM of the opioids in the presence or absence of 2 mM MPP+. Shown are also the pKa, the potency to inhibit
OCT1-mediated uptake (IC50 in μM), and the transporter-independent membrane permeability (Pe in 10−6 × cm × s−1) of all compounds. Shown
are means and standard errors of the means of at least three independent experiments. *** P < 0.001

classical morphine scaﬀold as reference did not deliver any
additional molecules, so that the data set of morphinan opioids

maintained its original size. However, the same substructure
search taking the maximum common substructures of the fully
9894
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Table 2. Inhibitory Potency, Basic Physicochemical Characteristics, and Permeability through Artiﬁcial Membranes of the
Opioids Analyzed in This Studya
opioid or metabolite

IC50 ± SEM (μM)

pKa

logP

logD7.4

Pe (10−6 × cm × s−1)

dextrorphan
levorphanol
3-methoxymorphinan
dextromethorphan
meptazinol
sufentanil
tapentadol
pethidine (meperidine)
norlevorphanol
tilidine
fentanyl
N-desmethyltramadol
morphine
nortilidine
norfentanyl
hydromorphone
naltrexone
noroxycodone
methylnaltrexone
codeine
oxymorphone
hydrocodone
oxycodone

6.40 ± 1.6
8.48 ± 0.6
10.29 ± 2.1
15.15 ± 2.5
18.96 ± 3.1
19.36 ± 0.2
21.89 ± 1.2
22.25 ± 3.7
24.93 ± 5.1
38.71 ± 14.0
46.17 ± 6.8
55.75 ± 9.4
71.79 ± 6.7
88.76 ± 18.8
117.74 ± 16.6
137.97 ± 19.2
157.51 ± 7.5
199.82 ± 22.3
234.39 ± 30.0
235.50 ± 29.4
250.33 ± 35.2
536.96 ± 87.6
2003.78 ± 172.9

8.81
8.81
9.72
8.92
8.90
7.78
9.29
8.91
9.39
7.64
8.23
10.02
8.30
8.43
9.62
8.43
7.63
8.82
9.15
8.43
7.89
8.59
8.00

3.34
3.34
3.65
4.04
3.36
3.91
3.27
2.45
3.00
3.33
4.36
2.50
0.90
2.76
1.86
1.09
1.24
0.41
−1.27
1.50
0.33
1.54
0.81

1.92
1.92
1.36
2.51
1.85
3.38
1.39
0.93
1.03
2.89
3.47
0.08
−0.05
1.71
−0.33
0.04
0.81
−0.93
−1.59
0.44
−0.28
0.32
0.11

5.4
9.2
17.2
63.7
14.3
37.9
13.6
40.2
0.7
31.6
57.2
13.4
0.2
26.9
2.6
1.7
15.1
0.9
0.0
8.0
3.2
9.1
17.9

a

IC50, inhibitory potency; pKa, acid dissociation constant; logP, partition coeﬃcient; logD7.4, distribution coeﬃcient at pH 7.4; Pe, experimentally
determined passive membrane permeability using the PAMP assay (see Experimental Section for details). Shown are means and standard errors of
the means (SEM) of at least three independent experiments.

PubChem ﬁngerprints were analyzed by means of attribute
prioritization. Two and more oxygens as well as the presence of
bitvectors 700 and 720 were overrepresented in the noninhibitors (Supplementary Figure S6). The ﬁrst two of these
three ﬁngerprints point to the presence of an ether linkage
between C4 and C5 in the morphinan structure.
The main structural determinant of the inhibitory potency of
the morphinan opioids appears to be the ether linkage between
C4 and C5 (Figure 6). Molecules lacking the ether linkage had
an on average 33-fold higher OCT1 inhibitory potency than
the rest (p < 0.001, Figure 6B). Still, among the morphinan
opioids with the C4−C5 ether linkage, we observed 28-fold
variation in inhibitory potency (IC50 from 72 μM for morphine
to 2004 μM for oxycodone), suggesting the presence of further
structural elements important for the potency of inhibition.
The presence of a ketone group at C6 (corresponding to
bitvector 720, Supplementary Figure S6) was associated with
an on average 9.5-fold higher IC50 (p = 0.007, Figure 6B).
Morphinan opioids methylated at the C3-hydroxyl group had
an on average 4.5-fold lower OCT1 inhibitory potency, but the
diﬀerence was not signiﬁcant (Figure 6B).
Next, we investigated whether potent OCT1 inhibitors
among the morphinan opioids and fully synthetic opioids share
common chemical features. We developed two independent,
ligand-based pharmacophore models, one for the morphinan
opioids (Figure 7A) and one for the fully synthetic opioids
(Figure 7B). Interestingly, the generated models resemble each
other highly in terms of location and type of features. Both
models exhibit the same number of features at approximately
the same positions (Figure 7A,B), which enabled us to
combine both pharmacophores into one shared pharmacophore model (Figure 7C). The shared pharmacophore

synthetic opioids as reference molecules (6 diﬀerent
substructures) yielded additional 45 unique active and 97
unique inactive compounds from open data sources. After
removal of duplicates, the ﬁnal data set (comprising both
opioids analyzed in this study and open-source data) contained
53 unique active and 98 unique inactive molecules that were
used for further analyses. A principal component analysis
(PCA) based on 24 physicochemical properties relevant to
drug discovery showed that both in-house and open-source
fully synthetic opioids share approximately the same
physicochemical space (Supplementary Figure S4).
First, physicochemical properties were used as descriptors
for generating classiﬁcation models to distinguish active and
inactive OCT1 inhibitors. Of the initial 13 physicochemical
properties, six were selected to generate a model that showed
an overall accuracy of 0.76. OCT1 inhibitors in general possess
a lower topological surface area (TPSA), a lower number of
hydrogen-bond donors (HBD) and acceptors (HBA), amide
bonds, heavy atoms, and rings than OCT1 non-inhibitors
(Figure 5 and Supplementary Table S3). These ﬁndings are in
agreement with the analysis reported by Chen et al.4 Since also
higher lipophilicity of inhibitors was reported previously,4,27 we
analyzed diﬀerences in the SlogP values between inhibitors and
non-inhibitors. Inhibitors showed signiﬁcantly higher SlogP
values than non-inhibitors in the subset of fully synthetic
opioids enriched with open-source data (Figure 5, Supplementary Table S3). Signiﬁcantly higher logP and higher logD7.4
values of the inhibitors were also observed when the 23 opioids
from this study were analyzed alone (Supplementary Figure
S5).
In order to determine substructures among the morphinan
opioids that are important for OCT1 inhibitory activity,
9895
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Figure 4. Opioids as inhibitors of OCT1. (A) Histogram representing the variation in the inhibitory potency (IC50) of the 23 opioids analyzed.
Opioids are divided into fully synthetic opioids and morphinan opioids. (B) Selected examples of concentration inhibitory plots for morphinan
opioids with high and low inhibitory potencies. The previously reported inhibitor morphine is shown as reference in bold. OCT1-overexpressing
cells were incubated for 2 min with 0.5 μM ASP+ and increasing concentrations of the selected opioids. Shown are means and standard errors of the
means of at least three independent experiments.

potent inhibitors of OCT1. We observed strong variations in
the inhibitory potency of OCT1 among the structurally
homogeneous group of morphinan opioids. While dextrorphan
and levorphanol were the most potent, oxycodone and
hydrocodone were by far the least potent OCT1 inhibitors.
A shared pharmacophore model was generated that is valid for
both morphinan opioids and fully synthetic opioids.
Methylnaltrexone, one of the novel substrates identiﬁed in
this study, appears to be one of the strongest OCT1 substrates
described so far. OCT1-overexpressing cells showed an up to
86-fold higher uptake of methylnaltrexone compared to control
cells (Table 1, Figure 1). The strongest increase reported
previously was 76-fold for both mepenzolate and amiloride
uptake by OCT1.6 The aﬃnity of methylnaltrexone to OCT1
is stronger than that of sumatriptan (KM of 20 μM and 55 μM,
respectively, Supplementary Table S4). The intrinsic clearance
of methylnaltrexone is comparable to that of fenoterol (32 and
33 μL × min−1 × mg protein−1, respectively). Both
sumatriptan and fenoterol are conﬁrmed in vivo substrates of
OCT1 with signiﬁcant eﬀects of OCT1 genetic variants on
their pharmacokinetics.3,7
Our in vitro data together with the available data for liver
involvement in methylnaltrexone pharmacokinetics suggest
that OCT1 deﬁciency may aﬀect the pharmacokinetics of

includes a positive ionizable site, a hydrophobic part, and one
HBA at a distance of 5.2 Å from the ionizable site, respectively.
Both morphinan opioids and fully synthetic opioids could be
ﬁt into the pharmacophore (Figure 7A,B, respectively).
The shared pharmacophore model was further validated by
screening two external test sets made up of compounds from
the open domain and in-house compounds that were not used
for pharmacophore generation. Interestingly, due to high
structural variability of the compounds in the two external test
sets (especially those coming from the open domain), the
model was not able to separate well actives from inactives and
decoys. However, by focusing the external test set a bit more
on the chemical space of the in-house synthetic opioids, the
AUC signiﬁcantly increased from 0.52 to 0.61 (Supplementary
Figure S7).

■

DISCUSSION AND CONCLUSIONS
In this study we identiﬁed nine opioids as novel substrates of
the hepatic uptake transporter OCT1: methylnaltrexone,
hydromorphone, norlevorphanol, norfentanyl, noroxycodone,
meptazinol, 3-methoxymorphinan, oxymorphone, and dextrorphan. In contrast, oxycodone and hydrocodone did not
interact strongly with OCT1. They were neither substrates nor
9896
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Figure 5. Most relevant physicochemical descriptors used for distinguishing OCT1 inhibitors and non-inhibitors. The data are based on fully
synthetic opioids enriched with open-source data. TPSA, topological polar surface area; NumHBD, number of hydrogen-bond donors; NumHBA,
number of hydrogen-bond acceptors; NumAmideBonds, number of amide bonds; NumHeavyAtoms, number of heavy atoms; NumRings, number
of rings; SlogP, partition coeﬃcient.

eﬀects of OCT1 genetic variants as suggested here remain to
be analyzed in humans.
Hydromorphone is another OCT1 substrate identiﬁed in
this study that may have potential clinical relevance. Compared
to methylnaltrexone, hydromorphone is a much weaker
substrate of OCT1 (2-fold higher uptake in OCT1-overexpressing cells compared to control cells, Table 1, Figure 2).
OCT3, the other organic cation transporter in the liver,
showed 20-fold higher maximal transport rates for hydromorphone than OCT1 (vmax of 672.5 and 33 pmol × min−1 ×
mg protein−1 for OCT3 and OCT1, respectively; Figure 2B).
However, OCT1 is expressed at much higher levels in the
human liver. Based on protein quantiﬁcation, the ratio of
hepatic OCT1-to-OCT3 was 22, 32 based on mRNA
quantiﬁcation, this ratio was 32.33 The intrinsic clearance of
hydromorphone can thus be estimated to be at least 14-fold
higher by OCT1 than by OCT3. This indicates potentially
clinically relevant eﬀects of OCT1 genetic variants on
hydromorphone pharmacokinetics.
Norfentanyl, but not its parent drug fentanyl, is a good
substrate of OCT1 (7-fold higher uptake in OCT1-overexpressing cells compared to control cells; Table 1, Figure 3).
OCT1 genetic variants may thus aﬀect norfentanyl plasma
concentrations. However, norfentanyl is inactive at the μopioid receptor34 and is only a weak inhibitor of OCT1 (Table
2). Therefore, clinical eﬀects of OCT1 deﬁciency on fentanyl
pharmacokinetics or eﬃcacy are not to be expected.

methylnaltrexone in humans. Methylnaltrexone is not substantially metabolized in the liver (only 6% of the intravenous
dose recovered in urine is in the form of metabolites).
However, biliary excretion seems to play an important role.
Seventeen percent of methylnaltrexone was recovered in feces
following intravenous administration in humans. More
importantly, moderate to severe hepatic impairment led to a
4-fold increase in peak plasma concentrations (Cmax) and to a
more than 2-fold increase in the AUC of methylnaltrexone.
Therefore, a dose reduction of 3-fold is recommended for
individuals with moderate or severe liver impairment.28
Additionally, methylnaltrexone has been estimated to have a
volume of distribution (varying from 8 to 115 L/kg) that
substantially exceeds the total body ﬂuid volume.29,30 Based on
the high OCT1-dependent accumulation of methylnaltrexone
in hepatocytes observed in this study (Figure 1C) and on the
reported organ accumulation in rats,29 an accumulation of
methylnaltrexone in the human liver may be expected.
Therefore, poor OCT1 transporters may have increased
plasma concentrations of methylnaltrexone, both due to a
decrease in biliary excretion and a decrease in volume of
distribution. This could result in more side eﬀects such as
orthostatic hypotension, which has been reported to occur at
high methylnaltrexone plasma concentrations.31 Our in vitro
data (Figure 1D) suggest that carriers of alleles OCT1*3-*6,
but not of the OCT1*2 allele may be aﬀected. However, the
9897
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Figure 6. Structural determinants of the potency of morphinan opioids to inhibit OCT1. (A) Relations between the structures of the morphinan
opioids and their potency to inhibit OCT1. A single diﬀerence between two molecules is shown with an arrow and the exact diﬀerence is indicated.
The IC50 values are given for each molecule. The positions of important structural determinants, that is, methylation at the C3 hydroxyl group
(orange), the ether linkage between C4 and C5 (green), the ketone group at C6 (light blue), the hydroxyl group at C14 (dark blue), and
methylation at N17 (pink) are indicated on the example of oxycodone. (B) Comparison of the IC50 values between the compounds with or without
the C4−C5 ether linkage, the C6 ketone group, the C14 hydroxyl group, methylation of the C3 hydroxyl group, or methylation of N17. Blue circles
represent dextrorphan opioids. Signiﬁcances were calculated using the Mann−Whitney-U test (*** P < 0.001). (C) and (D) Superimpositions of
morphine and (C) oxycodone or (D) levorphanol structures.
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Figure 7. Ligand-based pharmacophore models for OCT1 inhibitors generated for (A) morphinan opioids with levorphanol mapped and (B) fully
synthetic opioids with sufentanyl mapped. (C) Shared OCT1 pharmacophore model generated using all opioids (both morphinan and fully
synthetic). (D) Superimposition of the two pharmacophore models generated for the morphinan opioids (shown in A) and the fully synthetic
opioids (shown in B). Blue star represents positive ionizable site, red sphere represents HBA, yellow sphere represents hydrophobic region, blue
ring represents aromatic feature. Distances between the positive ionizable site and the other features are given.

Table 3. Relation of the Observed Inhibitory Potency to the Systemic Concentrations of the Opioids Tested in This Study To
Estimate Their Potential for Causing Drug−Drug Interactionsa
drug

route of
administration

dose
(mg)

Cmax (ng/
mL)

Cmax
(μM)

Cmax unbound
(μM)

Cmax portal unbound
(μM)

IC50
(μM)

Cmax unbound/
IC50

Cmax portal unbound/
IC50

ref

tapentadol
tapentadol
tapentadol
dextromethorphan
methylnaltrexone
tilidine
tilidine
morphine
morphine
morphine
morphine
hydromorphone
fentanyl
fentanyl
oxycodone
oxycodone
sufentanil
sufentanil

PO-IR
PO−PR
IV
PO
PO
IV
PO
PO-SR
IV
IM
PO-IR
PO
TD
TM
PO-CR
PO-IR
SL-RD
SL-SD

86
86
34
60
450
50
50
50
10
10
10
4
5
0.4
10
5
0.615
0.015

64.2
22.5
243
5.2
49
906
30
7.4
300
70
10
11.8
1.4
0.8
15.1
15.5
0.276
0.035

0.29
0.1
1.1
0.02
0.14
3.31
0.11
0.03
1.05
0.25
0.04
0.04
0.004
0.002
0.05
0.05
0.0007
0.0001

0.23
0.08
0.88
0.007
0.12
2.49
0.08
0.02
0.68
0.16
0.02
0.03
0.0007
0.0004
0.03
0.03
0.00005
0.00001

18.58
18.43
8.13
4.57
64.93
10.58
8.18
6.74
2.03
1.5
1.37
0.72
0.14
0.01
1.06
0.54
0.007
0.0002

21.89
21.89
21.89
15.15
234.36
38.71
38.71
71.79
71.79
71.79
71.79
137.97
46.17
46.17
2003.78
2003.78
19.36
19.36

0.011
0.004
0.040
0.0004
0.0005
0.064
0.002
0.0002
0.010
0.002
0.0003
0.0002
0.00001
0.00001
0.00001
0.00001
0.000003
0.0000004

0.849
0.842
0.371
0.302
0.277
0.273
0.211
0.094
0.028
0.021
0.019
0.005
0.003
0.0003
0.001
0.0003
0.0004
0.00001

40
40
40
41
42
43
43
41
41
41
41
41
41
41
41
41
44
44

a

The maximal portal vein concentration of unbound drug Cmax portal unbound was calculated according to refs 19 and 45. PO, per oral; IV, intravenous;
IM, intramuscular; TD, transdermal; TM, transmucosal; SL, sublingual; IR, immediate release; PR, prolonged release; SR, slow release; CR,
controlled release; RD, repeated dose; SD, single dose.

Oxycodone appears to be a “safe” opioid for poor OCT1
transporters. Oxycodone is neither a substrate (Table 1, Figure
3) nor an inhibitor (Table 2, Figure 4) of OCT1. However, its
major metabolite noroxycodone is clearly a substrate of OCT1,
with OCT1-overexpressing cells showing an up to 4-fold
higher uptake compared to control cells (Table 1, Figure 3).
The plasma concentrations of noroxycodone and oxycodone
are comparable, but noroxycodone has a 3.5-fold lower aﬃnity
to the μ-opioid receptor than oxycodone.35 Therefore, eﬀects
of OCT1 deﬁciency on noroxycodone plasma concentrations
may have only limited consequences on analgesia when
administering oxycodone to poor OCT1 transporters.

Out of the 14 OCT1 inhibitors identiﬁed in this study,
tapentadol, dextromethorphan, tilidine, and methylnaltrexone
may have the potential to lead to clinically relevant drug−drug
interactions (DDIs). Our results were comparable with the
existing literature data (Supplementary Table S5). Following
the formal criteria, a ratio of maximal unbound plasma
concentration to IC50 of >0.1 (Cmax unbound/IC50 > 0.1)
indicates a potential for DDIs in vivo.36,37 None of the opioids
analyzed in this study meets this criterion. However, taking
into account that OCT1 is localized in the liver, it is the portal
vein concentrations of these opioids that become of interest.
Tapentadol, dextromethorphan, tilidine, and methylnaltrexone
all have ratios of the estimated maximal unbound portal vein
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Figure 8. Correlation of (A) passive membrane permeability (Pe) or (B) half-maximal inhibitory concentration (IC50) with OCT1 uptake. Pe was
determined using the PAMP assay. IC50 values were measured using ASP+ as OCT1 substrate. Shown is the fold uptake of opioids in OCT1overexpressing cells compared to control cells at an opioid concentration of 0.1 μM. Arrows point from parent compound to metabolite (for the
three selected couples shown in Figure 3).

not present in our model. Especially the stereoselective
pharmacophore model by Moaddel et al.47 is largely similar
to our opioid-based pharmacophore model, but it possesses
one additional HBA site that is important for correctly ranking
stereoselective compounds. Thus, our model resembles a more
general version of this model not considering stereoselectivity.
The most recently published ligand-based pharmacophore
model by Nies et al.49 is less similar to our model since it is
missing a positive ionizable feature. Most probably due to the
generation of this model on the basis of 10 highly diverse
strong OCT1 inhibitors (extracted from Ahlin et al.27), this
model is better able to generalize but does not capture all
essential features important for opioid binding to OCT1.
The most striking observation regarding structural determinants of the interaction between opioids and OCT1 is that
small structural diﬀerences between the morphinan opioids
lead to strong variations in their inhibitory potencies.
Dextrorphan has the highest inhibitory potency of all opioids
tested (IC50 of 6.4 μM), while oxycodone has by far the lowest
(IC50 of 2004 μM; Table 2, Figure 4B). The strongest
structural determinant of the inhibitory potency for OCT1
among the morphinan opioids seems to be the absence of an
ether linkage between C4 and C5 (Figure 6). This lack of an
ether linkage leads to an increase in three-dimensionality of the
otherwise rather ﬂat morphinan 5-ring system. As visualized in
Figure 6C,D by superimposing morphine and levorphanol,
rings A and C are spatially located closer in the morphinan
opioids lacking the ether bridge, so that the remaining 4-ring
system as a consequence appears spatially less ﬂat. Interestingly, in terms of inhibitory activity, this more globular
distribution of mass seems to be favorable (since the
morphinan opioids lacking the ether bridge have inhibitory
potencies ranging from 6 to 25 μM compared to 72 to 2004
μM for the morphinan opioids possessing the ether bridge),
whereas for substrates in general, planar compounds were
previously reported to bind with greater aﬃnity.46 Also related
to spatial arrangement of the compounds, stereoisomerism
does not seem to play a role for inhibitory potency since
levorphanol and dextrorphan do approximately inhibit the
transporter with the same aﬃnity. In contrast, for the

concentration to IC50 of >0.1 (Table 3), indicating a potential
for DDIs in the liver and thus requiring further in vivo
evaluation. This is especially true for tapentadol, where the
estimated unbound concentrations in the portal vein are close
to the IC50 values measured here for OCT1. The other potent
in vitro OCT1 inhibitors identiﬁed here, such as fentanyl,
meptazinol, and pethidine, are not estimated to reach
concentrations in the portal vein that may cause inhibition of
OCT1 in humans (Table 3). It has to be kept in mind that
IC50 values may vary depending on the OCT1 model substrate
used38 and performing inhibition experiments using the victim
drug of interest may be additionally recommended to exclude
DDIs at OCT1.39
The large biding cleft of human OCT1 has been assumed to
comprise several diﬀerent binding sites, explaining also the
polyspeciﬁty of this transporter.39 Since it cannot be precluded
that structurally distinct compound series do favorably bind to
distinct binding sites, morphinan opioids and fully synthetic
opioids were studied separately by cheminformatics analyses.
For the sake of retrieving common steric features among all
highly active molecules, pharmacophoric analyses were chosen
as a viable strategy.
Interestingly, only a few pharmacophoric features can well
capture the structurally quite diverse data set of opioids
inspected herein: one positive ionizable site, one hydrophobic
site, and one HBA site assembling a triangular shape (Figure
7). However, depending on the class annotation of the highly
active compounds (morphinan opioids vs fully synthetic
opioids), the OCT1 pharmacophores for opioids can vary
with respect to the distance of the HBA site relatively to the
positive ionizable feature: The pharmacophore based on the
more rigid and planar morphinan opioids possesses a distance
of 7.1 Å, and the one based on the fully synthetic opioids
possesses a distance of 5.5 Å.
Compared to previous ﬁndings, the here described
pharmacophore model resembles the older models by
Bednarcyk et al. and Moaddel et al.46−48 Since other
compounds were used for the generation of the pharmacophores, both older models deviate in terms of exact distances
of the features and they do possess additional features that are
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opioids like oxycodone and hydrocodone do not interact with
OCT1 and may thus be considered “safe” for use in poor
OCT1 transporters. Equally important, it is well-known that
drugs with highly variable chemical structures may act as
substrates and inhibitors of OCT1. In this study, we were able
to show that minor structural diﬀerences can lead to strong
diﬀerences in the ability of a drug to interact with OCT1. We
observed that only minor structural changes from morphine to
oxycodone lead to an almost complete loss of oxycodone’s
ability to interact either as inhibitor or as substrate with OCT1.
This demonstrates that although polyspeciﬁc, OCT1 still
possesses a strong selectivity for its ligands, a feature that
makes the underlying mechanisms even more important to
understand.

compounds to be able to act as a substrate, the inﬂuence of
stereocenters seems to play a greater role (e.g., dextrorphan is a
good OCT1 substrate, whereas levorphanol is not considered a
substrate in this study).
Among the group of morphinan opioids with ether linkage
between C4 and C5, we still have a close to 30-fold diﬀerence
in inhibitory potency, suggesting additional structural determinants like methylation of the C3 hydroxyl group and the
presence of a ketone instead of a hydroxyl group at C6.
Methylation of the C3 hydroxyl group may aﬀect its HBA
properties that is a required feature according to the suggested
pharmacophore model (Figure 7A). In conclusion, the
observed extremely weak potency of oxycodone to inhibit
OCT1 may not be based on a single structural determinant,
but rather on an accumulation of structural features.
In contrast to the inhibitors of OCT1, passive membrane
permeability (Pe) seems to be the major determinant of
OCT1-mediated cellular uptake of opioids. There is a negative
correlation between passive membrane permeability and fold
increase in the uptake of OCT1-overexpressing cells compared
to control cells (Figure 8A). The aﬃnity of interaction with
OCT1, represented by the IC50 value, seems to play only a
minor role (Figure 8B).
Another example of the eﬀects of passive permeability is the
observed diﬀerence in OCT1-mediated uptake between
metabolites like noroxycodone, norfentanyl, and norlevorphanol and their parental drugs oxycodone, fentanyl, and
levorphanol (Figure 3). This demonstrates that even minor
structural diﬀerences between parent compound and metabolite can substantially aﬀect OCT1’s contribution to the
cellular uptake of the compound. This has been described
previously for the parent/metabolite couples codeine/
morphine17,18 and tramadol/O-desmethyltramadol,14 where
also only the metabolite is transported by OCT1.
Our study has several limitations. First, we did not measure
enough opioids, especially in the group of morphinan opioids,
to reach statistical signiﬁcance regarding the structural
determinants for substrates and inhibitors of OCT1. Second,
we performed only in vitro analyses. Third, we analyzed only a
limited number of opioids. Some clinically relevant opioids like
loperamide or piritramide were not included in the analyses,
and it remains to be determined whether they could be
substrates or inhibitors of OCT1.
These limitations, however, do not diminish the value of our
results. First, the set of morphinan opioids that we used had
highly similar chemical structures. High structural similarity
may be an advantage when trying to identify which minimal
structural changes determine OCT1 ligands, despite the small
number of compounds analyzed. Second, although we
performed in vitro analyses only, our ﬁndings point to opioids
whose pharmacokinetics, eﬃcacy, or toxicity may be aﬀected
by OCT1 and OCT1 genetic variants, but studies in humans
are required to conﬁrm this.
In conclusion, we identiﬁed nine previously unknown
substrates and 14 inhibitors of OCT1 among opioids and
their metabolites. One of them, methylnaltrexone, is one of the
strongest substrates of OCT1 identiﬁed up to date. Our in vitro
analyses suggest that the pharmacokinetics of methylnaltrexone, together with those of hydromorphone, may be aﬀected
by the presence of the well-known loss-of-function or reduced
function genetic variants in poor OCT1 transporters. The
eﬀect of OCT1 genetic variants on opioid pharmacokinetics
should be further analyzed in humans. On the other hand,
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EXPERIMENTAL SECTION

Reagents. Sufentanil citrate was obtained from LGS Standards
(Wesel, Germany). All other opioids and 1-methyl-4-phenylpyridinium (MPP+) were obtained from Sigma-Aldrich (Taufkirchen,
Germany), and 4-(4-(dimethylamino)styryl)-N-methylpyridinium
(ASP+) was obtained from Life Technologies (Darmstadt, Germany).
All chemicals used in this study were purchased from commercial
sources and had purities of 97% or higher.
Dulbecco’s modiﬁed Eagle medium (DMEM), Hank’s buﬀered salt
solution (HBSS), and additives used for cell culturing were obtained
from Life Technologies. Poly-D -lysine (1−5 kDa), 2-[4-(2hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), bicinchoninic acid, and copper sulfate pentahydrate were obtained from
Sigma-Aldrich. Precoated PAMPA Plate System plates were obtained
from Corning (Bedford, MA, USA), 12-well plates from Nunc
(Langenselbold, Germany), and collagen I-coated 24-well plates from
Gibco (Darmstadt, Germany). Acetonitrile and methanol in LC-MS/
MS grade were obtained from LGC Standards (Wesel, Germany), and
formic acid (LC-MS/MS grade) and sodium chloride were obtained
from Merck (Darmstadt, Germany). Sodium dodecyl sulfate (SDS,
ultrapure) was obtained from AppliChem (Darmstadt, Germany).
In Silico Predictions of the Chemical Properties of Opioids.
The pKa, logP, and logD7.4 values of the selected opioids were
predicted using the ADMET Predictor Software version 8.0
(Simulations Plus Inc., Lancaster, USA).
Parallel Artiﬁcial Membrane Permeability Assay (PAMPA).
The precoated PAMPA Plate System (Corning Gentest, Tewksbury,
MA, USA) was used for the PAMP assay. Opioids were solved in PBS
at concentrations of 20 μM, 100 μM, and 500 μM, except for codeine,
fentanyl, and morphine, which were prepared at 10 μM, 20 μM, and
50 μM. 300 μL of the solutions was added to the donor wells (lower
plate) and 200 μL PBS without additives to the acceptor wells (upper
plate). The plates were combined and incubated for 5 h at room
temperature. After incubation, the drug concentration in donor and
acceptor wells was measured using LC-MS/MS analysis (section 6.5).
The passive permeability (Pe) was calculated using the following
formula:

Pe = (− ln(1 − (CA(t ))/Cequilibrium))/(A × (1/VD + 1/VA ) × t )
where A is the membrane surface area, t is the incubation time, CA is
the end concentration in the acceptor well, VA the volume in the
acceptor well, and VD the volume in the donor well. VD, VA, A, and t
were constant in all experiments and were 0.3 mL, 0.2 mL, 0.3 cm2
and 18,000 s, respectively.
Cellular Uptake Experiments. HEK293 cells stably overexpressing human OCT1*1 (reference allele), OCT1 allelic variants
*2 (Met420del), *3 (Arg61Cys), *4 (Gly401Ser), *5 (Gly465Arg/
Met420del), *6 (Cys88Arg/Met420del), *7 (Ser14Phe), and *8
(Arg488Met) were generated by targeted chromosomal integration
using the Flp-In System (Life Technologies, Darmstadt, Germany).
The generation and characterization of the cell lines has been
described in detail before.13,50 HEK293 cells overexpressing human
OCT3 were a kind gift from Drs. Koepsell and Gorboulev (University
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of Würzburg, Germany). Cells were cultured in DMEM, supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL
streptomycin and kept at 37 °C and 5% CO2.
Forty-eight hours prior to the experiments, 6 × 105 cells were
seeded per well of 12-well plates. The plates were precoated with
poly-D-lysine. The experiments were performed at pH 7.4 and 37 °C
using HBSS medium supplemented with 10 mM HEPES buﬀer (in
the following referred to as HBSS+). Cells were washed with 2 mL
prewarmed (37 °C) HBSS+, and the reaction was started by adding
400 μL of prewarmed HBSS+ supplemented with the substrate. The
uptake was stopped after 2 min by adding 2 mL of ice-cold HBSS+.
For direct measurements of opioid uptake at single concentrations,
0.05 μM, 0.1 μM, or 0.5 μM of the opioid was used in the presence or
in the absence of 2 mM MPP+. For concentration-dependent
experiments, concentrations between 1 and, depending on the
substrate, up to 2000 μM were used. After stopping the uptake, the
cells were washed twice with 2 mL of ice-cold HBSS+ and lysed in
500 μL of 80% acetonitrile containing internal standard (Supplementary Table S2). The intracellular concentrations of the opioids
were determined by LC-MS/MS, and the concentrations were
normalized to the total amount of protein in the sample as measured
using the bicinchoninic acid assay.51
Cellular Inhibition Experiments. For inhibition experiments,
cells were cultured and seeded as described above for uptake
experiments. The experimental procedure was the same as described
above except for using 0.5 μM ASP+ as substrate in the presence of
increasing concentrations of opioids as inhibitors. The cells were lysed
in RIPA buﬀer, and the intracellularly accumulated ASP+ was
quantiﬁed in a Tecan Ultra Microplate Reader (Tecan Group AG,
Männedorf, Switzerland) using an excitation wavelength of 485 nm
and measuring the emission at 612 nm. The intracellular ASP+
concentrations were normalized to the total amount of protein in
the sample as measured using the bicinchoninic acid assay.51
Uptake Experiments in Primary Human Hepatocytes. The
uptake in cryopreserved human hepatocytes was performed as
described earlier.17 Brieﬂy, cryopreserved primary human hepatocytes
were obtained from Gibco (Darmstadt, Germany). The cells were
thawed according to the manufacturer’s instructions, and 1 × 105 cells
were plated per well in 24-well plates precoated with collagen I. Cells
were allowed to attach for 4 h. Cells were washed once with 1 mL of
prewarmed HBSS+ and the reaction was started by adding 400 μL of
prewarmed substrate. Uptake was measured at single concentrations
in the presence and absence of 2 mM MPP+ for 2 min, and the
reaction was stopped by adding 2 mL ice-cold HBSS+. Cells were
washed twice with ice-cold HBSS+, lysed in 500 μL 80% acetonitrile
containing internal standard (Supplementary Table S2), and the
intracellular opioid concentration was determined by LC-MS/MS.
LC-MS/MS Analysis. For quantiﬁcation of intracellular opioid
concentration, the cell debris was removed by centrifugation at 13,000
× g for 15 min. 400 μL of the cell lysate was evaporated to dryness
under nitrogen ﬂow at 40 °C. The residue was reconstituted with 300
μL 0.1% formic acid, and between 10 and 40 μL was injected into the
LC-MS/MS.
The LC-MS/MS quantiﬁcation was performed with an API 4000
tandem mass spectrometer (AB SCIEX, Darmstadt, Germany).
Samples were separated using a Brownlee SPP RP-Amide Column
(4.6 × 100 mm, 2.7 μm; PerkinElmer), with a SecurityGuard C18, 4
× 2 mm precolumn (Phenomenex, Aschaﬀenburg, Germany). A
mobile phase of 0.1% (v/v) formic acid and varying concentrations of
organic solvent was used. The concentrations of the organic solvent,
the ﬂow rates used, the mass transitions, and the internal standards
used are listed in Supplementary Table S2.
Data Analyses. Substrate aﬃnities (KM) and maximal transport
rates (vmax) were determined by nonlinear regression to the
Michaelis−Menten equation using GraphPad Prism version 5.01
(GraphPad Software Inc., La Jolla, CA, USA). Half-maximal
inhibitory concentrations (IC50) were determined by nonlinear
regression to the Hill equation:

using SigmaPlot version 12.0 (Systat Software, San Jose, CA, USA).
SPSS version 25 (SPSS Inc., IBM, Chicago, IL, USA) was used to
compare the eﬀects of OCT1 genetic variants and OCT inhibition
with MPP+ on the cellular uptake using analyses of variance
(ANOVA) followed by Tukey’s honestly signiﬁcant diﬀerence
(HSD) for posthoc pairwise comparisons.
Data Retrieval from Open Data Sources, Data Processing
and Clustering. We aimed to identify various descriptors aﬀecting
the inhibitory activity of opioids in the descriptor analysis. The inhouse data were classiﬁed into groups of structurally homogeneous
morphinan opioids and structurally diverse fully synthetic opioids.
The subsequent descriptor analysis and prioritization were performed
for each group separately. KNIME Analytics Platform (version 3.6.1;
https://www.knime.com/)52 was used to enrich the in-house data set
with human OCT1 inhibition data for compounds that have a certain
degree of similarity with the in-house compounds extracted from
the ChEMBL database (version 23)56 and the scientiﬁc literature.4 To
do so, Murcko scaﬀolds of the in-house molecules were obtained
employing the “RDKit Find Murcko Scaﬀold” node. Subsequently,
the scaﬀolds were grouped based on their maximum common
substructure as a measure of similarity (distance threshold 0.75) using
the “Hierarchical Clustering Node”. Compound data from ChEMBL
and literature annotated to human OCT1 were ﬁltered using the
“RDKit Substructure Filter”, to keep only molecules with the
previously obtained maximum common substructures.
Bioactivity data were retrieved from the ChEMBL database and
Chen et al.4 (data set of 1780 OCT1-related compounds which had
not yet been included into ChEMBL at the time of the experimental
procedure). Only end points IC50 and percentage inhibition were
considered.
Binary Classiﬁcation. In order to build classiﬁcation models
based on diﬀerent descriptors, the data were classiﬁed into a binary
representation of “actives” and “inactives”. For the in-house
compounds, the threshold was set to an IC50 of 100 μM for
separating active and inactive compounds. Compounds that were
identiﬁed as active inhibitors in prior studies in-house were assigned
to the class of active compounds. The remaining compounds were
classiﬁed according to the following procedure: If there was more than
one bioactivity value available, bioactivity information on full dose−
response curves was prioritized over percentage inhibition values
(threshold IC50 = 100 μM). In the case of two existing percentage
inhibition values deviating by more than 20%, the molecule was
discarded. Otherwise, molecules with percentage inhibition values
above 50% were classiﬁed as actives, and those below 30% were
classiﬁed as inactives. Compounds with a percentage inhibition value
between 30% and 50% were discarded. Subsequently, the distribution
of compounds from diﬀerent data sources (in-house, CHEMBL, Chen
et al.4) in the chemical space was investigated by performing a
principal component analysis (PCA). Therefore, 24 diﬀerent
physicochemical properties (such as molecular weight, HBDs,
HBAs, and polar surface area, etc.) were calculated using the
“RDKit Descriptor Calculation” node in KNIME. The “PCA” node
was used and the results were visualized by means of the “2D/3D
Scatterplot” node.
Descriptor Calculation and Feature Selection. PubChem
substructure ﬁngerprints contain an ordered list of 881 binary bits, of
which each one describes a distinct substructure.53 Basically, a
ﬁngerprint describes the structural properties of a molecule by
determining element counts, diﬀerent variants of atom pairing,
neighboring atoms, and number and type of ring systems in a
chemical structure. PubChem ﬁngerprints were obtained with the
“Fingerprints” node in KNIME. For dimensionality reduction of the
data the “attribute selected classiﬁer” (classiﬁer = “random forest”,
Evaluation = “CfsSubsetEval”, search = “BestFirst”) node was chosen
in order to select substructures having an eﬀect on OCT1 inhibitory
activity. The selection of substructures was cross-validated by
generating random forest decision trees in KNIME (Nodes “Random
Forest Learner” and “Random Forest Predictor”) by means of a leave10%-out stratiﬁed sampling. A leave-10%-out cross-validation of the

V = vmin + (vmax − vmin)/(1 + ([I ] /IC50)(−Hillslope))
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model built with the predicted important descriptors revealed an
overall accuracy of 1.
In addition to PubChem ﬁngerprints, 13 interpretable physicochemical properties were calculated in KNIME using the “RDKit
Descriptor Calculation” node: partition coeﬃcient (SlogP), molecular
refractivity (SMR), topological polar surface area (TPSA), molecular
weight (AMW), number of rotatable bonds (NumRotatableBonds),
number of hydrogen bond donors (NumHBD), number of hydrogen
bond acceptors (NumHBA), number of amide bonds (NumAmideBonds), number of heavy atoms (NumHeavyAtoms), number of
stereocenters (NumStereocenters), number of rings (NumRings),
number of aromatic rings (NumAromaticRings), and fraction of sp3
hybridized carbons (FractionCSP3). Important properties were
identiﬁed by using the identical workﬂow developed for identifying
important substructures based on the analysis of PubChem ﬁngerprints. The distribution of values for the identiﬁed relevant descriptors
was visualized via violin plots using “R Studio” (version 1.1).
Pharmacophore Modeling. Ligand-based pharmacophore models were generated with LigandScout 4.454 based on molecules with
an IC50 value below 30 μM. Therefore, the 5 most active morphinan
opioids and the 4 most active fully synthetic opioids were selected as
starting point for determining relevant steric and electronic
interactions. In the case of 3-hydroxymophinan, both enantiomers
were included into the data set for pharmacophore generation. The
conformer generator iCon was used to generate low-energy
conformations in LigandScout (FAST-settings). Shared feature
pharmacophore models were built for both classes separately, which
were joined into one shared feature pharmacophore model in
subsequent steps.
The shared feature pharmacophore model was further validated by
screening two external data sets (made up of 1101 compounds and
983 compounds). Both external test sets include active compounds
(fully synthetic opioids) from the in-house data set (excluding
compounds used for pharmacophore generation) plus selected
compounds from ChEMBL and selected compounds from Chen et
al.4 The inactive compounds in both external data sets are composed
of in-house compounds, selected compounds from ChEMBL and
Chen et al. plus decoys from DUD-E.55 The larger external test set
includes additional compounds from ChEMBL with measured IC50
on OCT1 that are not preﬁltered for chemical similarity to the inhouse compounds (48 additional actives and 11 additional inactives).
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Abstract
Background
Ranitidine (Zantac®) is a H2-receptor antagonist commonly used for the treatment of acidrelated gastrointestinal diseases. Ranitidine was reported to be a substrate of the organic
cation transporters OCT1 and OCT2. The hepatic transporter OCT1 is highly genetically
variable. Twelve major alleles confer partial or complete loss of OCT1 activity. The effects of
these polymorphisms are highly substrate-specific and therefore difficult to predict. The
renal transporter OCT2 has a common polymorphism, Ala270Ser, which was reported to
affect OCT2 activity.

Aim
In this study we analyzed the effects of genetic polymorphisms in OCT1 and OCT2 on the
uptake of ranitidine and on its potency to inhibit uptake of other drugs.
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Methods and results
We characterized ranitidine uptake using HEK293 and CHO cells stably transfected to overexpress wild type OCT1, OCT2, or their naturally occurring allelic variants. Ranitidine was
transported by wild-type OCT1 with a Km of 62.9 μM and a vmax of 1125 pmol/min/mg protein. Alleles OCT1*5, *6, *12, and *13 completely lacked ranitidine uptake. Alleles
OCT1*2, *3, *4, and *10 had vmax values decreased by more than 50%. In contrast,
OCT1*8 showed an increase of vmax by 25%. The effects of OCT1 alleles on ranitidine
uptake strongly correlated with the effects on morphine uptake suggesting common interaction mechanisms of both drugs with OCT1. Ranitidine inhibited the OCT1-mediated uptake
of metformin and morphine at clinically relevant concentrations. The inhibitory potency for
morphine uptake was affected by the OCT1*2 allele. OCT2 showed only a limited uptake of
ranitidine that was not significantly affected by the Ala270Ser polymorphism.

Conclusions
We confirmed ranitidine as an OCT1 substrate and demonstrated that common genetic
polymorphisms in OCT1 strongly affect ranitidine uptake and modulate ranitidine’s potential
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to cause drug-drug interactions. The effects of the frequent OCT1 polymorphisms on ranitidine pharmacokinetics in humans remain to be analyzed.

Introduction
Ranitidine (Zantac1) is a histamine H2-receptor antagonist which is used for the treatment of
acid-related gastrointestinal diseases such as pyrosis (heartburn) and gastric ulcers. Ranitidine
is still broadly used. Along with omeprazole, ranitidine is listed by the World Health Organization (WHO) as an essential anti-ulcer agent [1].
While proton pump inhibitors (PPIs) have mostly superseded H2-antagonists like ranitidine, there are some reserves and contraindications against PPIs making ranitidine a drug of
choice in many people including elderly people more susceptible to clostridium infections [2,
3]. Furthermore, recent pharmacovigilance analyses suggested a higher risk of death in individuals using PPIs, compared to individuals using H2-antagonists including ranitidine [4].
Ranitidine is sold over the counter in many countries. Some adverse reactions were
reported in ranitidine users, including headache and upper respiratory tract infections [5].
However, meta-analyses of controlled clinical trials failed to show a direct relation of any
adverse effects with ranitidine administration [6]. On the other hand, ranitidine administration was related to rare idiosyncratic liver toxicity [7].
Ranitidine is a hydrophilic, weakly basic compound. At physiological pH of 7.4 86% of
ranitidine molecules are positively charged organic cations. Maximal plasma concentrations of
ranitidine are reached two to three hours after administration with an oral bioavailability of
50–60% [8]. After oral administration approximately half of ranitidine is eliminated
unchanged via renal excretion. The remaining up to 50% is metabolized in the liver, the N and
S-oxides via flavin-containing monooxygenases (FMOs), and the demethylated metabolite via
cytochrome P450 enzymes. Biliary excretion does not play an important role [8, 9]. Hepatic
dysfunction leads to an increase in bioavailability from 50 to 70% [10]. Little is known about
the specific mechanisms and transporters involved in ranitidine absorption and elimination.
However, ranitidine was suggested to be a substrate of the human organic cation transporters
1 (OCT1) and 2 (OCT2) [11].
OCT1 (alternative name SLC22A1) is a polyspecific transporter that is strongly expressed in
the sinusoidal membranes of human hepatocytes. OCT1 mediates the uptake of cationic and
weakly basic substances into the liver. Known OCT1 substrates are numerous drugs, toxins,
and some endogenous substances like thiamine (vitamin B1) [12–21].
OCT2 (alternative name SLC22A2) is strongly expressed in the basolateral membranes of
epithelial cells in kidney proximal tubules [22, 23]. OCT2 mediates the uptake of organic cations from the blood into the renal tubule and thereby is involved in the first step of renal excretion of organic cations [24]. Known OCT2 substrates are toxins, drugs like metformin and
cisplatin, and endogenous compounds such as creatinine and tryptophan [23, 25–29].
The OCT1 gene is highly polymorphic in humans. In Europeans and White Americans,
slow and deficient OCT1 transport is mostly explained by five alleles: OCT1 2 (characterized
by a deletion of Met420),  3 (Arg61Cys),  4 (Gly401Ser),  5 (Gly465Arg/Met420del), and  6
(Cys88Arg/Met420del) [14, 30]. Nine percent of Europeans and White Americans are homozygous or compound heterozygous carriers of these loss-of-function alleles (so called poor
OCT1 transporters) [14, 16, 30]. An additional 40% of Europeans and White Americans are
heterozygous carriers of these alleles and have only one active copy of OCT1 in their genomes.
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Poor OCT1 transporters were reported to have altered pharmacokinetics and efficacy of the
drugs metformin, morphine, tropisetron, tramadol, bendamustine, sumatriptan, and fenoterol
[12, 16, 17, 31–35, 36, Tzvetkov, 2017 #350]. The reports of the effects on morphine, however,
are not univocal [37] (for review see [38]). Polymorphisms and tumor-specific somatic mutations in OCT1 have also been suggested to confer reduced sensitivity to sorafenib [39]. The
number of poor OCT1 transporters varies strongly among different ethnicities and different
world regions [14, 19]. While rare in East Asia, poor OCT1 transporters represent more than
80% of certain populations in South America (e.g. the Surui Indians) [19].
A number of OCT1 alleles, i.e. OCT1 2,  7,  10,  11, and  13, show a substrate-specific loss
of activity [14, 15, 19, 34]. OCT1 2, the most common variant OCT1 allele (global allele frequency of 12.2%), shows strong substrate-specific effects. While there was no difference
between OCT1 2 and wild type in the uptake of the model substrates MPP+ and ASP+ and the
antimigraine drug sumatriptan [14, 19, 36], the OCT1 2 allele confers strongly reduced uptake
of metformin, morphine, and thiamine [12, 15, 34], and complete loss of uptake of tropisetron
and O-desmethyltramadol [16, 17]. The allele OCT1 10 (Ser189Leu) showed no difference in
ASP+ uptake, a substantial reduction in metformin, thiamine, and tropisetron uptake, but an
increase in morphine, debrisoquine, and monocrotaline uptake [19]. Due to the high substrate-specific effects drugs should be analyzed individually in order to predict the potential
therapeutic consequences of the common OCT1 alleles.
OCT2 is less polymorphic than OCT1 and particularly a complete lack of activity appears to
be very rare. Ala270Ser is the only common functional polymorphism and leads to a moderate,
substrate-dependent decrease in OCT2 transport activity [40–45]. The Ser270 allele was associated with 21% increased maximal uptake rates, but more than twice lower affinity to ipratropium [46]. The effects on metformin and the model substrate MPP+ are contradictory [47].
The aim of the present study was to investigate the effects of common genetic polymorphisms in OCT1 and OCT2 on the uptake of ranitidine. Furthermore, we wanted to investigate
whether ranitidine may inhibit OCT1 at clinically relevant concentrations and whether the
potency of this inhibition may be different depending on OCT1 genetic variants. Such data
may be an important prerequisite for further clinical investigation of the interindividual variation in ranitidine pharmacokinetics and therapeutic effects and may help evaluate the potential
for using ranitidine as an in vivo inhibitor of OCT1.

Materials and methods
Cell lines and reagents
HEK293 or CHO cells overexpressing the human OCT1 alleles  1A (characterized by the
amino acid substitution Met408Val),  1B,  1C (Phe160Leu),  1D (Pro341Leu/Met408Val),  2
(Met420del),  3 (Arg61Cys),  4 (Gly401Ser),  5 (Gly465Arg/Met420del),  6 (Cys88Arg/
Met420del),  7 (Ser14Phe),  8A (Arg488Met),  8B (Arg488Met/Met408Val),  9 (Pro117Leu),

10 (Ser189Leu),  11 (Ile449Thr),  12 (Ser29Leu), or  13 (Thr245Met), the human OCT2 reference and variant alleles (Ala270Ser), human OCT3, and the control cells (transfected with the
empty pcDNA5 vector) were generated by targeted chromosomal integration using the FlpIn™ System (Life Technologies, Darmstadt, Germany). The generation and characterization of
the cells was described in detail before [19, 46, 48].
Ranitidine, 1-methyl-4-phenylpyridinium (MPP+), codeine, morphine, and metformin
were obtained from Sigma Aldrich (Taufkirchen, Germany). Deuterium-labeled ranitidine
(ranitidine-d6) was obtained from Toronto Research Chemicals (TRC, Toronto, ON, Canada),
buformin from Wako Chemicals (Neuss, Germany), and 4-(4-(dimethylamino)styryl)-Nmethylpyridinium (ASP+) was obtained from Life Technologies (Darmstadt, Germany).
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Tritium-labeled MPP+ (N-[methyl-3H], 80 Ci/mmol) was obtained from Hartmann Analytic
(Braunschweig, Germany).
Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI)
1640, Hank’s Buffered Salt Solution (HBSS), and additives used for cell culturing were
obtained from Life Technologies. Poly-D-lysine (1–4 kDa), 2-[4-(2-hydroxyethyl)piperazin1-yl]ethanesulfonic acid (HEPES), bicinchoninic acid, and copper sulfate pentahydrate were
obtained from Sigma Aldrich. Twelve-well plates were obtained from Nunc (Langenselbold,
Germany). Acetonitrile and methanol in LC-MS/MS grade were obtained from LGC Standards (Wesel, Germany), formic acid (LC-MS/MS grade), and sodium chloride were obtained
from Merck (Darmstadt, Germany). Sodium dodecylsulfate (SDS, ultrapure) was obtained
from AppliChem (Darmstadt, Germany). Aquasafe Plus liquid scintillator and 20 ml polyvials
were purchased from Zinsser Analytics (Frankfurt am Main, Germany).

Cellular uptake measurements
Six hundred thousand HEK293 or CHO cells were plated per well in 12-well plates (pre-coated
with poly-D-lysine) and were grown for 48 hours to reach confluence. Cells were kept at 37˚C
and 5% CO2 in DMEM (HEK293) or RPMI (CHO), supplemented with 10% FCS, 100 U/ml
penicillin, and 100 μg/ml streptomycin. Uptake experiments were performed at pH 7.4 using
HBSS supplemented with 10 mM HEPES buffer (herein referred to as HBSS+). Cells were
washed once with 1 ml pre-warmed HBSS+ buffer (37˚C). The reaction was started by adding
400 μl pre-warmed HBSS+ containing varying concentrations of ranitidine in the presence or
absence of 1 mM MPP+ as inhibitor and stopped by adding 2 ml ice-cold HBSS+. For concentration-dependent measurements, ranitidine was used in concentrations between 10 and
600 μM and uptake was allowed for 2 min. For time-dependent measurements, 1 μM ranitidine was used and the reaction was stopped after 1, 2, 3, 5, 10, or 15 min. For inhibition experiments, the uptake of 1 μM ASP+, 0.1 μM MPP+, 100 μM metformin, or 0.1 μM morphine was
measured for 2 min with ranitidine as inhibitor in concentrations between 0.1 and 5000 μM.
Cells were washed twice with 2 ml ice-cold HBSS+ and lysed in 500 μl lysis buffer. Depending
on the detection method, cells were lysed in RIPA buffer for fluorescence spectroscopy
(ASP+), in 80% acetonitrile containing internal standards for LC-MS/MS detection (10 ng/ml
ranitidine-d6 for ranitidine, 50 ng/ml buformin for metformin, and 10 ng/ml codeine for morphine measurement), or in 0.1 M NaOH/0.1% SDS for scintillation counting (MPP+).
The intracellular concentration of MPP+ was determined using liquid scintillation counting
of radioactively labeled substrate. To this end, 400 μl cell lysate was measured with 9 ml Aquasafe Plus liquid scintillator using the Scintillation Counter LS6500 (Beckman Coulter, Krefeld,
Germany). Intracellular ASP+ concentrations were determined using fluorescence spectroscopy. To this end, 200 μl cell lysate was measured in a Tecan Ultra Microplate Reader (Tecan
Group AG, Männedorf, Switzerland) at wave lengths of 485 nm (excitation) and 612 nm
(emission). Intracellular concentrations of ranitidine, metformin, and morphine were determined using LC-MS/MS as described below.
For all transport measurements, the intracellular amount of substrate was normalized to
the total amount of protein of the sample as measured using the bicinchoninic acid assay [49].

Quantification of ranitidine, metformin, and morphine by LC-MS/MS
For quantification of intracellular substrates, the cell debris were removed by centrifugation at
17,000 x g for 10 min. Four-hundred μl of the supernatant was evaporated to dryness under
nitrogen flow at 40˚C. The residue was reconstituted in 200 μl 0.1% formic acid and 10 μl were
injected into the LC-MS/MS. For the LC-MS/MS analysis an API 4000™ system tandem mass
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Table 1. LC-MS/MS parameters for the detection of intracellular substrate concentration.
Analyte

Mass transition
[m/z]

Retention time
[min]

Internal standard
(IS)

Mass transition of IS
[m/z]

Retention time of IS
[min]

Organic solvent in mobile
phase [%]*

Ranitidine 315.3>130.1

4.2

Ranitidine-d6

321.2>130.1

4.2

8

Metformin 130.0>71.0

2.78

Buformin

128>60.0

4.04

3

Morphine

3.77

Codeine

300.3>215.1

5.2

8

286.2>201.1

* The organic solvent consists of 6 volume parts acetonitrile and one part methanol.
https://doi.org/10.1371/journal.pone.0189521.t001

spectrometer (AB SCIEX, Darmstadt, Germany) was used. Samples were separated using a
Brownlee SPP RP-Amide Column (4.6x100 mm, 2.7 μm; PerkinElmer), with a SecurityGuard
C18, 4x2 mm pre-column (Phenomenex, Aschaffenburg, Germany). Elution was achieved
with a mobile phase of 0.1% (v/v) formic acid and varying concentrations of organic solvent
(Table 1) at a flow rate of 300 μl/min. Substrates were detected using the multiple reaction
monitoring (MRM) mode of transition using the parameters listed in Table 1. The detection
was linear within the range of 1 nM to 2.5 μM for ranitidine, 3 nM to 300 nM for metformin,
and 0.2 nM to 10 nM for morphine with coefficients of variation below 7%, 11.5%, and 9% for
ranitidine, metformin, and morphine, respectively.

Data analyses
Nonlinear regression to the Michaelis-Menten equation was performed to determine Km and
vmax using GraphPad Prism version 6 (GraphPad Software Inc., La Jolla, CA, USA). Nonlinear
regression to the Hill equation
v ¼ vmin þ

ðvmax vmin Þ
  Hillslope
1 þ IC½I50

was performed to determine IC50 using SigmaPlot version 12.0 (Systat Software, San Jose, California, USA).
The effects of genetic variants on the cellular uptake of ranitidine (Km and vmax) and on
ranitidine-mediated inhibition (IC50) were compared using analyses of variance (ANOVA)
followed by Tukey’s Honestly Significant Difference (HSD) post hoc analyses. SPSS version 23
(SPSS Inc., IBM, Chicago, IL, USA) was used for statistical analyses.

Results
Ranitidine as a substrate of OCT1
To evaluate ranitidine as a substrate of OCT1 we compared the intracellular accumulation of
ranitidine between HEK293 cells overexpressing wild type OCT1 and control cells transfected
with the empty vector pcDNA5. OCT1-overexpressing cells showed both a time and concentration-dependent increase in the intracellular concentration of ranitidine (Fig 1A and 1B).
Compared to the control cells, the intracellular concentration of ranitidine in the OCT1-overexpressing cells was 8.5-fold higher after 1 min of incubation.
In concentration-dependent experiments a mixture of saturable and unsaturable uptake
was observed for the OCT1-overexpressing cells (Fig 1B). To determine the OCT1-mediated
portion of the ranitidine uptake, the uptake of the control cells was subtracted from the uptake
of the OCT1-overexpressing cells. The OCT1-related ranitidine uptake showed MichaelisMenten kinetics with a Km of 62.9 ± 4.32 μM and vmax of 1125 ± 86.1 pmol x min-1 x mg
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Fig 1. Ranitidine uptake via OCT1 and OCT3. A) Time-dependence of ranitidine uptake via OCT1. HEK293
T-REx™ cells stably transfected to overexpress OCT1 (filled circles) and control cells transfected with the
empty vector pcDNA5 (open circles) were incubated for up to 15 min with 1 μM ranitidine. The data is shown
as means and standard error of the means of at least three independent experiments. B) and C)
Concentration-dependence of ranitidine uptake via OCT1 and OCT3. OCT1 and OCT3 (crosses)overexpressing and control cells were incubated for 2 min with increasing concentrations of ranitidine (ranging
from 10 to 600 μM). The OCT1-mediated portion of ranitidine uptake (C) was calculated using the data from
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panel B by subtracting the uptake of control cells from the uptake of OCT1-overexpressing cells. The data is
shown as means and standard error of the means of at least three independent experiments.
https://doi.org/10.1371/journal.pone.0189521.g001

protein-1 (Fig 1C). The Km value in our study is very similar to the literature data (70 ± 9 μM,
[11]).
We further analyzed whether OCT3, the other organic cation transporter expressed in the
sinusoidal membrane of the human liver, also transports ranitidine. HEK293 cells stably overexpressing OCT3 showed only up to 2-fold increase in ranitidine uptake compared to the controls (Fig 1B). At clinically relevant concentrations the OCT3-mediated uptake was more than
14-fold lower than the OCT1-mediated uptake of ranitidine. It should also be considered that
OCT3 expression in the human liver is more than 13-fold lower that OCT1 expression [12,
50]. Thus OCT1 is the major uptake transporter of ranitidine in the human liver.

Effects of OCT1 genetic polymorphisms on the cellular uptake of
ranitidine
After confirming ranitidine as OCT1 substrate, we analyzed the effects of common OCT1 polymorphisms on ranitidine uptake. We compared the uptake between the reference allele and
the common OCT1 variant alleles using two different concentrations of ranitidine, 1 and
10 μM. The concentrations were chosen to be representative for the maximal unbound plasma
(Cmax) and the estimated maximal unbound portal vein concentration (Cmax port). The Cmax of
ranitidine varies between 0.7 and 1.7 μM after an oral administration of a single dose of 100 or
150 mg ranitidine [8]. Using the equation of Ito et al. [51, 52] the corresponding Cmax port
could be estimated to be between 20 and 30 μM.
We analyzed the major alleles OCT1 2 to  13 (Fig 2B), which have been previously
described to affect OCT1 activity with other substrates [12, 13, 15–19, 33, 34, 48] and the suballelic variants OCT1 1B,  1C, and  1D (Fig 2C). The selected alleles represent 98.9% of the
OCT1 alleles currently known worldwide [19]. Two sub-alleles of allele OCT1 8,  8A and  8B,
were analyzed, but showed no differences in ranitidine uptake, therefore the data was combined in the further analyses. The alleles OCT1 5,  6,  12, and  13 showed a complete lack of
ranitidine transport activity after incubation with both 1 μM (Fig 2B) and 10 μM concentration
of ranitidine (S1 Fig). Alleles OCT1 1A,  1C,  1D,  7,  9, and  11 showed no significant difference in the uptake of ranitidine compared to the reference allele (Fig 2B and 2C, S1 Fig). The
effects of alleles OCT1 1 to  6 on ranitidine uptake were confirmed using an alternative cell
model—stably transfected CHO cells (Fig 2D). The remaining OCT1 variants were further
analyzed by performing concentration-dependent uptake measurements. The alleles OCT1 2,
 
3, 4, and  10 showed a significant decrease of vmax (Fig 2E and Table 2). The decrease ranged
from 50% (OCT1 10) to 91% (OCT1 4). These alleles also showed a significant decrease in the
intrinsic clearance (CLint), ranging from 52% (OCT1 10) to 83% (OCT1 4). The OCT1 8 allele
showed a 25% increase in vmax, though the difference was not statistically significant (P = 0.5,
Table 2, Fig 2E). In contrast, none of the analyzed polymorphisms significantly affected the
affinity (Km) of ranitidine uptake (P = 0.17, Table 2).

Drug-drug-gene interactions: Effects of OCT1 polymorphisms on the
potency of ranitidine to inhibit OCT1 uptake
Ranitidine has been previously shown to inhibit the uptake of model OCT1 substrates such as
MPP+ [11, 53], but the effect on clinically relevant drugs is still unknown. We analyzed the
potency of ranitidine to inhibit the uptake of the drugs metformin and morphine as well as of
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Fig 2. Effects of OCT1 polymorphisms on ranitidine uptake. A) OCT1 alleles analyzed in this study.
Amino acid substitutions known to affect OCT1 function are highlighted in yellow. Amino acid substitutions
known to not significantly affect OCT1 function are highlighted in white. B) to E) Effects of OCT1 allelic
variants on ranitidine uptake. HEK293 T-REx™ (B, C, E) and CHO (D) cells overexpressing the reference
allele (OCT1*1B) and common OCT1 allelic variants (the allelic variants are listed in panel A) were incubated
with 1 μM (B to D) or with increasing concentrations (E) of ranitidine for 2 min. The OCT1-mediated uptake
was calculated by subtracting the uptake of control cells from the uptake of OCT1-overexpressing cells. The
data is shown as means and standard error of the means of at least three independent experiments.
https://doi.org/10.1371/journal.pone.0189521.g002
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Table 2. Effects of common amino acid substitutions on the kinetics of the OCT1-mediated uptake of ranitidine.
Km [μM] (±
SEM)

Vmax [pmol x min-1 x mg protein-1]
(±SEM)

CLint [ml x min-1 x mg protein-1]
(±SEM)

OCT1
allele

Characteristic amino acid
substitution

OCT1*1B

Reference allele

62.91 (±4.32)

1125.41 (±86.12)

18.48 (±1.83)

OCT1*1A

Met408Val

54.50 (±7.17)

1047.13 (±123.39)

19.32 (±0.95)

OCT1*1C

Phe160Leu

82.62 (±10.65)

1245.87 (±209.39)

15.05 (±1.74)

OCT1*1D

Pro341Leu/Met408Val

66.74 (±6.14)

883.10 (±76.48)

13.62 (±1.62)

OCT1*2

Met420del

52.25 (±8.38)

402.04 (±51.24)***

8.18 (±1.39)**

OCT1*3

Arg61Cys

39.45 (±7.35)

255.08 (±12.75)***

7.76 (±1.80)**

OCT1*4

Gly401Ser

56.40 (±28.25)

106.65 (±26.70)***

3.14 (±0.82)***

OCT1*7

Ser14Phe

61.58 (±13.19)

753.08 (±49.95)

14.94 (±3.61)

OCT1*8

Arg488Met

69.21 (±5.88)

1412.43 (±108.88)

20.68 (±1.22)

OCT1*9

Pro117Leu

77.17 (±33.23)

1138.47 (±279.72)

17.01 (±2.72)

OCT1*10

Ser189Leu

64.44 (±7.94)

567.50 (±59.10)*

8.957 (±0.75)*

OCT1*11

Ile449Thr

131.41 (±58.37)

1283.33 (±319.87)

11.56 (±2.19)

* P<0.05, ** P<0.01, *** P<0.001 compared to the reference allele in a Tukey’s HSD post hoc analysis following one-way ANOVA (P<10−11)
https://doi.org/10.1371/journal.pone.0189521.t002

the model substrates ASP+ and MPP+. More importantly, we analyzed whether the inhibitory
potency of ranitidine is affected by the most common allelic variant OCT1 2 (Met420del).
Ranitidine concentrations were chosen to cover the estimated ranitidine concentrations in
plasma, portal vein, and gut after oral administration of 150 to 300 mg ranitidine.
We observed highly substrate-dependent and moderately genotype-dependent differences
in the potency of ranitidine to inhibit OCT1 uptake. Depending on the substrate, the inhibitory potency of ranitidine varied from an IC50 of 20.9 μM (metformin) to 337 μM (ASP+).
Depending on the genotype, ranitidine was on average two-fold more potent in inhibiting the
common OCT1 2 variant than the reference OCT1 allele. The genotype-dependent differences
were most prominent when inhibiting morphine (IC50 of 19.5 and 45.5 μM for OCT1 2 and

1, respectively) and least prominent when inhibiting metformin (IC50 of 14.8 and 20.9 μM for
OCT1 2 and  1, respectively). At expected maximal plasma concentrations of ranitidine we
did not observe any relevant inhibition of OCT1 uptake (Fig 3). Interestingly, ranitidine did
not inhibit, but induced morphine uptake by 41% at Cmax. The induction was genotype-specific and was observed only in the reference, but not in the OCT1 2 allele (Fig 3B). At expected
portal vein concentrations, we observed 50% inhibition of metformin uptake independent of
the OCT1 genotype and up to 30% inhibition of morphine uptake, but only for the OCT1 2
allele. At high concentrations expected in the gastrointestinal tract, ranitidine showed strong
inhibition (by more than 70%) with all substrates and genotypes tested (Fig 3).

Ranitidine as a substrate of OCT2 and effects of the Ala270Ser
polymorphism on OCT2-mediated uptake of ranitidine
We also analyzed whether OCT2, the major OCT isoform expressed in the human kidney,
mediates the cellular uptake and thus may potentially contribute to the renal secretion of ranitidine. After incubation for 2 min with 1 μM ranitidine OCT2-overexpressing HEK293 cells
showed a 3.3-fold higher ranitidine uptake than the control cells (Fig 4A). However, the uptake
was significantly lower than the one observed in OCT1 under the same conditions (7.8-fold
increase by the OCT1-overexpressing compared to the control cells). Due to the small difference in uptake between the OCT2-overexpressing and the control HEK293 cells at higher
ranitidine concentrations, it was not possible to measure a saturable uptake and to calculate
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Fig 3. Genotype-dependence of the ranitidine inhibitory potency. We compared the potency of ranitidine to inhibit the uptake of metformin (A),
morphine (B), ASP+ (C), and MPP+ (D) by the reference and OCT1*2 alleles. HEK293 T-REx™ cells overexpressing the reference or OCT1*2 allele
were incubated for 2 min with 0.1 μM morphine (A), 100 μM metformin (B), 1 μM ASP+ (C), or 0.1 μM MPP+ (D) in the presence of increasing
concentrations of ranitidine. The uptake is represented as percentage of OCT1-mediated ranitidine uptake without inhibition. Shown are means and
standard error of the means of at least three independent experiments and the half maximal inhibitory concentrations (IC50) were calculated. The
clinically relevant concentrations of ranitidine in plasma, portal vein, and gastrointestinal (GI) tract are highlighted in grey. The plasma concentrations
were estimated based on the Cmax of ranitidine after an oral administration of a single dose of 150 to 300 mg ranitidine [5, 8]. The concentrations in the
portal vein were estimated as described elsewhere [51, 52]. The concentrations in the GI tract were estimated supposing that 150 to 300 mg ranitidine
are solved in 686 ml GI fluid volume [54].
https://doi.org/10.1371/journal.pone.0189521.g003

uptake kinetic parameters for OCT2. In comparison to the Ala270 allele, the Ser270 allele
showed a limited reduction of ranitidine uptake by 9% which was not significant (Fig 4B). The
uptake could be inhibited by MPP+, but there was no difference between the OCT2 alleles.

Discussion
In this study we confirmed that ranitidine is a substrate of the human hepatic uptake transporter OCT1 and demonstrated that genetic polymorphisms in OCT1 lead to a significant
reduction or even complete loss of ranitidine uptake. In the human liver, the uptake via OCT1
may thus be the most important step prior to metabolic degradation of ranitidine by flavincontaining monooxygenases (FMOs) and cytochrome P450 (CYP) enzymes and this uptake
may be substantially reduced in genetically-determined poor OCT1 transporters.
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Fig 4. OCT2-mediated uptake of ranitidine and effects of the Ala270Ser polymorphism. A) Comparison
between OCT1 and OCT2-mediated uptake of ranitidine. Cells overexpressing OCT1 or OCT2 and control
cells were incubated for 2 min with 1 μM ranitidine. The data is shown as means and standard error of the
means of at least three independent experiments. Significance was calculated using ANOVA with Tukey’s HSD
post hoc comparisons to the control cells or between OCT1 and OCT2. * P<0.05, *** P<0.001. B) Effects of
the Ala270Ser polymorphism on the OCT2-mediated uptake of ranitidine. HEK293 T-REx™ cells stably
transfected to overexpress OCT2 reference (Ala270) and variant (Ser270) alleles, and control cells transfected
with the empty vector pcDNA5 were incubated with 1 μM ranitidine for 2 min in the presence or the absence of
1 mM MPP+. The data is shown as means and standard error of the means of three independent experiments
performed in duplicates. Significance was calculated using ANOVA with Tukey’s HSD post hoc comparisons. *
P<0.05.
https://doi.org/10.1371/journal.pone.0189521.g004

The clinical impact of these findings can currently only be speculated on by analogy to similarly hydrophilic OCT1 substrates like sumatriptan. The affinity and capacity of OCT1 to
transport ranitidine are similar to the affinity and capacity for sumatriptan transport. Sumatriptan pharmacokinetics in humans is strongly affected by OCT1 polymorphisms [36].
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Ranitidine hepatic clearance is estimated to be between 30 and 50% of the total systemic clearance [8, 9], but similarly to sumatriptan also the hepatic accumulation may be affected. The
volume of distribution of ranitidine is close to 1.4 l/kg indicating deep compartment accumulation of the drug. Our data suggest also that due to the strong ability of OCT1 to transport
ranitidine and due to the very strong OCT1 expression in the sinusoidal hepatocyte membrane
an accumulation of ranitidine in the liver may be one explanation for the high volume of distribution. Indeed a recent study of Sundelin et al. elegantly demonstrated this for metformin
[31]. Both the effects on the hepatic ranitidine clearance and volume of distribution will be
strongly OCT1 dependent and should be observed in individuals with OCT1 deficiency.
Our data suggest that poor OCT1 transporters (homozygous or compound heterozygous
carriers of the OCT1 alleles  2,  3,  4,  5, or  6) will have strongly reduced or completely absent
uptake of ranitidine in the liver. This represents 7% of the European and White American population [19].
The loss of transport activity by allelic variants OCT1 5 and  6 is caused by complete failure
to localize in the plasma membrane [14, 19, 52]. Also the reduction of OCT1 activity by the
allelic variant OCT1 3 is due to a reduced localization in the plasma membrane. A reduction
of plasma membrane localization by more than 80% has been reported for OCT1 3 (R61C)
[52]. This suggests that the vmax reduction that we observed with ranitidine (Fig 2E and
Table 2) could be completely explained by the impaired plasma membrane localization. In
contrast, no reduction of plasma membrane localization could be measured for OCT1 2 [52]
and several independent studies have shown that OCT1 4 and  10 are correctly localized in the
plasma membrane [19, 34, 52]. Therefore, these three polymorphisms may be expected to have
direct effects on OCT1 turnover rates. Development of methods for precise quantification of
the OCT1 molecules that are localized in the plasma membrane should help address this quantitatively. However, we should be aware of the limitations of the existing methods for plasma
membrane purification [55].
Accounting for the high availability of ranitidine, about 1.5 million poor OCT1 transporters
could be estimated to use ranitidine regularly. It could be expected that these individuals will
have an up to 50% increase in the plasma concentration of ranitidine and may have a substantial reduction of the hepatic ranitidine concentration. As we learned from other drugs [36]
genetically-determined loss of OCT1 activity may have comparable effects on pharmacokinetics as hepatic deficiency. Indeed, some alterations in ranitidine half-life, distribution, clearance, and bioavailability were reported for patients with hepatic dysfunction [5]. However,
ranitidine has a broad therapeutic index. Even dosages exceeding the single dose by more than
20-fold were not associated with a higher prevalence of adverse reactions [56]. Furthermore, in
long-term toxicity tests performed in animals the plasma concentrations of ranitidine
exceeded the human maximal plasma concentration by 50-fold without significant adverse
reactions [5]. Therefore, the expected limited increase in ranitidine plasma concentrations in
poor OCT1 transporters by 50% or more is not expected to lead to a substantial increase in the
risk of ranitidine-related systemic adverse reactions.
On the other hand, poor OCT1 transporters of ranitidine may have substantially lower
ranitidine concentrations in hepatocytes and probably a reduced risk for hepatic toxicity.
Indeed, ranitidine administration has been associated with an increase of the transaminases
ALT and AST [5] and very rare cases of severe hepatotoxicity following ranitidine administration were reported [57]. The severe hepatotoxicity is currently not fully understood and thus
termed idiosyncratic [7]. In rats ranitidine administration was shown to inhibit liver regeneration [58]. It will be interesting to analyze whether poor OCT1 transporters have a less pronounced increase in ALT and AST and whether they are at reduced risk of severe
hepatotoxicity after ranitidine administration.
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Table 3. Genotype and substrate-dependent variations in the potency of ranitidine to inhibit OCT1-mediated uptake related to the expected ranitidine concentration in the gastrointestinal tract [I]2 and in plasma [I]1.
Substrate

OCT1 allele

IC50 [μM]

[I]2 [μM]

Morphine

OCT1*1

45.5 ± 5.49

3800

OCT1*2

19.5 ± 0.0

194.9

0.113

OCT1*1

20.93 ± 3.2

181.56

0.105

OCT1*2

14.87 ± 3.52

255.55

0.148

OCT1*1

336.59 ± 3.92

11.29

0.007

OCT1*2

155.21 ± 10.49

24.48

0.014

OCT1*1

81.91 ± 5.52

46.39

0.027

OCT1*2

34.43 ± 2.71

110.37

0.064

Metformin
ASP+
MPP+

[I]2/IC50

[I]1 [μM]

[I]1/IC50

83.5

2.2

0.048

IC50 –half maximal inhibitory concentration, [I]1 –mean unbound ranitidine steady state total Cmax at highest clinical dose (300 mg), [I]2 –theoretical maximal
gastrointestinal ranitidine concentration after oral administration (highest clinical dose (300 mg) in a volume of 250 ml)
The ratios are highlighted in bold if exceeding the threshold of 0.1 for [I]1/IC50 and 10 for [I]2/IC50. The thresholds are regarded as indicative for potential
drug-drug interactions where further in vivo studies are recommended [65].
https://doi.org/10.1371/journal.pone.0189521.t003

At clinically used doses ranitidine is apparently rather safe and only few ranitidine-related
drug-drug-interactions have been described [6, 59, 60]. However, high-dose ranitidine may
still be interesting as a probe drug to inhibit OCT1-mediated uptake of other drugs in vivo. To
this end we should be able to estimate whether ranitidine may inhibit OCT1 at concentrations
reached in humans and whether common genetic variants in OCT1 may modulate this inhibition. Our data strongly suggest that ranitidine may reach concentrations sufficient to inhibit
OCT1 uptake only in the intestine (Fig 3, Table 3). The expression and the exact localization of
OCT1 in the intestine are still questionable. Although modern protein analytic methods suggest the presence of OCT1 in the small intestine [61], the OCT1 mRNA levels in the intestine
are up to 800-fold lower than those in the liver [62, 63]. Furthermore, the exact subcellular
localization of OCT1 in the intestine is controversial. Whereas Müller et al. showed OCT1 to
be located on the basolateral membrane of enterocytes [53], Han et al. showed an apical localization of OCT1 [64]. Therefore, ranitidine inhibition may be useful to elucidate whether
OCT1 plays a functional role in the intestine in humans. Furthermore, our data showed that
ranitidine concentrations in the intestine are sufficient to inhibit OCT1-mediated uptake of all
substrates tested, with only minor effects of genetic polymorphisms.
The effects of ranitidine on the intestinal uptake of OCT1 may be more complex than simple OCT1 inhibition. Due to its therapeutic action, ranitidine may increase the intestinal pH
[8], which then leads to improved absorption by passive diffusion of weakly basic drugs—the
typical substrates of OCT1. This effect may compensate the OCT1 inhibitory effects by ranitidine in the intestine.
On the other hand, following the formal criteria for evaluating the potential for drug-drug
interactions [65], potential drug-drug interactions at liver OCT1 would have required further
attention. We observed ratios of plasma concentration to IC50 ([I]1/IC50) of greater than 0.1
(Table 3). This indicates a potential for drug-drug interactions and is suggested in the guidelines as a criterion for further in vivo analyses [65]. However, ranitidine has been broadly used
for many years without strong drug-drug-interactions to be reported.
Regarding the genotype-specific effects on OCT1 inhibition with ranitidine, our data suggest that by co-administration of ranitidine carriers of OCT1 2 alleles will have lower uptake of
morphine in the liver than carriers of the reference OCT1 1 allele. This may be especially relevant for one of 17 Europeans and White Americans who is a heterozygous carrier of an
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OCT1 2 and a completely deficient allele, or a homozygous OCT1 2 allele carrier. Interestingly,
we observed an induction, instead of an inhibition, of OCT1-mediated morphine uptake at
low concentrations (Fig 3). This may be relevant as these concentrations are close to the
plasma concentrations of ranitidine in humans. This effect has been reported for other transporters before [66, 67] and points to positive interaction of the two substrates on the binding
site—an interaction that seems to be missing in the OCT1 2 allele.
Beyond potential relevance for drug pharmacokinetics in humans our data may help to
gain some insight into the mechanisms leading to the polyspecificity of the OCT1 transporter.
It is supposed that OCT1 has multiple, possibly overlapping substrate binding sites [68, 69].
Even though several amino acids have been identified to be important for OCT1 substrate
translocation, the exact binding sites remain unknown, as the 3D structure of OCT1 has not
yet been determined. Comparing the effects of OCT1 allelic variants on the uptake of different
substrates may help to reveal substrate-specific interactions with the transporter. Such comparisons have been performed to show similarities between thiamine and metformin [15] and
between other substrates before [19]. The effects of common OCT1 genetic variants on ranitidine uptake correlated very well with the effects on morphine uptake (r2 = 0.961). Weaker correlation was observed with metformin and only limited correlations with MPP+ or TEA+
uptake (Fig 5). This suggests that ranitidine and morphine share highly overlapping binding
sites. Furthermore, the effects of OCT1 allelic variants on TEA+ and metformin uptake correlated strongly with each other, but none of them correlated with ranitidine uptake. Interestingly, OCT1 alleles OCT1 10 and OCT1 11 did not affect ranitidine uptake, but strongly
reduced TEA+ and metformin uptake (Fig 5B). When excluding these two alleles from the correlation, ranitidine uptake highly correlates with both TEA+ and metformin uptakes. This
indicates that serine189 (Ser189Leu is characteristic for OCT1 10) and isoleucine449 (Ile449Thr
is characteristic for OCT1 11) are involved in the transport of TEA+ and metformin, but do
not play a substantial role in the transport of ranitidine.
Another major finding in our study is that ranitidine is only marginally transported by
human OCT2. Renal excretion is the major route of ranitidine elimination in humans [8]. The
renal clearance of ranitidine is above 400 ml/min [8], suggesting that tubular secretion plays
the predominant role in ranitidine renal elimination. A study of van Crugten et al. showed a
reduction of renal clearance of ranitidine by over 40% by cimetidine, suggesting a substantial
involvement of organic cation transporters [70], and the basolaterally expressed organic cation
transporter OCT2 was suggested to play a role in renal ranitidine elimination. However, we
observed only a limited uptake of ranitidine via OCT2 compared to OCT1. The limited ability
of OCT2 to transport ranitidine we observed here is in concordance with previously published
data [11]. Furthermore, the OCT2-mediated uptake of ranitidine was not substantially affected
by the Ala270Ser substitution, the only common genetic polymorphism suggested to affect
OCT2 function [47]. In line with this, genetic polymorphisms in MATE1, but not in OCT2
were found to affect metformin pharmacokinetics under ranitidine administration [71].
Therefore it could be concluded that OCT2 and common genetic polymorphisms in particular
may play only a limited role in the renal elimination of ranitidine.
Considering that OCT2 is the only basolaterally expressed organic cation transporter in the
human proximal tubules, it remains unclear how the strong tubular secretion may be mediated. Interestingly, also organic anion transporters from the SLC22 family that are basolaterally
expressed in the human kidney—OAT1, OAT2, and OAT3—were shown to transport ranitidine in vitro [72]. Furthermore, co-administration of the OAT-inhibitor probenecid in dogs
reduced ranitidine renal clearances by two-fold and basolateral uptake by four-fold [73]. It will
be interesting to evaluate experimentally the role of these transporters in the renal elimination
of ranitidine in humans.
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Fig 5. Comparison between the effects of genetic polymorphisms on the uptake of ranitidine and other OCT1
substrates. A) Comparative representation of the effects of OCT1 allelic variants on the uptake of ranitidine, TEA+,
morphine, sumatriptan, metformin, and MPP+. HEK293 T-REx™ cells overexpressing the reference OCT1 allele and
common OCT1 allelic variants were incubated for 2 min with 1 μM ranitidine, 5 μM TEA+, 1 μM morphine, 0.1 μM
sumatriptan, 5 μM metformin, or 10 μM MPP+. The OCT1-mediated uptake was calculated by subtracting the uptake of
control cells from the uptake of OCT1-overexpressing cells. The data is shown as means and standard error of the means
of at least three independent experiments. B) Correlation of the uptake rates of ranitidine with the model substrates MPP+
and TEA+ and the clinically relevant substrates metformin and morphine. Analyzed were all OCT1 alleles that have correct
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localization in the cell membrane [19] and show a substrate-specific loss of activity, i.e. OCT1*2, OCT1*7, OCT1*10,
OCT1*11, and OCT1*13. The uptake rates are presented as percentage of the reference OCT1 allele. Solid lines
represent linear regression; dashed lines represent an optimal theoretical correlation with identical effects of the allelic
variants on both substrates. The values for the uptake of morphine, metformin, sumatriptan, TEA+, and MPP+ are
obtained from our previously published studies [12, 19, 36].
https://doi.org/10.1371/journal.pone.0189521.g005

The major limitation of our study is that it contains only in vitro analyses. Regarding the
effects of OCT1 polymorphisms our data suggest that there should not be substantial effects on
ranitidine pharmacokinetics and no further in vivo studies are needed. In the case of drugdrug interactions, especially regarding an intestinal absorption of ranitidine, further studies in
humans may be indicated.
In conclusion, we demonstrated that ranitidine is a substrate of OCT1 and that common
genetic polymorphisms in OCT1 lead to a substantial reduction or even complete abolishment
of OCT1-mediated ranitidine uptake. Due to reduced hepatic uptake poor OCT1 transporters
are expected to have increased ranitidine plasma concentrations by 50% or more. However, as
ranitidine has a very broad therapeutic range, this increase is not expected to have clinical consequences. Our data also suggest that ranitidine may be utilized as an in vivo inhibitor to elucidate the role of OCT1 in the human gut. Last but not least, effects of OCT1 polymorphisms on
ranitidine uptake correlated very strongly with effects on morphine uptake, which suggests
highly overlapping binding sites of these two substrates in OCT1. These binding sites partially
differ from the binding sites of metformin or the model substrate MPP+.

Supporting information
S1 Fig. Effects of OCT1 allelic variants on ranitidine uptake. HEK293 T-REx™ cells overexpressing the reference allele (OCT1 1B) and common OCT1 allelic variants (the allelic variants
are listed in Fig 2A) were incubated with 10 μM ranitidine for 2 min. The OCT1-mediated
uptake was calculated by subtracting the uptake of control cells from the uptake of OCT1-overexpressing cells. The data is shown as means and standard error of the means of at least three
independent experiments.
(TIF)
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Saadatmand AR, Tadjerpisheh S, Brockmöller J, Tzvetkov MV. The prototypic pharmacogenetic drug
debrisoquine is a substrate of the genetically polymorphic organic cation transporter OCT1. Biochemical Pharmacology. 2012; 83(10):1427–34. https://doi.org/10.1016/j.bcp.2012.01.032 PMID: 22342776

49.

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, et al. Measurement of
protein using bicinchoninic acid. Analytical Biochemistry. 1985; 150(1):76–85. https://doi.org/10.1016/
0003-2697(85)90442-7 PMID: 3843705

50.

Nies AT, Koepsell H, Winter S, Burk O, Klein K, Kerb R, et al. Expression of organic cation transporters
OCT1 (SLC22A1) and OCT3 (SLC22A3) is affected by genetic factors and cholestasis in human liver.
Hepatology. 2009; 50(4):1227–40. https://doi.org/10.1002/hep.23103 PMID: 19591196

51.

Ito K, Iwatsubo T, Kanamitsu S, Ueda K, Suzuki H, Sugiyama Y. Prediction of pharmacokinetic alterations caused by drug-drug interactions: metabolic interaction in the liver. Pharmacol Rev. 1998; 50
(3):387–412. PMID: 9755288.

52.

Ahlin G, Chen L, Lazorova L, Chen Y, Ianculescu AG, Davis RL, et al. Genotype-dependent effects of
inhibitors of the organic cation transporter, OCT1: predictions of metformin interactions. Pharmacogenomics J. 2011; 11(6):400–11. https://doi.org/10.1038/tpj.2010.54 PMID: 20567254.

53.

Muller J, Lips KS, Metzner L, Neubert RH, Koepsell H, Brandsch M. Drug specificity and intestinal membrane localization of human organic cation transporters (OCT). Biochem Pharmacol. 2005; 70
(12):1851–60. https://doi.org/10.1016/j.bcp.2005.09.011 PMID: 16263091.

54.

Schiller C, Frohlich CP, Giessmann T, Siegmund W, Monnikes H, Hosten N, et al. Intestinal fluid volumes and transit of dosage forms as assessed by magnetic resonance imaging. Aliment Pharmacol
Ther. 2005; 22(10):971–9. https://doi.org/10.1111/j.1365-2036.2005.02683.x PMID: 16268972.

55.

Wisniewski JR, Wegler C, Artursson P. Subcellular fractionation of human liver reveals limits in global
proteomic quantification from isolated fractions. Anal Biochem. 2016; 509:82–8. https://doi.org/10.
1016/j.ab.2016.06.006 PMID: 27311553.

56.

Pharma® A. Fachinformation Ranitidin 150–1 A Pharma®, Ranitidin 300–1 A Pharma®: Rote Liste®;
2013 [updated June 2013; cited 2016 21.10.2016].

57.

Ribeiro JM, Lucas M, Baptista A, Victorino RM. Fatal hepatitis associated with ranitidine. Am J Gastroenterol. 2000; 95(2):559–60. https://doi.org/10.1111/j.1572-0241.2000.t01-1-01808.x PMID:
10685778.

58.

Kanashima R, Nagasue N, Sakato K. Ranitidine as an inhibitor of liver regeneration. Am J Surg. 1985;
149(2):223–7. PMID: 3970320.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189521 December 13, 2017

19 / 20

OCT1 and OCT2 polymorphisms and ranitidine uptake

59.

Kirch W, Hoensch H, Janisch HD. Interactions and non-interactions with ranitidine. Clin Pharmacokinet.
1984; 9(6):493–510. https://doi.org/10.2165/00003088-198409060-00002 PMID: 6096071.

60.

Mitchard M, Harris A, Mullinger BM. Ranitidine drug interactions—a literature review. Pharmacol Ther.
1987; 32(3):293–325. PMID: 3310029.

61.

Drozdzik M, Groer C, Penski J, Lapczuk J, Ostrowski M, Lai Y, et al. Protein abundance of clinically relevant multidrug transporters along the entire length of the human intestine. Mol Pharm. 2014; 11
(10):3547–55. https://doi.org/10.1021/mp500330y PMID: 25158075.

62.

Tzvetkov MV, Vormfelde SV, Balen D, Meineke I, Schmidt T, Sehrt D, et al. The effects of genetic polymorphisms in the organic cation transporters OCT1, OCT2, and OCT3 on the renal clearance of metformin. Clin Pharmacol Ther. 2009; 86(3):299–306. https://doi.org/10.1038/clpt.2009.92 PMID: 19536068.

63.

Schaeffeler E, Hellerbrand C, Nies AT, Winter S, Kruck S, Hofmann U, et al. DNA methylation is associated with downregulation of the organic cation transporter OCT1 (SLC22A1) in human hepatocellular
carcinoma. Genome Med. 2011; 3(12):82. https://doi.org/10.1186/gm298 PMID: 22196450.

64.

Han TK, Everett RS, Proctor WR, Ng CM, Costales CL, Brouwer KL, et al. Organic cation transporter 1
(OCT1/mOct1) is localized in the apical membrane of Caco-2 cell monolayers and enterocytes. Mol
Pharmacol. 2013; 84(2):182–9. https://doi.org/10.1124/mol.112.084517 PMID: 23680637.

65.

International Transporter C, Giacomini KM, Huang SM, Tweedie DJ, Benet LZ, Brouwer KL, et al. Membrane transporters in drug development. Nat Rev Drug Discov. 2010; 9(3):215–36. https://doi.org/10.
1038/nrd3028 PMID: 20190787.

66.

Bachmakov I, Glaeser H, Fromm MF, Konig J. Interaction of oral antidiabetic drugs with hepatic uptake
transporters: focus on organic anion transporting polypeptides and organic cation transporter 1. Diabetes. 2008; 57(6):1463–9. https://doi.org/10.2337/db07-1515 PMID: 18314419.

67.

Kindla J, Muller F, Mieth M, Fromm MF, Konig J. Influence of non-steroidal anti-inflammatory drugs on
organic anion transporting polypeptide (OATP) 1B1- and OATP1B3-mediated drug transport. Drug
Metab Dispos. 2011; 39(6):1047–53. https://doi.org/10.1124/dmd.110.037622 PMID: 21389119.

68.

Koepsell H. Substrate recognition and translocation by polyspecific organic cation transporters. Biological chemistry. 2011; 392(1–2):95–101. https://doi.org/10.1515/BC.2011.009 PMID: 21194363

69.

Chen EC, Khuri N, Liang X, Stecula A, Chien HC, Yee SW, et al. Discovery of Competitive and Noncompetitive Ligands of the Organic Cation Transporter 1 (OCT1; SLC22A1). J Med Chem. 2017; 60
(7):2685–96. https://doi.org/10.1021/acs.jmedchem.6b01317 PMID: 28230985.

70.

van Crugten J, Bochner F, Keal J, Somogyi A. Selectivity of the cimetidine-induced alterations in the
renal handling of organic substrates in humans. Studies with anionic, cationic and zwitterionic drugs. J
Pharmacol Exp Ther. 1986; 236(2):481–7. PMID: 3944769.

71.

Cho SK, Chung JY. The MATE1 rs2289669 polymorphism affects the renal clearance of metformin following ranitidine treatment. Int J Clin Pharmacol Ther. 2016; 54(4):253–62. https://doi.org/10.5414/
CP202473 PMID: 26784938.

72.

Tahara H, Kusuhara H, Endou H, Koepsell H, Imaoka T, Fuse E, et al. A species difference in the transport activities of H2 receptor antagonists by rat and human renal organic anion and cation transporters.
J Pharmacol Exp Ther. 2005; 315(1):337–45. https://doi.org/10.1124/jpet.105.088104 PMID:
16006492.

73.

Boom SP, Meyer I, Wouterse AC, Russel FG. A physiologically based kidney model for the renal clearance of ranitidine and the interaction with cimetidine and probenecid in the dog. Biopharm Drug Dispos.
1998; 19(3):199–208. PMID: 9570004.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189521 December 13, 2017

20 / 20

Publications

4.3 Publication C: Assay Conditions Influence Affinities of Rat Organic
Cation Transporter 1: Analysis of Mutagenesis in the Modeled
Outward-Facing Cleft by Measuring Effects of Substrates and
Inhibitors on Initial Uptake
Gorboulev V, Rehman S, Albert CM, Roth U, Meyer MJ, Tzvetkov MV, Mueller TD, Koepsell H
Mol Pharmacol. 2018 Apr;93(4):402-415. doi: 10.1124/mol.117.110767

Reprinted with permission of the American Society for Pharmacology and Experimental
Therapeutics. All rights reserved.

Author contributions
Gorboulev V: Performed experiments
Rehman S:

Performed experiments and analyzed the data

Albert CM:

Performed experiments and analyzed the data

Roth U:

Performed experiments and analyzed the data

Meyer MJ:

Generated stably transfected HEK293 cell lines, performed uptake and inhibition
experiments using the established cell lines, analyzed the experimental data, and wrote
the respective methods section of the manuscript

Tzvetkov MV: Analyzed the data
Müller TD:

Performed experiments and analyzed the data

Koepsell H:

Conceptualized the study, analyzed the data, wrote the manuscript

__________________________________________________________________________________
Marleen J. Meyer

Prof. Dr. Werner Weitschies

119

Prof. Dr. Mladen V. Tzvetkov

Supplemental material to this article can be found at:
http://molpharm.aspetjournals.org/content/suppl/2018/01/16/mol.117.110767.DC1
1521-0111/93/4/402–415$35.00
MOLECULAR PHARMACOLOGY
Copyright ª 2018 by The American Society for Pharmacology and Experimental Therapeutics

https://doi.org/10.1124/mol.117.110767
Mol Pharmacol 93:402–415, April 2018

Assay Conditions Influence Affinities of Rat Organic Cation
Transporter 1: Analysis of Mutagenesis in the Modeled
Outward-Facing Cleft by Measuring Effects of Substrates and
Inhibitors on Initial Uptake s
Valentin Gorboulev, Saba Rehman, Christoph M. Albert, Ursula Roth, Marleen J. Meyer,
Mladen V. Tzvetkov, Thomas D. Mueller, and Hermann Koepsell

Received September 29, 2017; accepted January 12, 2018

ABSTRACT
The effects of mutations in the modeled outward-open cleft of rat
organic cation transporter 1 (rOCT1) on affinities of substrates and
inhibitors were investigated. Human embryonic kidney 293 cells
were stably transfected with rOCT1 or rOCT1 mutants, and uptake
of the substrates 1-methyl-4-phenylpyridinium1 (MPP1) and
tetraethylammonium1 (TEA1) or inhibition of MPP1 uptake by
the nontransported inhibitors tetrabutylammonium1 (TBuA1),
tetrapentylammonium1 (TPeA1), and corticosterone was measured. Uptake measurements were performed on confluent cell
layers using a 2-minute incubation or in dissociated cells using
incubation times of 1, 5, or 10 seconds. With both methods,
different apparent Michaelis-Menten constant (Km) values, different IC50 values, and varying effects of mutations were determined.
In addition, varying IC50 values for the inhibition of MPP1 uptake

Introduction
Organic cation transporters (OCTs) OCT1, OCT2, and
OCT3 (SLC22A1-3) of the major facilitator superfamily MFS
play pivotal roles in the absorption, excretion, and tissue
distribution of many cationic drugs including psychopharmaca and cytostatics (Koepsell et al., 2007; Ahlin et al., 2008;
Nies et al., 2011; Koepsell, 2013; Lin et al., 2015; Chen et al.,
2017). The polyspecificity of OCTs explains their predominant
role for drug bioavailability and the high probability for drugdrug interactions at the transporter level. The identification of
drugs that are transported by OCTs or inhibit OCTs has
The work was supported by the Deutsche Forschungsgemeinschaft
[SFB487/A4, KO 862/6-1].
https://doi.org/10.1124/mol.117.110767.
s This article has supplemental material available at molpharm.
aspetjournals.org.

and varying effects of mutations were obtained when different
MPP1 concentrations far below the apparent Km value were used
for uptake measurements. Eleven mutations were investigated by
measuring initial uptake in dissociated cells and employing 0.1 mM
MPP1 for uptake during inhibition experiments. Altered affinities
for substrates and/or inhibitors were observed when Phe160,
Trp218, Arg440, Leu447, and Asp475 were mutated. The mutations resulted in changes of apparent Km values for TEA1 and/or
MPP1. Mutation of Trp218 and Asp475 led to altered IC50 values
for TBuA1, TPeA1, and corticosterone, whereas the mutation of
Phe160 and Leu447 changed the IC50 values for two inhibitors.
Thereby amino acids in the outward-facing conformation of
rOCT1 could be identified that interact with structurally different
inhibitors and probably also with different substrates.

become an important issue in pharmacology. For example,
in vitro testing of human OCT1 (hOCT1) for drug-drug
interactions was recommended in 2015 by the European
Medicines Agency. Although methods to identify new substrates and inhibitors of OCTs have been established, so far no
satisfying strategies for in silico and/or in vitro distinction
between substrates and inhibitors and for elucidation of
biomedically relevant effects of transporter polymorphisms
have been found (Koepsell, 2015; Chen et al., 2017). The
reasons are that the transport mechanisms of OCTs are not
fully understood, no crystal structures are available, and our
molecular understanding of cation binding and translocation
based on mutagenesis is very limited.
Previously, we investigated the transport mechanisms of
OCT1 and OCT2 expressed in oocytes of Xenopus laevis. We
provided evidence that these transporters are polyspecific
facilitated diffusion systems that can operate as electrogenic

ABBREVIATIONS: 3D, three-dimensional; ANOVA, analysis of variance; cRNA, complementary RNA; HEK, human embryonic kidney; hOCT,
human organic cation transporter; Km, Michaelis-Menten constant; MFS, major facilitator superfamily; Mg-Ca-PBS, 0.5 mM MgCl2 and 1 mM CaCl2;
MOPS, 4-morpholinepropanesulfonic acid; MPP1, 1-methyl-4-phenylpyridinium1; OCT, organic cation transporter; PBS, phosphate-buffered
saline; rOCT, rat organic cation transporter; TBuA1, tetrabutylammonium1; TEA1, tetraethylammonium1; TPeA1, tetrapentylammonium1.
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Three Extracellular Inhibitors Bind to Amino Acids in OCT1

Materials and Methods
Materials. [ H]MPP1 (3.1 TBq/mmol) and [14C]TEA1 (1.9
GBq/mmol) were purchased from American Radiolabeled Chemicals
(St. Louis, MO). All other chemicals were obtained as described
previously (Arndt et al., 2001; Popp et al., 2005; Tzvetkov et al., 2012).
Cloning. For expression in oocytes and transfection of HEK293
cells, wild-type rOCT1 (Gründemann et al., 1994) and rOCT1 mutants
(Popp et al., 2005; Volk et al., 2009) were cloned into various vectors.
The single point mutations were generated by polymerase chain
reaction applying the overlap extension method (Ho et al., 1989), and
all mutations were verified by DNA sequencing. For expression in
oocytes, wild-type rOCT1 and rOCT1 mutants were cloned into vector
pRSSP (Busch et al., 1996b). For transfection of HEK293 cells, rOCT1
and mutants were cloned into EcoRV/NotI sites of vector pcDNA3.1
(Egenberger et al., 2012) or into EcoRV/HindIII sites of the vector
pcDNA5.1 (Tzvetkov et al., 2012).
Expression of rOCT1 and rOCT1 Mutants in Oocytes of X.
laevis. pRSSP plasmids were purified and linearized with MluI. m7G
(59)ppp(59)G-capped complementary RNAs (cRNAs) were prepared,
and the cRNA concentrations were estimated from ethidium bromide–
stained agarose gels (Gründemann and Koepsell, 1994). Stage V--VI
oocytes of X. laevis were obtained by partial ovariectomy, follicle cells
were removed by treatment with collagenase A, and oocytes were
stored in Ori buffer (5 mM MOPS, 100 mM NaCl, 3 mM KCl, 2 mM
CaCl2, and 1 mM MgCl2 adjusted to pH 7.4 using NaOH) supplemented with 50 mg/l gentamycin. The oocytes were injected with 50 nl
of H2O containing 10 ng of cRNA encoding the transporters. For
transporter expression, the oocytes were incubated for 3 days at 16°C
in Ori buffer containing 50 mg/ml gentamicin.
Measurement of MPP1 Uptake in Oocytes. Transporterexpressing oocytes or control oocytes without cRNA injection were
incubated for 30 minutes at room temperature with Ori buffer
containing varying concentrations of TEA1 traced with [14C]TEA1,
with varying concentrations of MPP1 traced with [3H]MPP1, or 0.1
mM MPP1 traced with [3H]MPP1 plus varying concentrations of
TEA1 or with TBuA1. Oocytes were washed with ice-cold Ori buffer,
solubilized with 5% SDS in water, and the radioactivity was analyzed
by liquid scintillation counting. Correction for nonspecific uptake was
performed by subtracting uptake rates measured in noninjected
control oocytes from the same batch of oocytes.
Generation and Cultivation of Stably Transfected HEK
Cells. HEK293 cells were transfected with vector pcDNA5.1 or
pcDNA3.1 containing rOCT1 wild-type and rOCT1 mutants and
selected for stably transfected cell lines as described previously
(Busch et al., 1996a). Cell lines exhibiting the highest saturable
MPP1 uptake were used for further studies. The cells were cultivated
at 37°C in Dulbecco’s modified Eagle’s medium containing 3.7 g/l
NaHCO3, 1.0 g/l D-glucose, 2 mM L-glutamine, 10% heat-inactivated
fetal calf serum, 100,000 U/l penicillin, 100 mg/l streptomycin, and 0.8
g/l G418 (Geneticin; Thermo Fisher Scientific). Cultivation was
performed in a humidified atmosphere containing 5% CO2.
Two-Minute Uptake Measurements of MPP1 in Monolayers
of HEK293 Cells at 37°C. HEK293 cells, which were stably transfected with vector pcDNA5.1 containing wild-type rOCT1, the rOCT1
mutants Y222F, D475E, or hOCT1 were cultivated in six-well plates
until reaching confluence. After washing two times with 137 mM
NaC1, 2.7 mM KCl, 8 mM Na2HPO4, and 1.6 mM KH2PO4, pH 7.4
[phosphate-buffered saline (PBS)] supplemented with 0.5 mM MgCl2
and 1 mM CaCl2 (Mg-Ca-PBS) (37°C), the monolayers were incubated
for 2 minutes at 37°C with Mg-Ca-PBS containing varying concentrations of MPP1 traced with [3H]MPP1, TEA1 traced with [14C]TEA1,
or 0.1 mM MPP1 traced with [3H]MPP1 plus varying concentrations of
TEA1, MPP1, or TBuA1. Uptake was stopped by washing with icecold PBS, cells were solubilized with 0.2 ml of 4 M guanidine
thiocyanate and analyzed for radioactivity.
Measurements of Initial Uptake Rates in Dissociated
HEK293 Cells at 37°C. HEK293 cells stably transfected with vector
3
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uniporters or as electroneutral cation exchangers (Busch
et al., 1996b; Arndt et al., 1998; Budiman et al., 2000; Volk
et al., 2003; Koepsell, 2011). Studying structure-function
relationships in rat OCT1 (rOCT1), we determined the effects
of several single point mutations on affinities of substrates
and inhibitors (Gorboulev et al., 1999, 2005; Popp et al., 2005;
Volk et al., 2009). We interpreted these data with the help of
homology models obtained using the crystal structure of
bacterial Lac permease transporter, which belongs to the
MFS superfamily (Pao et al., 1998; Abramson et al., 2003), as
template. To determine the effects of mutations on the
affinities of tetraethylammonium1 (TEA1) and 1-methyl-4phenylpyridinium1 (MPP1) uptake and on uptake inhibition
by the nontransported inhibitors corticosterone and tetrabutylammonium 1 (TBuA1 ), rOCT1 mutants expressed in
oocytes were characterized by measuring the uptake of
radioactive substrates or substrate-induced inward currents.
For inhibition studies, we measured the uptake of radioactive
substrates using substrate concentrations below the apparent
Michaelis-Menten constant (Km) value and a 30-minute incubation time or substrate-induced inward current using
substrate concentrations above the apparent Km value and a
45-second incubation time. For molecular interpretations, we
made simplifying assumptions (e.g., that the effects of mutations in the modeled outward-open cleft on affinities of the
inhibitors indicate inhibitor interactions with the mutated
amino acids). We became concerned about whether interpretations that were based on uptake measured after a 30-minute
incubation time hold true because these measurements are
not supposed to represent a defined transport mode.
During recent years, increasing evidence has been obtained
that indicates complex structure-function relationships in
OCTs that allow direct and indirect interactions between
structurally different substrates and/or inhibitors. Thus,
OCTs contain low-affinity and high-affinity binding sites,
and cation binding to these sites may lead to direct cation
replacement and/or allosteric interactions (Gorbunov et al.,
2008; Minuesa et al., 2009; Koepsell, 2011, 2015). Different
affinities of inhibitors of hOCT1 and hOCT2 were determined
when different substrates were used for the uptake measurement (Ahlin et al., 2011; Belzer et al., 2013; Thévenod et al.,
2013). In addition, different affinities for the inhibition of
hOCT2 were obtained when 2-minute uptake measurements
were performed in confluent cells versus 1-second uptake
measurements in dissociated cells (Thévenod et al., 2013).
In the present study, we show that mutations of individual
amino acids in rOCT1 may have quite different effects on apparent
Km values of MPP1 and TEA1 uptake, and on half-maximal IC50
values of MPP1 uptake when different experimental conditions
are used in the uptake measurements. To identify amino acids
that interact with the nontransported inhibitors TBuA1, corticosterone, and tetrapentylammonium1 (TPeA1), we analyzed the
effects of various mutations of amino acids located in the outwardopen cleft of our three-dimensional (3D) homology model on IC50
values of uptake under trans-zero conditions. The measurements
were performed in stably transfected, dissociated human embryonic kidney (HEK) 293 cells using a 1-, 5-, or 10-second incubation
time and a fixed low MPP1 concentration for uptake in inhibition studies. The obtained data suggest that five amino acids in
the outward-open cleft interact with TEA1 and/or MPP1 and
indicate that four of these interact with TBuA1, TPeA1, and/or
corticosterone.
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Fig. 1. Experimental conditions influence the effects of mutations in rOCT1
on the affinities of substrates and inhibitors. Apparent Km values for TEA+
and MPP+ uptake (A), and IC50 values for the inhibition of MPP+ uptake by
TEA+ (B) or by TBuA+ (C) mediated by rOCT1 wild-type and two rOCT1
mutants were determined using different experimental conditions, as
described in Table 1. I, Initial uptake of MPP+ or TEA+ was measured in
dissociated HEK293 cells (white bars). Incubation times of 1 second (MPP+
uptake by rOCT1 and mutant Y222F), 5 seconds (MPP+ uptake by mutant
D475E), or 10 seconds (TEA+ uptake) were used. II, Uptake of MPP+ was
measured in monolayers of HEK293 cells using an incubation time of
2 minutes, shown in gray bars. III, Uptake of MPP+ was measured in oocytes
using an incubation time of 30 minutes, shown in black bars. The apparent
Km values and IC50 values determined for the mutants presented in Table 1
were normalized to the respective mean values determined for rOCT1 wildtype. Mean 6 S.D. values of three or more experiments (Table 1) are
indicated. *P , 0.05; **P , 0.01; ***P , 0.001, significance of difference
determined by ANOVA with post hoc Tukey test; dP , 0.05; ddP , 0.01;
dddP , 0.001, significance of difference determined by Student’s t test.

experiments. When more than two groups were compared, the statistical
significance of differences was determined by analysis of variance
(ANOVA) using a post hoc Tukey comparison. The Student’s t test was
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pcDNA3.1 containing rOCT1 or rOCT1 mutants were cultivated until
confluence. The cells were washed twice with PBS and suspended in
the same buffer by shaking at room temperature. The cells were
collected by centrifugation (10 minutes, 1000g) and suspended (108
cells/ml) at 37°C in Mg-Ca-PBS. Initial uptake rates in HEK293
cells expressing wild-type rOCT1 and most mutants were measured
after incubation for 1 second with radioactively traced MPP1 or for
10 seconds with radioactively traced TEA1. In HEK293 cells expressing mutant rOCT1(D475E), which has a largely reduced transport
activity compared with wild-type rOCT1 (Gorboulev et al., 1999),
MPP1 uptake was measured after 5 seconds of incubation with
substrates. To measure the inhibition of MPP1 uptake by TEA1,
TBuA1, TPeA1, or corticosterone, the inhibitors were added together
with MPP1. Using these incubation times, the measurements are
supposed to represent trans-zero substrate uptake, and passive
diffusion of TPeA1 and corticosterone was supposed to be negligible.
To perform the short-time uptake measurements, 90 ml of HEK293 cell
suspension was placed at the bottom of 2-ml tubes and mixed by
agitation in a water bath at 37°C. The uptake measurements were
performed tube by tube employing a switched-on vortexing device and
a metronome providing a 1-s pulse. Ten microliters of Mg-Ca-PBS
buffer containing 1 mg/ml albumin and the appropriate concentration
of inhibitor and/or radioactive and nonradioactive substrate was
placed on the inner wall of the tube about 0.5 cm above the surface
of the cell suspension. Albumin was added to increase the adhesion of
the radioactive solution to the reaction vessel. Uptake measurement
was started by mixing the solutions. For uptake measurements, the
tube was added to the vortexer and stopped by the addition of 1 ml of
ice-cold stop solution after 1, 5, or 10 seconds, as indicated by the
metronome. The stop solution consisted of PBS containing 100 mM
quinine. After two centrifugation/washing steps with ice-cold stop
solution, cell pellets were solubilized with 0.2 ml of 4 M guanidine
thiocyanate. Two milliliters of scintillation liquid was added, and
radioactivity was determined by liquid scintillation counting.
Statistics and Fitting Procedures. For uptake measurements
of [3H]MPP1 or [14C]TEA1 into oocytes, at least three different
experiments employing different batches of oocytes were used. In
each experiment, 8–10 oocytes were analyzed per experimental
condition. For the determination of uptake rates of MPP1 or TEA1
into HEK293 cells, at least three different experiments were performed. In each experiment, four individual measurements were
performed per experimental condition. The software package GraphPad Prism version 4.1 (GraphPad Software, San Diego, CA) was used
to compute statistical parameters. Apparent Km values were determined by fitting the Michaelis-Menten equation (Fig. 1A; Table 1)
or the Hill equation (Figs. 2–4; Tables 2 and 3) to substrate activation
measurements. The data are presented as the replacement of
radioactive substrate by nonlabeled substrate to avoid large scatter
at high substrate concentrations. The equations used are indicated in
Supplemental Fig. 1. In wild-type rOCT1 and most mutants, the
obtained Hill coefficient was not statistically significantly different
from one, and similar apparent Km values were determined using the
Michaelis-Menten or Hill equation. Attempts to fit the two-site
competition model indicated in Supplemental Fig. 1 to the substrate
replacement curves did not resolve two sites and did not improve the
goodness of the fit. Half-maximal concentration values for the inhibition of [3H]MPP1 transport (IC50) by substrates and nontransported inhibitors were determined by fitting the Hill equation to the
data after subtracting uptake that could not be inhibited by the
highest concentration of the respective compound that was used (see
equation in Supplemental Fig. 1). Fitting the two-site competition
model shown in Supplemental Fig. 1 to the inhibition data did not
resolve two inhibitory sites. The presented apparent Km values and
IC50 values, which were obtained by fitting data from individual
experiments, are the mean 6 S.D. The curves indicated in Figs. 2–7
were obtained by fitting the Hill equation to data from the compiled
experiments. In the graphs presented, individual data points are
presented as mean 6 S.D. values from three or four individual
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TABLE 1
Comparison of apparent Km values and IC50 values of rOCT1 wild-type and two rOCT1 mutants determined under different
experimental conditions
Apparent Km values of TEA+ and MPP+ uptake and IC50 values for the inhibition of uptake of 0.1 mM MPP+ by TEA+ or TBuA+ mediated by
rOCT1, rOCT1(Y222F), and rOCT1(D475E) were determined. The measurements were performed with stably transfected HEK293 cells (I, II) or
with oocytes in which the transporters were expressed (III). I, Tracer uptake was measured in dissociated HEK293 cells at 37°C after incubation
for 1 second [MPP+ uptake in rOCT1 and rOCT1(Y222F)], 5 seconds [MPP+ uptake in rOCT1(D475E)], or 10 seconds (TEA+ uptake). In Figs. 3–5
and Supplemental Fig. 4, the compiled uptake measurements are shown. II, Tracer uptake was measured in monolayers of HEK293 cells at 37°C
after incubation for 2 min. The uptake measurements are shown in Supplemental Figs. 2 and 3. III, Tracer uptake was measured in oocytes
expressing rOCT1 or rOCT1 mutants after 30-min incubation at room temperature. These data are taken from our previous publications
(Gorboulev et al., 1999, 2005; Popp et al., 2005). The apparent Km values were calculated by fitting the Michaelis-Menten equation to the data,
whereas IC50 values were calculated by fitting the Hill equation to the data. Values are given as the mean 6 S.D. values; the numbers of
experiments are indicated in parenthesis.
rOCT1

WT
WT
WT
Y222F
Y222F
Y222F
D475E
D475E
D475E

62
384
75
59

6
6
6
6

7.6 (4)
120 (3)***
11 (8)###
15 (4)

21 6 1.5 (4)•••
18 6 5.0 (4)
18 6 1.0 (3)

MPP+ App. Km

3.9
78
4.9
5.1
87
9.0
4.8
21
3.1

6
6
6
6
6
6
6
6
6

0.5 (4)
9.8 (3)***
1.4 (4)###
1.7 (3)
16 (3)***
0.7 (3)•,###
0.9 (4)
2.1 (3)***
0.9 (3)###

TEA+ IC50

mM
42
639
132
20
526
54
53
81
8.1

6
6
6
6
6
6
6
6
6

7.1 (4)
40 (3)***
21 (6)***,###
1.5 (3)
132 (3)***
9.4 (3)••,###
8.1 (4)
17 (3)*
1.2 (3)**,###

TBuA+ IC50

8.0
8.2
0.28
0.70
6.0
0.49
0.50
0.32

0.97 0.22 (4)
6 1.8 (3)***
6 1.8 (3)***
6 0.06 (3)
6 0.08 (3)•••
6 1.1 (3)***,###
6 0.10 (3)
6 0.08 (3)
6 0.15 (3)

App., apparent; Ooc., oocytes; WT, wild-type.
*P , 0.05; **P , 0.01; ***P , 0.001 difference to experimental condition I measured by ANOVA and post hoc Tukey test; •P , 0.05; ••P , 0.01;
•••P , 0.001 difference to experimental condition I measured by Student’s t test; #P , 0.05; ##P , 0.01; ###P , 0.001 difference to experimental
condition II measured by ANOVA and post hoc Tukey test.

used for the evaluation of statistical significance of difference between two
groups. P , 0.05 was considered statistically significant.

Results
Impact of Experimental Conditions on Affinities of
rOCT1 for Substrates and Inhibitors and on Effects of
Mutations on Affinities. Largely different apparent Km
values and IC50 values for substrates and inhibitors of OCT1
were determined in various laboratories using different
expression systems and/or different experimental conditions
for transport measurements (Koepsell et al., 2007; Nies et al.,
2011). In different expression systems, such as X. laevis
oocytes and epithelial cells, transporters may exist in diverging regulatory states. Using different incubation times for
tracer uptake measurements may determine whether transzero cation import or net uptake of cation import minus cation
export is analyzed. Tracer uptake in epithelial cells and
cation-induced inward currents in voltage-clamped oocytes
may record transport activity at different membrane potentials. When testing inhibitor affinities using different substrates, it turned out that the substrate properties may
influence the IC50 values (Ahlin et al., 2011; Belzer et al.,
2013; Thévenod et al., 2013). Previously, we characterized
functional activities of wild-type rOCT1 and rOCT1 mutants
expressed in oocytes of X. laevis by measuring tracer flux
uptake after a 30-minute incubation at room temperature
(Gorboulev et al., 1999; Popp et al., 2005) and by measuring
cation-induced inward currents in voltage-clamped oocytes
(Volk et al., 2009). We also measured the effects of a few
mutations on initial rates of tracer flux at 37°C in stably
transfected HEK293 cells (Egenberger et al., 2012). In other
laboratories, functional analysis of hOCT1 was performed in
stably transfected HEK293 cells by measuring tracer flux
uptake in confluent cells using incubation times of several
minutes duration (Nies et al., 2009; Chen et al., 2010;
Tzvetkov et al., 2012; Matthaei et al., 2016).

In the present study, we compared apparent Km values and
IC50 values of wild-type rOCT1 as well as variants rOCT1
(Y222F) and rOCT1(D475E) in HEK293 cells and oocytes
using different conditions for the uptake measurements. We
measured apparent Km values for the uptake of TEA1 and
MPP1, and IC50 values for inhibition of uptake of 0.1 mM
MPP1 by TEA1 or TBuA1. Apparent Km values and IC50
values of wild-type rOCT1 and the two rOCT1 mutants are
presented in Table 1, and the effects of the mutations on
apparent Km values and IC50 values are shown in Fig. 1.
Uptake was determined at 37°C in stably transfected HEK293
cells or at room temperature in oocytes. We analyzed initial
uptake rates in dissociated HEK293 cells or uptake after a
2-minute incubation in confluent cell layers of HEK293 cells.
For measurements of initial uptake rates, incubation times
of 1 second [MPP1 uptake by wild-type rOCT1 and rOCT1
(Y222F)], 5 seconds (MPP 1 uptake by rOCT1(D475E)),
and 10 seconds (TEA 1 uptake) were used. In oocytes, the
transporter was expressed by cRNA injection, and the uptake
of radioactive MPP1 was measured after a 30-minute
incubation.
For wild-type rOCT1, similar apparent Km values for TEA1
or MPP1 were determined in dissociated HEK293 cells and in
oocytes, whereas the apparent Km values measured in confluent HEK293 cells were 5-fold to 6-fold (TEA1 uptake) or
16-fold to 20-fold (MPP1 uptake) higher (Table 1). The IC50
value for the inhibition of rOCT1-mediated uptake of 0.1 mM
MPP1 by TEA1 measured in confluent HEK293 cells was
15 times higher than in dissociated HEK293 cells and 5 times
higher than in oocytes (Table 1). For inhibition of rOCT1mediated uptake of 0.1 mM MPP1 by TBuA1, an approximately eight times lower IC50 value was determined in
dissociated HEK293 cells compared with confluent HEK293
cells or compared with oocytes (Table 1).
It is noteworthy that we observed that the experimental
conditions used for uptake measurements also influenced the
determined functional effects of the mutations. In mutant
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I: HEK 1-s uptake
II: HEK 2-min uptake
III: Ooc. 30-min uptake
I: HEK 1-s uptake
II: HEK 2-min uptake
III: Ooc. 30-min uptake
I: HEK 5-s uptake
II: HEK 2-min uptake
III: Ooc. 30-min uptake

TEA+ App. Km
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Y222F, the apparent Km value for TEA1 uptake measured in
dissociated HEK293 cells was similar to that in wild-type
rOCT1, whereas it was strongly decreased when uptake was
measured in oocytes (Fig. 1A, left panel). Replacement of
Asp475 by glutamate (mutant D475E) led to a similar strong
decrease of the apparent Km value for TEA1 uptake determined in dissociated HEK293 cells and oocytes (Fig. 1A,
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Fig. 2. Inhibition of MPP+ uptake mediated by wild-type rOCT1, rOCT1
(Y222F), or rOCT1(D475E) by TBuA+ measured at three different MPP+
concentrations far below the apparent Km values for MPP+. In HEK293
cells stably transfected with the rOCT1, rOCT1(Y222F) or rOCT1(D475E)
initial uptake measurements of 0.25, 12.5, or 100 nM MPP+ in the presence
of different concentrations of TBuA+ were performed. Mean 6 S.D. values
of three independent experiments are indicated. The data were normalized
to MPP+ uptake in the absence of TBuA+. The curves were obtained by
fitting the Hill equation to the data. Mean 6 S.D. values of Hill coefficients
are indicated that were determined by fitting the Hill equation to individual experiments. dP , 0.05 for difference to the Hill coefficient obtained
for TBuA+ inhibition measured with 100 nM MPP+ determined by
Student’s t test.

left panel). The Y222F mutation did not alter the apparent Km
value for MPP1 measured in dissociated or confluent HEK293
cells but induced an increase in apparent Km values in oocytes
(Fig. 1A, right panel). In the D475E mutant, compared with
wild-type the apparent Km value for MPP1 uptake was not
changed in dissociated HEK293 cells whereas it was decreased by different degrees in confluent HEK293 cells and
oocytes (Fig. 1A, right panel). In mutant Y222F, the IC50 value
for the inhibition of MPP1 uptake by TEA1 was decreased
compared with wild-type rOCT1 in dissociated HEK293 cells
and oocytes, whereas it was not changed in confluent HEK293
cells (Fig. 1B, left panel). At variance, upon exchange of
Asp475 with glutamate, the IC50 value for the inhibition of
MPP1 uptake by TEA1 was not changed when analyzed in
dissociated HEK293 cells, whereas it was strongly decreased
when determined in confluent HEK293 cells and oocytes (Fig.
1B, right panel). Because of the Y222F mutation, the IC50
value for inhibition of MPP1 uptake by TBuA1 was decreased
to different degrees in dissociated and confluent HEK293 cells
but was not changed in oocytes (Fig. 1C, left panel). Upon
replacement of Asp475 by glutamate, the IC50 value for the
inhibition of MPP1 uptake by TBuA1 was halved in dissociated HEK293 cells and decreased by more than 90% in
confluent HEK293 cells and oocytes (Fig. 1C, right panel).
Influence of the Substrate Concentration on the IC50
Values of Inhibitors. Since rOCT1 contains high- and lowaffinity cation binding sites (Gorbunov et al., 2008), we asked
whether the inhibitors may inhibit cation transport with
different affinities when different substrate concentrations
far below their respective apparent Km value are used for
uptake measurements. In HEK293 cells stably transfected
with rOCT1, rOCT1(Y222F), or rOCT1(D475E), we therefore
measured the inhibition of 1-second uptake [rOCT1, rOCT1
(Y222F)] or 5-second uptake [rOCT1(D475E)] of 0.25 nM
MPP1, 12.5 nM MPP1, or 0.1 mM MPP1 by various concentrations of TBuA1 and calculated the IC50 values by fitting the
Hill equation to the data (Fig. 2; Table 2). Employing the three
different MPP1 concentrations, three different IC50 values
were obtained for rOCT1 and rOCT1(D475E), whereas the
IC50 values determined for rOCT1(Y222F) were similar at all
three MPP1 concentrations. Interestingly the IC50 values
determined for rOCT1 and rOCT1(D475E) using 12.5 nM
MPP1 were lower compared with the values determined with
0.1 mM MPP1 or 0.25 nM MPP1. Under most conditions a Hill
coefficient around 1 was determined; however, Hill coefficients lower than 1 were obtained for inhibition of the uptake
of 12.5 nM MPP1 by wild-type rOCT1 and for inhibition of the
uptake of 0.25 nM MPP1 by rOCT1(D475E) (Fig. 2). Assuming
that the effects of the different MPP1 concentrations (all of
which are far below the apparent Km value of MPP1) are due to
different interactions with high-affinity MPP1 binding sites,
the data suggest that interactions with two high-affinity
MPP1 binding sites are involved. The negative cooperativity
observed under some conditions suggests that TBuA1 binds to
two binding sites that interact under the respective conditions. Using different MPP1 concentrations for the uptake
measurements, we also observed different effects of mutations
on the efficacy of TBuA1 inhibition. The mutation Y222F
decreased the IC50 value for TBuA1 inhibition of uptake of 0.1
mM MPP1 compared with wild-type rOCT1, but did not alter
the IC50 value for TBuA1 inhibition of the uptake of 12.5 nM
MPP1 or 0.25 nM MPP1 (Table 2). On the other hand, the
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Fig. 3. Substrate dependence of initial rates of MPP+ uptake mediated by
wild-type rOCT1 and rOCT1 mutants expressed in HEK293 cells. (A)
Effects of mutations of Phe160. (B) Effects of mutations of Trp218. (C)
Effects of mutations of Tyr222, Thr226, and Arg440. (D) Effects of
mutations of Leu447 and Asp475. In stably transfected HEK293 cells,
the initial uptake rates of 12.5 nM MPP+ traced with [3H]MPP+ were

measured without and with the addition of nonradioactive MPP+. The total
concentrations of MPP+ are indicated on the abscissa. Mean 6 S.D. values
of three or four independent experiments are shown. The data were
normalized to uptake of 12.5 nM MPP+. The replacement curves of [3H]
MPP+ uptake by nonradioactive MPP+ were obtained by fitting the Hill
equation to the data. Mean 6 S.D. values of Hill coefficients are indicated
that were determined by fitting the Hill equation to individual experiments. dP , 0.05, for difference to the Hill coefficient of wild-type rOCT1
determined by Student’s t test. mMean value of Hill coefficient is more
than 2 the S.D. below 1.
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mutation D475E decreased the IC50 value for TBuA1 inhibition of the uptake of 0.1 mM and 12.5 nM MPP1, but
increased the IC50 for TBuA1 inhibition of the uptake of 0.25
nM MPP1.
Effects of Mutations in rOCT1 on Apparent Km
Values for MPP1 and TEA1 Determined from Initial
Uptake Rates in Transfected HEK293 Cells. Measuring
the inhibition of TEA1-induced currents by corticosterone in
oocytes expressing rOCT1 mutants, we previously identified
five amino acids (Phe160, Trp218, Arg440, Leu447, and
Asp475) that are located in the outward-open cleft of our 3D
structural model and influence the efficacy of corticosterone
for the inhibition of TEA1 uptake (Volk et al., 2009). Performing 30-minute uptake measurements of TEA1 and MPP1 in
oocytes expressing wild-type rOCT1 and mutants W218F and
D475E, we observed that replacement of Asp475 by glutamate
changed the apparent Km for TEA1 uptake whereas the
replacement of Trp218 by phenylalanine did not alter the
apparent Km values for TEA1 and MPP1 (Gorboulev et al.,
1999; Popp et al., 2005). To study the functional significance of
Phe160, Trp218, Arg440, Leu447, and Asp475 in the outwardfacing cleft of our 3D structural model under optimal experimental conditions, we analyzed mutants F160A, F160Y,
W218L, W218F, W218Y, R440K, L447F, L447Y, and D475E
on trans-zero uniport transport activity by measuring the
initial uptake rates of MPP1 and TEA1 in dissociated, stably
transfected HEK293 cells. Replacements of Phe160 by tyrosine or alanine; of Trp218 by phenylalanine, tyrosine, or
leucine; and of Leu447 by phenylalanine or tyrosine were
performed to determine effects of slightly and distinctly
different structural changes. We also investigated the effects
of mutations Y222F and T226A because uptake measurements in oocytes revealed effects on apparent Km values for
TEA1 and/or MPP1 by these mutations, although in our 3D
structural models these amino acids were only found accessible in the inward-open cleft (Popp et al., 2005; Volk et al.,
2009).
In HEK293 cells, the apparent Km value for MPP1 determined by fitting the Hill equation to the data was increased
when Phe160 was exchanged by alanine or tyrosine, whereas
the apparent Km value for TEA1 was not changed (Figs. 3A
and 4A; Table 3). Although Hill coefficients at approximately
1 were determined for MPP1 uptake by wild-type rOCT1 and
mutant F160A and for TEA1 uptake by wild-type rOCT1 and
mutants F160A and F160Y, a negative cooperativity was
obtained for MPP1 uptake by mutant F160Y (Figs. 3A and
4A). In HEK293 cells stably transfected with mutant W218Y,
the apparent Km value for MPP1 uptake was strongly decreased compared with wild-type rOCT1 and a negative
cooperativity was induced, whereas the apparent Km and Hill
coefficient for TEA1 uptake remained unaltered (Figs. 3B and
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Fig. 4. Substrate dependence of initial rates of TEA+ uptake mediated by
wild-type rOCT1 and rOCT1 mutants expressed in HEK293 cells. (A)
Effects of mutations of Phe160. (B) Effects of mutations of Trp218. (C)
Effects of mutations of Tyr222, Thr226, and Arg440. (D) Effects of
mutations of Leu447 and Asp475. In stably transfected HEK293 cells,
the initial uptake rates of 1 mM TEA+ traced with [14C]TEA+ were
measured in the presence of different concentrations of nonradioactive
TEA+. The total concentrations of TEA are indicated on the abscissa. Mean
6 S.D. values of three or four independent experiments are shown. The

data were normalized to the uptake of 1 mM TEA+. The replacement curves
of [14C]TEA+ uptake by nonradioactive TEA+ curves were obtained by
fitting the Hill equation to the data. Mean 6 S.D. values of Hill coefficients
are indicated that were determined by fitting the Hill equation to individual experiments. ddP , 0.01, for difference to the Hill coefficient of wildtype rOCT1 determined by Student’s t test.
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4B; Table 3). When Trp218 was replaced by phenylalanine, the
apparent Km value for MPP1 uptake and the Hill coefficient
remained unchanged; however, the apparent Km value for
TEA1 uptake was increased. In mutant W218L, no statistically significant TEA1 uptake could be detected, whereas the
apparent Km for MPP1 uptake was increased. The apparent
Km values for MPP1 and TEA1 uptake and the respective Hill
coefficients were not altered when Tyr222 was replaced by
phenylalanine (Figs. 3C and 4C; Table 3). In mutant T226A
compared with wild-type, the apparent Km value for MPP1
uptake was increased and a negative cooperativity was induced, whereas the apparent Km value and Hill coefficient for
TEA1 uptake remained unchanged (Figs. 3C and 4C; Table 3).
In mutants R440K, L447F, L447Y, and D475E compared with
wild-type, the apparent Km value for MPP1 uptake remained
unchanged; however, a negative cooperativity was induced in
D475E (Fig. 3, C and D; Table 3). The apparent Km value for
TEA1 uptake compared with wild-type was decreased in
mutants R440K and D475E, increased in mutant L447F,
and unchanged in mutant L447Y. The respective Hill coefficient was increased in mutant R440K and not altered in
mutants L447F, L447Y, and D475E (Fig. 4, C and D; Table 3).
Considering that Phe160, Trp218, Arg440, Leu447, and
Asp475 have been located in our 3D models to the outwardand inward-open binding cleft whereas Thr226 has been only
assigned to the inward-open cleft (Popp et al., 2005; Volk et al.,
2009), and assuming that extracellular substrate binding
rather than intracellular substrate dissociation determines
the apparent Km measured under trans-zero conditions (see
Discussion), the data may be interpreted as follows: the effects
of the mutations of Trp218 on apparent Km values for MPP1
and TEA1 uptake suggest that Trp218 interacts directly with
both substrates in the outward-open cleft. Direct interaction of
MPP1 with Phe160 in the outward-open cleft is also suggested
by the effects of mutations on the apparent Km values for
MPP1 uptake, whereas direct interactions of TEA1 with
Arg440, Leu447, and Asp475 are suggested by altered Km
values observed for TEA1 uptake. The Hill coefficients
different from 1 observed for MPP1 uptake in mutants
F160Y, W218Y, and D475E suggest the existence of two
transport-relevant binding sites for MPP1 in which cooperative interactions are induced by the respective mutations. The
effect of the mutation of Thr226 on the Km for MPP1 uptake
may be due to an allosteric effect on substrate binding to the
outward-open cleft.
Different Effects of Mutations in rOCT1 on IC50
Values for Inhibition of MPP1 Uptake by TEA1 Versus
Apparent Km Values of TEA1 Uptake. Measurements
with rOCT1, rOCT1(Y222F), and rOCT1(D475E) presented
in Table 1 indicate that under identical experimental conditions partially different values were determined for the
apparent Km value of TEA1 uptake versus the respective
IC50 value for the inhibition of 0.1 mM MPP1 uptake by TEA1.
In some cases, different effects of mutagenesis on the apparent
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TABLE 2
Influence on the substrate concentration used for uptake measurement on affinity of TBuA+ for
inhibition of MPP+ uptake mediated by rOCT1 wild-type and two rOCT1 mutants
Initial uptake of different concentrations of MPP+ into HEK293 cells stably transfected with rOCT1, rOCT1(Y222F),
or rOCT1(D475E) was measured in the presence of different concentrations of TBuA+, and the IC50 values for TBuA+
inhibition were determined by fitting the Hill equation to data of individual experiments. Mean 6 S.D. values of
three or four experiments are shown. The compiled uptake measurements and the calculated Hill coefficients are
shown in Fig. 2.

Transporter

rOCT1
rOCT1(Y222F)
rOCT1(D475E)

IC50 Values for Inhibition of MPP+ Uptake by TBuA+ Using Different Concentrations of
MPP+
100 nM MPP+

12.5 nM MPP+

0.25 nM MPP+

1.14 6 0.04 mM
0.30 6 0.03 mM***
0.72 6 0.13 mM**

0.26 6 0.01 mM##,■■
0.27 6 0.02 mM
0.17 6 0.04 mM**,ΔΔ,•••

0.57 6 0.07 mM#
0.36 6 0.14 mM
6.80 6 0.68 mM***,###

WT, wild-type.
ANOVA with post hoc Tukey test: **P , 0.01; ***P , 0.001 for difference to rOCT1 measured with the same
concentration of MPP+; #P , 0.05; ###P , 0.001 for difference to the IC50 value obtained with 100 nM MPP+; •••P ,
0.001, for difference to the IC50 value obtained with 0.25 nM MPP+. Student’s t test: ΔΔP , 0.01 for difference to the
IC50 value obtained with 100 nM MPP+; ■■P , 0.01 for difference to the IC50 value obtained with 0.25 nM MPP+.

inhibition. However, several mutations alter the affinities of
the inhibitors for rOCT1, as indicated by altered IC50 values
(Table 4). The IC50 values of TBuA1, TPeA1, and corticosterone were decreased when Asp475 was replaced by glutamate
and altered after the replacement of Trp218 by phenylalanine,
tyrosine, and/or leucine. Different effects of the mutations
were observed for different inhibitors. For example, in mutant
W218F the IC50 value for TBuA1 was increased 5.3-fold, the
IC50 value for TPeA1 was decreased 9-fold, and the IC50 value
for corticosterone was increased 2.7-fold. Notably, largely
different IC50 values were obtained when Trp218 was replaced
by tyrosine versus phenylalanine, although the replaced
amino acids only differ by one hydroxyl group. In mutant
W218Y, the IC50 for TBuA1 was 10.6 times lower than in
W218F, whereas the IC50 values for TPeA1 and corticosterone
were increased 6.7-fold and 3.3-fold, respectively. Upon
exchange of Phe160 by alanine, the IC50 values for TBuA1
and corticosterone were decreased 2.3-fold and 2.9-fold, respectively, whereas the IC50 value for TPeA1 was not changed.
TABLE 3
Apparent Km values of MPP+ and TEA+ transport mediated by rOCT1
wild-type and rOCT1 mutants
Initial uptake rates of nine different concentrations radioactively traced MPP+ or
TEA+ were measured at 37°C in stably transfected HEK293 cells and apparent Km
values were determined by fitting the Hill equation to data of individual
experiments. Mean values 6 S.D. of three or four separate experiments are shown.
The compiled uptake measurements and the calculated Hill coefficients are shown in
Figs. 3 and 4.
rOCT1

WT
F160A
F160Y
W218F
W218Y
W218L
Y222F
T226A
R440K
L447F
L447Y
D475E

Transport of
TEA+
App. Km

Transport of MPP+
App. Km

4.7
10.6
13.3
5.0
0.75
11.9
5.0
8.8
4.2
3.1
5.6
4.9

6
6
6
6
6
6
6
6
6
6
6
6

mM
0.8
0.9***
4.6***
1.8
0.09ΔΔΔ,#
1.8***,•••
1.8
1.9ΔΔ
1.0
0.7
1.5
2.0

67 6 9.9
57 6 8.3
84 6 22
230 6 28***
61 6 7.2•••
No uptake
55 6 11
60 6 7.7
32 6 6.0ΔΔ
167 6 23***
80 6 6.1uuu
19 6 2.9***

App., apparent; WT, wild-type.
ANOVA with post hoc Tukey test: ***P , 0.001 difference to wild-type, •••P ,
0.001, difference to W218F, uuuP , 0.001 difference to L447F; Student’s t test:
ΔΔP , 0.01; ΔΔΔP , 0.001 difference to wild-type, #P , 0.05 difference to W218F.
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Km value versus the respective IC50 value were observed.
These data indicate complex interactions between MPP1 and
TEA1 that are influenced by single point mutations. To
evaluate the impact of all investigated mutations on these
interactions between MPP1 and TEA1, we also measured the
IC50 values for inhibition of the uptake of 0.1 mM MPP1 by
TEA1 after mutation of Phe160, Trp218, Thr226, Arg440, or
Leu447. The data obtained for wild-type rOCT1 and all
investigated mutants are shown in Supplemental Fig. 4. In
Supplemental Table 1, a comparison between the IC50 values
for TEA1 inhibition of MPP1 uptake and the apparent Km
values for TEA1 uptake is presented. In wild-type rOCT1, the
IC50 value is 37% smaller than the apparent Km value. For
mutants F160A, W218F, W218Y, R440K, and L447Y, similar
IC50 and apparent Km values were determined, whereas 2.7fold to 3.8-fold diverging IC50 and apparent Km values were
obtained for mutants F160Y, Y222F, T226A, L447F, and
D475E. In consequence, these mutations induced different
effects on the IC50 and apparent Km values. Whereas for the
inhibition of MPP1 uptake by TEA1 in wild-type rOCT1 and
most mutants a Hill coefficient of approximately 1 one was
determined, positive cooperativity was observed for mutant
F160Y and negative cooperativity was observed for mutants
W218L, T226A, and L447F (Supplemental Fig. 4). The
observations suggest the effects of mutations of Phe160,
Tyr222, Thr226, Leu447, and Asp475 on simultaneous binding of TEA1 and MPP1, which allow mutual direct and/or
allosteric interactions between the two substrates.
Effects of Mutations in rOCT1 on IC50 Values for
Inhibition of MPP1 Uptake by Nontransported Inhibitors. Next, we determined whether the above-mentioned
mutations in rOCT1 influence the inhibition of 1- or 5-second
uptake of 0.1 mM MPP1 by TBuA1, TPeA1, and corticosterone
(Figs. 5–7; Table 4). Since these inhibitors are not transported
by rOCT1 (Nagel et al., 1997; Gorboulev et al., 1999, 2005;
Koepsell et al., 2007; Volk et al., 2009) and passive diffusion
during 1- or 5-second incubation can be neglected, the inhibition must be due to binding of the inhibitors to the
outward-open cleft of rOCT1. MPP1 uptake mediated by
wild-type rOCT1 was reduced .90% by 50 mM TBuA1 (Fig.
5), .95% by 10 mM TPeA1 (Fig. 6), and .95% by 200 mM
corticosterone (Fig. 7). With one exception (inhibition of the
mutant W218L by TPeA1) (Fig. 6B), the obtained inhibition
curves suggest that the mutations do not diminish maximal
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TBuA + . The curves were obtained by fitting the Hill equation to the
data. Mean 6 S.D. values of Hill coefficients are indicated that were
determined by fitting the Hill equation to individual experiments.
d P , 0.05; dd P , 0.01, for difference to the Hill coefficient of wild-type
rOCT1 determined by Student’s t test.
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Fig. 5. Inhibition of MPP + uptake mediated by rOCT1 wild-type or
rOCT1 mutants by extracellular TBuA + . (A) Effects of mutations of
Phe160. (B) Effects of mutations of Trp218. (C) Effects of mutations of
Tyr222, Thr226, and Arg440. (D) Effects of mutations of Leu447 and
Asp475. In stably transfected HEK293 cells, initial uptake rates of
0.1 mM MPP + traced with [ 3 H]MPP + were measured in the absence
and presence of different concentrations of TBuA + . Mean 6 S.D.
values of three or four independent experiments are indicated. The
data were normalized to MPP + uptake measured in the absence of

The conservative exchange of Phe160 by tyrosine only altered
the IC50 value for TBuA1, a 10-fold increased concentration
was required for half-maximal inhibition. In the mutant
T226A, the IC50 values for TBuA1 and corticosterone were
increased 6.5-fold and 3-fold, respectively, whereas in the
variant L447Y the IC50 values for TPeA1 and corticosterone
were increased 1.8-fold and 3-fold, respectively.
For inhibition of wild-type rOCT1 and most rOCT1 mutants
by TBuA1, TPeA1, or corticosterone, Hill coefficients at
approximately 1 were observed (Figs. 5–7). However, for the
inhibition of MPP1 uptake by TBuA1, negative cooperativity
was induced after replacement of Phe160 by tyrosine, after
replacement of Trp218 by phenylalanine, and after replacement of Tyr222 by phenylalanine (Fig. 5). For the inhibition of
MPP1 uptake by TPeA1, negative cooperativity was induced
when Trp218 was replaced by phenylalanine (Fig. 6), whereas
for inhibition of MPP1 uptake by corticosterone negative
cooperativity was observed in mutants F160Y, W218F, and
L447F (Fig. 7).
The data suggest that Asp475 and Trp218 are directly
involved in the binding of TBuA1, TPeA1, and corticosterone
to the outward-open cleft, that Leu447 participates in binding
of TPeA and corticosterone to the outward-open cleft, and that
Phe160 is directly involved in the binding of TBuA1 from the
extracellular side. The observation of cooperativity for the
inhibition of MPP1 uptake by TBuA1, TPeA1, and corticosterone in some mutants suggests that rOCT1 contains more
than one extracellular binding sites for each of these inhibitors. Because Thr226 has been found to be accessible at the
inward-open but not at the outward-open cleft of our 3D
structural models of rOCT1, the exchange of Thr226
by alanine in this position probably exhibits an allosteric
effect on the extracellular binding sites of TBuA1 and
corticosterone.
Re-evaluation of Previous Model-Predicted Locations of the Phe160, Trp218, Arg440, and Asp475 within
the Outward-Open Cleft of rOCT1 Using a New Model
of hOCT1. The mechanisms proposed to explain the observed effects of the analyzed mutations depend largely on
the assigned locations of the respective residues in the
outward-open cleft and hence depend on the quality of the
outward-facing 3D homology rOCT1 model (Gorbunov et al.,
2008; Volk et al., 2009). Our outward-facing 3D model was
built manually on the basis of a 3D homology rOCT1 model in
the inward-facing conformation that was modeled from the
crystal structure of lactose permease (Abramson et al., 2003;
Popp et al., 2005). To obtain the outward-open conformation,
we assumed (and used) a rigid-body movement of the first (Nterminal) six helices with respect to the last (C-terminal) six
helices, which transformed the inward-open confirmation into
an outward-open conformation. Minor manual rebuilding
allowing for some intrahelical motions and drifting of individual domains was necessary to remove van der Waals
clashes. A very similar helix rearrangement has been proposed, modeled, and also experimentally verified for lactose
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Discussion

Fig. 6. Inhibition of MPP+ uptake mediated by wild-type rOCT1 or rOCT1
mutants by extracellular TPeA+. (A) Effects of mutations of Phe160. (B)
Effects of mutations of Trp218. (C) Effects of mutations of Tyr222, Thr226,
and Arg440. (D) Effects of mutations of Leu447 and Asp475. In stably
transfected HEK293 cells, initial uptake rates of 0.1 mM MPP+ traced with
[3H]MPP+ were measured in the absence and presence of different
concentrations of TPeA+. Mean 6 S.D. values of three or four independent
experiments are indicated. The measurements were performed, and the

We report that the experimental conditions used for studying the transport and inhibition of rOCT1 can have dramatic
impact on the effects of mutations on affinities. The data are
relevant for in vitro characterization of drug interactions with
OCTs and OCT mutants and for molecular interpretation of
mutagenesis experiments. Measuring initial uptake rates
under trans-zero conditions in stably transfected HEK293
cells, we identified the interactions of inhibitors and determined the probable interactions of substrates with five amino
acids in the outward-open cleft of rOCT1. Trp218 and Asp475
most likely interact with the nontransported inhibitors
TBuA1, TPeA1, and corticosterone, and presumably also with
one or two substrates (Asp475 with TEA, and Trp218 with
MPP1 and TEA1). Phe160 most likely interacts with TBuA1
and corticosterone, and probably also with MPP1, whereas
Leu447 most likely interacts with TPeA1, and probably also
with TEA1. Arg440 probably interacts with TEA1. Fitting the
Hill equation to data describing the concentration dependence
of MPP1 uptake, Hill coefficients smaller than one were
determined for four mutants. This suggests the existence of
two transport-relevant, low-affinity MPP1 binding sites that
exhibit negative cooperativity in the respective mutants.
Recent experiments support this interpretation (unpublished
data). Measuring MPP1 binding to rOCT1 and rOCT1 mutants, which were reconstituted into lipid nanodiscs (Bayburt
and Sligar, 2002), and measuring MPP1 uptake into proteoliposomes containing rOCT1 and rOCT1 mutants, we
observed that rOCT1 contains two low-affinity, transportrelevant MPP1 binding sites per rOCT1 monomer that have

data were calculated and are presented as in Fig. 5. Student’s t tests:
dddP , 0.001, for difference to the Hill coefficient of wild-type rOCT1,
mmmP , 0.001, for difference to the Hill coefficient of mutant W218Y.
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permease (Ermolova et al., 2006; Holyoake and Sansom, 2007;
Kaback et al., 2007). Recently, an outward-facing partially
closed structure of hOCT1 was modeled using crystal structures of various transporters from the MFS superfamily as
templates (Dakal et al., 2017). With the exception of Leu447
(with isoleucine in the corresponding position of hOCT1), the
amino acids of rOCT1 investigated in this article are conserved in hOCT1 (Supplemental Fig. 5). The positions of the
amino acids mutated in our study that were assigned to the
outward-facing cleft are highly similar between our rOCT1 3D
model and the novel 3D model of hOCT1 in an outward-facing
conformation (Supplemental Fig. 6). Both models predict that
Phe160, Trp218 (Trp217), Arg440 (Arg439), Leu447 (Ile446).
and Asp475 (Asp474) are located within the extracellular cleft
and presumably are accessible from the extracellular side. In
Fig. 8, views from the extracellular space into the outwardfacing cleft of our 3D rOCT1 model are presented and the
mutated amino acids, which are accessible from the extracellular space, are indicated. In the model, Phe160, Trp218,
Arg440, Leu447, and Asp475 are surface accessible in the
outward-open cleft. Trp218 and Asp475 are located in close
proximity with Phe160 and Leu447 in nearby positions. In
contrast, Arg440 is located at some distance on the opposite
side of the cleft.
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TABLE 4
Inhibition of MPP+ uptake via rOCT1 wild-type (WT) and rOCT1 mutants
by three nontransported inhibitors
Uptake measurements were performed at 37°C in stably transfected HEK293 cells
using an incubation time of 1 s, except in mutant D475E where a 5-s incubation was
performed. Uptake of 0.1 [3H]MPP+ was measured in the presence of different
concentrations of TBuA+, TPeA+, and corticosterone. Mean 6 S.D. values of three to
five separate experiments are shown. The compiled uptake measurements and the
calculated Hill coefficients are shown in Figs. 5–7.
rOCT1

0.97
0.42
9.8
5.1
0.48
5.13
0.28
6.4
1.28
1.40
1.04
0.49

6
6
6
6
6
6
6
6
6
6
6
6

0.22
0.04#
1.9***
0.20***
0.06#,•••
1.04***
0.06##
1.6***
0.38
0.29
0.14
0.10#

TPeA+ IC50

0.27
0.19
0.33
0.03
0.20
0.41
0.18
0.30
0.26
0.51
0.49
0.12

6
6
6
6
6
6
6
6
6
6
6
6

mM
0.05
0.04
0.09
0.01***
0.03••
0.05##,•••
0.02
0.01
0.05
0.09**
0.07**
0.03*

Corticosterone IC50

6.9
2.36
8.65
18.8
61.5
4.07
7.07
20.7
6.00
8.12
20.6
2.26

6
6
6
6
6
6
6
6
6
6
6
6

1.57
0.59##
0.75
4.3**
11.6***,•••
1.29••
1.69
6.0**
1.39
2.32
4.0**,u
0.31##

WT, wild-type.
ANOVA with post hoc Tukey test: **P , 0.01, ***P , 0.001 difference to wildtype; ddP , 0.01, dddP , 0.001 difference to W218F; uP , 0.05 difference to L447F;
Student’s t test: #P , 0.05, ##P , 0.01 difference to wild-type.

Fig. 7. Inhibition of MPP+ uptake mediated by wild-type rOCT1 or rOCT1
mutants by extracellular corticosterone. (A) Effects of mutations of
Phe160. (B) Effects of mutations of Trp218. (C) Effects of mutations of
Tyr222, Thr226, and Arg440. (D) Effects of mutations of Leu447 and
Asp475. In stably transfected HEK293 cells, initial uptake rates of 0.1 mM
MPP+ traced with [3H]MPP+ were measured in the absence and presence of
different concentrations of corticosterone. Mean 6 S.D. values of three or

similar dissociation constants and are located in the modeled
outward-facing cleft of rOCT1.
Our interpretations concerning the interactions of the
inhibitors or substrates with amino acids in the outwardopen cleft are based on two or three presumptions, respectively. First, it is presumed that Phe160, Trp218, Leu447,
Arg440, and Asp475 are located at the inner surface of the
outward-facing cleft of rOCT1 as predicted by modeling (see
Fig. 8). The second presumption is that the changes in
affinities observed in the mutants reflect direct effects on the
binding of the substrates and/or inhibitors to the respective
amino acids. Our interpretation concerning the interaction of
the substrates is additionally based on the presumption that
the determined apparent Km values measuring initial uptake
rates reflect the binding affinities of these compounds to the
extracellular-facing cleft.
Due to the limited sequence homology of rOCT1 and hOCT1
to their structure templates and the fact that the conformational variability of the transporters is not known, the predictive potential of the models is inherently limited. However,
considering that the models of rOCT1 and hOCT1 were
derived from rather different modeling techniques and are
based on quite different structure templates, the finding of
highly similar positions for the five amino acid residues in the
outward-facing clefts might serve as an indication that these
models come close to the real OCT1 structure and our first
presumption is justified (see Supplemental Fig. 6).
Although a potential involvement of allosteric effects on the
binding of inhibitors is indicated by the observation of affinity
changes of nontransported inhibitors upon mutation of
Thr226, which is not accessible from the extracellular side
(Supplemental Fig. 6; Table 4), it is more likely that the
nontransported inhibitors directly interact with Phe160,

four independent experiments are indicated. The measurements were
performed, and the data were calculated and presented as in Fig. 5. mMean
value of Hill coefficient is more than 2 S.D. values below 1.
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Trp218, Arg440, Leu447, and Asp475. Thus, according to our
model these amino acids are located at the surface of the
outward-open cleft (Fig. 8; Supplemental Fig. 6), and mutating
these amino acids affects both the IC50 values for nontransported inhibitors and the apparent Km values of substrates
(Tables 3 and 4). In addition, the exchange of Phe160, Trp218,
and Leu447 for different amino acids alters the affinities of
structurally diverse nontransported inhibitors in different
ways (Table 4).
The third presumption that the Km values reflect the
affinities of MPP1 and TEA1 binding to the outward-facing
cleft, probably matches reality, because we measured initial
uptake rates, and OCT1 operates as a cellular uptake system,
which is supposed to have a higher affinity for extracellular
substrate binding compared with intracellular substrate
dissociation (Koepsell, 2011).
We showed that the experimental conditions used for
in vitro uptake measurements in transfected HEK293 cells
have dramatic effects on the affinities of substrates and
inhibitors. Not only were the apparent Km values of rOCT1mediated cation transport and the IC50 values for the inhibition of transport different, but so also were the effects of
mutations on apparent Km values and IC50 values when
uptake was measured in dissociated HEK293 cells using 1-,
5-, or 10-second incubation times compared with uptake
measurements performed with confluent HEK293 cells using
a 2-minute incubation time. The differences may be due to
differing regulatory states of OCT1 in dissociated versus

confluent cells, to different impacts of unstirred layer effects,
and/or to the assessment of different transport modes. When
dissociated HEK293 cells expressing rOCT1 or hOCT1 were
incubated for 1–3 seconds with radioactively labeled MPP1
while performing vigorous shaking, initial linear uptake rates
were determined that are higher compared with the uptake
rates observed later on (Busch et al., 1996a; Minuesa et al.,
2009). These initial uptake rates represent a uniport transport
mode involving extracellular substrate binding, substrate
translocation, intracellular substrate dissociation, and reorientation of the empty transporter (Koepsell 2011). In performing a 2-minute incubation, the transport mode may
change during incubation because of an increase of intracellular substrate. This may lead to transporter-mediated efflux
of radioactive substrate resulting in a slowed-down net uptake
of radioactivity. It is noteworthy that the apparent linearity of
radioactive uptake, which has been reported for cell layers
using incubation times between 30–60 seconds and 2–5 minutes (Bednarczyk et al., 2003; Cheng et al., 2011; Chen et al.,
2017), did not exclude higher uptake rates within the first
seconds. Measuring the uptake of 0.1 mM radioactively labeled
MPP1 in monolayers of HEK293 cells stably transfected with
rOCT1 or hOCT1 between incubation times of 30 seconds and
10 minutes, we observed a relatively high cell-associated
MPP1 concentration at 30 seconds that is most probably due
to a rapid initial uptake rate (Busch et al., 1996a; Minuesa
et al., 2009) and a much slower linear uptake between
30 seconds and 2 minutes (Supplemental Fig. 7). Because
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Fig. 8. Views from the extracellular side on the 3D structural model of the outward-facing conformation or rOCT1 with indicated positions of Phe160,
Trp218, Arg440, Leu447, and Asp475. (A) Secondary structure cartoon in which the 12 transmembrane helices are shown as solid tubes and numbered
accordingly. The residues are shown as sticks, with Phe160 shown in magenta, Trp218 shown in green, Arg440 shown in blue, Leu 447 shown in yellow,
and Asp475 shown in red. (B) Surface representation of (A) using the same color coding. (C) Surface representations of the outward-facing conformation of
rOCT1 viewed from different angles in which the surface representation of Phe160 or Leu447 becomes visible. Trp218 and Asp475 with nearby Phe160
and Leu447 form one surface patch. Arg440 in a distant location is also well accessible to the surface.
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mutations may change cation import and cation export differently and because net uptake of radioactive substrate observed
after a 2-minute incubation probably reflects the difference
between uptake and efflux of the radioactive substrate, it is
difficult to explain the functional effects of mutations observed
after a 2-minute incubation on the molecular level.
Recently, we observed that the uptake of MPP1 in HEK293
cells stably transfected with hOCT1 was inhibited with
different affinities by pentamidine when MPP1 was applied
at different concentrations far below the apparent Km value
for MPP1 (Minuesa et al., 2017). This indicates that the
affinity of inhibitors is not only influenced by the molecular
structure of the transported drug as described previously
(Belzer et al., 2013; Thévenod et al., 2013), but also by the
concentration of the substrate. In the present study, we
showed also for rOCT1 that the inhibitor sensitivity is dependent on the substrate concentration. Furthermore, we
demonstrated that the substrate concentration also influences
the effects of mutations on inhibitor sensitivity. We determined different IC50 values for the inhibition of rOCT1mediated MPP1 uptake by TBuA1 using different nanomolar
concentrations of MPP1 and showed that the influence of
nanomolar MPP1 concentrations on the IC50 value for TBuA1
was altered differently in different OCT1 mutants. The most
probable explanation for these properties of the transporter is
that differing occupation of high-affinity substrate binding
sites induces different allosteric effects on the transportrelevant cation binding sites and that mutations within the
transport-relevant sites modulate this allosteric response.
The dramatic impact of experimental conditions on the
measured affinities of substrates and inhibitors should be
considered for further investigation of the structure-function
relationship by mutagenesis, and for in vitro analysis of how
polymorphisms influence drug affinities and drug-drug interactions at hOCT1 or the other OCT subtypes (Koepsell, 2015). To
characterize the molecular impact of individual amino acids on
binding or transport in mutagenesis studies defined transport
modes should be analyzed. For example, initial trans-zero uptake
may be determined as performed in the present study using
short-term incubation of dissociated cells including rigorous
shaking to minimize unstirred layer effects. For in vitro characterization of the effects of polymorphisms in hOCT1, human
OCT2, or human OCT3 on drug transport or for in vitro
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Hence in vivo transport measured with relatively long incubation
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initial uptake. Measuring the inhibition of OCT-mediated drug
transport by a second drug, drug concentrations within the
ranges of their free blood concentrations should be used and the
tests should be extended to frequently occurring polymorphisms
in the respective transporter (Koepsell, 2015).
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Abstract
The most commonly used oral antidiabetic drug metformin is a substrate of the hepatic uptake
transporter OCT1 (SLC22A1). However, OCT1 deficiency leads to more pronounced reductions of
metformin concentrations in mouse than in human liver. Similar discrepancies of the effects of OCT1
deficiency between human and mouse were reported for the endogenous OCT1 substrate thiamine
(vitamin B1). Here, we compared the uptake characteristics of metformin and thiamine between human
and mouse OCT1 using stably transfected HEK293 cells. The affinity for metformin was 4.9-fold lower
in human than in mouse OCT1, resulting in a 6.5-fold lower intrinsic clearance. Therefore, the estimated
liver-to-blood partition coefficient is only 3.3 in human compared to 13.4 in mouse that may explain
higher intrahepatic concentrations in mice. Similarly, the apparent affinity for thiamine was 9.5-fold
lower in human than in mouse OCT1. Using human-mouse chimeras we showed that simultaneous
substitution of transmembrane helices TMH2 and TMH3 resulted in the reversal of affinity for
metformin. Using homology modelling we suggest several explanations, of which a different interaction
of Leu155 (human TMH2) compared to Val156 (mouse TMH2) with residues in TMH3 had the
strongest experimental support. In conclusion, the contribution of human OCT1 to the hepatic uptake of
thiamine and especially of metformin may be much lower than that of mouse OCT1. This may lead to
an overestimation of the effects of OCT1 in humans when using the mouse as a model. Nevertheless,
comparative analyses of human and mouse orthologues may help reveal important mechanisms of OCT1
transport.

Significance statement
OCT1 is the major hepatic uptake transporter of metformin and thiamine, but we report strong
differences in the affinity for both compounds between human and mouse OCT1. Consequently,
intrahepatic metformin concentrations could be much higher in mice than in humans, impacting
metformin actions and representing a strong limitation of using rodent animal models for predictions of
OCT1-related pharmacokinetics and efficacy in humans. Furthermore, TMH2 and TMH3 in OCT1 were
identified to confer the observed species-specific differences in metformin affinity.
3

Introduction
Metformin is the most commonly prescribed oral antidiabetic drug. It reduces plasma glucose and has
favorable effects on lipid metabolism. Metformin acts both in the liver and in the gut (Rena et al., 2017).
In hepatocytes, metformin decreases glucose production and lipogenesis both by AMPK-dependent and
AMPK-independent mechanisms.
At physiological pH, metformin is almost entirely present as organic cation (pKa of 12.04, estimated
99.998% positively charged molecules). Therefore, metformin depends highly on transporter proteins
to enter hepatocytes. The organic cation transporter 1 (OCT1, SLC22A1), which is strongly expressed
in the sinusoidal membrane of hepatocytes, has been demonstrated to be the major hepatic uptake
transporter of metformin (Wang et al., 2002; Shu et al., 2007). In humans, OCT1 is genetically highly
variable. Nine percent of Europeans and White Americans are carriers of two reduced function or lossof-function OCT1 alleles and are so-called poor OCT1 transporters (Kerb et al., 2002; Shu et al., 2003;
Tzvetkov et al., 2011; Seitz et al., 2015). In some specific populations like Surui Indians, this percentage
may increase up to 80% (Seitz et al., 2015). These genetic OCT1 variants are expected to affect the
hepatic uptake and thus the efficacy of metformin.
Indeed, OCT1 knockout in mice reduced metformin concentrations in the liver by up to 30-fold (Wang
et al., 2002; Wang et al., 2003) and abolished the glucose-lowering effects of metformin (Shu et al.,
2007). OCT1 deficiency in mice has been suggested to lead to an absolute lack of metformin uptake into
hepatocytes (Wang et al., 2002). Also in humans, genetic variants leading to decreased OCT1 activity
were associated with reduced intrahepatic concentrations of metformin (Sundelin et al., 2017). However,
despite some initial reports of reduced response to metformin in poor OCT1 transporters (Shu et al.,
2007), larger studies and meta-analyses could not confirm the association of OCT1 genetic variants with
reduced efficacy of metformin in humans (Zhou et al., 2009; Dujic et al., 2017).
Similarly, OCT1 was identified as a relevant transporter of thiamine (vitamin B1) in the mouse liver
(Chen et al., 2014). OCT1 knockout in mice resulted in higher thiamine plasma levels likely due to
decreased hepatic extraction (Chen et al., 2014; Liang et al., 2018). However, a recent study in humans
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showed no differences in the plasma concentrations of thiamine or its metabolites in poor OCT1
transporters (Jensen et al., 2019). Taken together, this questions the suitability of mouse as a model for
studying effects of OCT1 on metformin or thiamine-driven biological processes without understanding
the causes of the species differences.
One explanation for the discrepant results between human and mouse may be differences in the kinetics
of OCT1-mediated uptake of metformin and thiamine. While species differences in OCT1 expression
are well characterized (Gorboulev et al., 1997; Zhang et al., 1997; Green et al., 1999; Schmitt et al.,
2003), there is only very limited data reporting differences in transport activity. The amino acid identity
between the human and mouse OCT1 orthologues is 77%. Since the exact mechanism of substrate
interaction with OCT1 is not known, it is difficult to predict to what extent the 23% different amino
acids between the two orthologues can confer differences in uptake. Furthermore, metformin and
thiamine were suggested to share common sites of ligand-transporter interaction within OCT1 (Chen et
al., 2014). Therefore, similar differences in the uptake between human and mouse could be expected for
these two substrates.
The aim of this study was to compare the uptake of metformin and thiamine by human and mouse OCT1
in vitro in order to reveal possible differences in the metformin concentrations between human and
mouse liver. This should help to better interpret the data of mouse models and should improve translation
of mouse pharmacokinetic data to humans. Furthermore, we used the differences in uptake between
human and mouse OCT1 as a tool to improve our understanding about the transport mechanism of OCT1
for these two compounds.

5

Materials and Methods
Reagents
Metformin hydrochloride, thiamine hydrochloride, ammoniumbicarbonate, dithiothreitol, and
iodoacetamide were obtained from Sigma-Aldrich (Taufkirchen, Germany), buformin hydrochloride
was obtained from Wako Chemicals (Neuss, Germany), thiamine-d3 hydrochloride was obtained from
Toronto Research Chemicals (North York, ON, Canada). All chemicals used in this study were
purchased from commercial sources and had purities of 95% or higher. Dulbecco's Modified Eagle
Medium (DMEM), Hank's Buffered Salt Solution (HBSS), and additives for cell culturing were obtained
from Life Technologies (Darmstadt, Germany). Dulbecco’s Phosphate Buffered Saline (DPBS) was
obtained

from

PAN-Biotech

(Aidenbach,

Germany).

Poly-D-lysine

(1-5

kDa),

2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), bicinchoninic acid, and copper sulfate
pentahydrate were obtained from Sigma-Aldrich. Twelve-well plates were obtained from Nunc
(Langenselbold, Germany) and tissue culture flasks from Sarstedt (Nümbrecht, Germany). Acetonitrile,
methanol, and formic acid in LC-MS/MS grade and sodium chloride were obtained from Merck
(Darmstadt, Germany). Sodium dodecylsulfate (SDS, ultrapure) was obtained from AppliChem
(Darmstadt, Germany). Sequencing Grade Modified Trypsin and ProteaseMAX™ surfactant were
obtained from Promega (Mannheim, Germany).

Generation of OCT1 constructs
For overexpression of OCT1 in HEK293 cells, pcDNA5/FRT expression vectors (Thermo Fisher
Scientific, Darmstadt, Germany) containing wild-type, mutant, or chimeric OCT1 constructs were
generated as follows or as described previously (Tzvetkov et al., 2012; Seitz et al., 2015). Human-mouse
chimeric OCT1 was generated by restriction of human and mouse OCT1 genes with Bsu36I and BsaBI,
separating the OCT1 gene into three fragments: N-terminus to large intracellular loop, from
transmembrane helix (TMH) 7 to TMH9, and from TMH10 to C-terminus (Fig. 3A). The fragments
were ligated back together in the correct order but with different combinations of the species and the
resulting chimeric OCT1 genes were cloned into the pcDNA5/FRT vector after restriction of both, gene
and vector, with HindIII and EcoRV. These constructs were then used for targeted chromosomal
6

integration into HEK293 cells. Human-mouse chimeric OCT1 constructs with single TMH substitutions
were generated using the overlap extension method (Horton et al., 1989) and primers listed in
Supplementary Table S1. Point mutations in human and mouse OCT1 genes were introduced by sitedirected mutagenesis in pcDNA5/FRT vectors containing human or mouse OCT1 wild-type genes, using
primers listed in Supplementary Table S1. All generated constructs were validated by capillary
sequencing of the complete open reading frame of OCT1 before transfection into HEK293 cells.

Cell lines and cell culturing
HEK293 cells stably overexpressing human OCT1, mouse OCT1, rat OCT1, human-mouse chimeric
OCT1, or human OCT2 were generated by targeted chromosomal integration using the Flp-In™ System
(Life Technologies) as described previously (Tzvetkov et al., 2012; Seitz et al., 2015). Cells were
cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin at
37 °C and 5% CO2.

Transient transfection of T-REx™-293 cells for cellular uptake experiments
For transient transfection of OCT1 constructs into HEK293 cells for uptake experiments, 5 × 10 5 TREx™-293 cells were seeded per well of a 12-well plate pre-coated with poly-D-lysine. Twenty-four
hours later, the cells were transfected with 100 µL reaction mix per well, containing 2 µg pcDNA5/FRT
vector with the OCT1 construct of interest, 0.5 µg pGFP-tpz vector and 6.25 µL Lipofectamine™ 2000
(Thermo Fisher Scientific) according to the manufacturer’s instructions. Forty-eight hours later,
transfection efficacy was assessed microscopically by visualizing the GFP signal of the co-transfected
GFP vector and the cells were used for uptake experiments.

Cellular uptake experiments
Forty-eight hours prior to the experiment, 6 × 105 cells were seeded per well of a 12-well plate. When
using transiently transfected cells, 5 × 105 T-REx™-293 cells were seeded per well of a 12-well plate
72 hours prior to the experiment which were transfected 24 hours later as described above. Twelve-well
plates were pre-coated with poly-D-lysine.
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Cellular uptake experiments were performed at 37 °C and pH 7.4 using HBSS supplemented with
10 mM HEPES (in the following referred to as HBSS+). Cells were washed once with 1 mL pre-warmed
(37 °C) HBSS+ and uptake was started by adding 400 µL pre-warmed HBSS+ containing the substrate.
Uptake was stopped after 2 min by adding 2 mL ice-cold HBSS+. Cells were washed twice with 2 mL
ice-cold HBSS+ and were lysed in 500 µL 80% acetonitrile supplemented with internal standard (Table
1). Intracellular substrate concentrations were measured by LC-MS/MS and afterwards normalized to
the total amount of protein in the sample as measured using the bicinchoninic acid assay (Smith et al.,
1985).

Quantification of intracellular substrate concentration
For quantification of intracellular substrate concentrations, the cell debris was removed by
centrifugation of the cell lysate at 16,000 × g for 15 min. Three-hundred fifty µL of the supernatant was
evaporated to dryness under nitrogen-flow at 40 °C. The sample was reconstituted in 200 µL 0.1%
formic acid and 5 µL or 15 µL was injected into the LC-MS/MS system for metformin and thiamine,
respectively.
For LC-MS/MS quantification, an API 4000™ tandem mass spectrometer (AB SCIEX, Darmstadt,
Germany) was used. Samples were separated on a Brownlee SPP RP-Amide Column (4.6 × 100 mm,
2.7 μm; PerkinElmer, Rodgau, Germany) using a mobile phase of 0.1% (v/v) formic acid and varying
concentrations of organic solvent (parameters are listed in Table 1).

Immunocytochemical staining and confocal microscopy analysis of OCT1-overexpressing
cells
For immunocytochemical staining of OCT1, 6 × 105 HEK293 cells stably overexpressing human,
mouse, or human-mouse chimeric OCT1 were seeded onto cover slips in 12-well plates 48 hours prior
to the experiment. Cover slips were pre-coated with poly-D-lysine. Cells were washed twice with 1 mL
DPBS for 10 min and were fixed with 100% ethanol for 20 min at -20°C. After washing three times
with DPBS for 5 min, cell membranes were permeabilized with DPBS/0.4% Tween 20 for 10 min. Cells
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were washed three times with DPBS for 5 min and blocked with blocking buffer (DPBS/5% FBS) for
one to three hours. Cells were incubated with the primary antibodies diluted in blocking buffer
(according to Supplementary Table S2) in a humid chamber overnight. The next day, after washing three
times with DPBS for 5 min, the cells were incubated with the secondary antibodies diluted in blocking
buffer (according to Supplementary Table S2) for one to two hours protected from light. After washing
three times with DPBS for 5 min, cover slips were mounted with ROTI®-Mount FluorCare DAPI (Carl
Roth, Karlsruhe, Germany) onto microscope slides. The cells were analyzed using a laser scanning
microscope (LSM780, Carl Zeiss, Jena, Germany) and the images were processed using the Fiji
distribution of ImageJ2 (Schindelin et al., 2012; Rueden et al., 2017).

Quantification of OCT1 protein abundance by targeted proteomics
Normal human liver tissue was obtained as excess material which had to be removed for technical
reasons during liver surgery. Patients had given their informed consent for research use of the tissues
and the procedures were approved by the ethics committee of the University Medicine Göttingen,
Georg-August-Universität Göttingen (application no. 26/01/17). Preparation of the murine liver was
carried out in compliance with the German laws on animal welfare (§ 4 Absatz 3 TierSchG) and all
animals used were reported to the Landesveterinär- und Lebensmitteluntersuchungsamt MecklenburgVorpommern.
Human (N=12) and murine (N=18, each N=6 of C57BL/6N, C57BL/6J and FVB mice) liver samples
were mechanically crushed in a stainless steel mortar system, precooled in liquid nitrogen.
Approximately 100 mg tissue powder was used for isolation of native integral membrane using the
ProteoExtract Native Membrane Extraction Kit according to the manufacturer´s instructions (Merck,
Darmstadt, Germany). Tissues were additionally homogenized in a glass douncer during the step of cell
lysis. Cell pellets of OCT1-overexpressing cells were directly used for extraction. Total protein content
of the resulting membrane fraction was determined by bichinonic acid assay. If necessary, membrane
fractions were adjusted to a maximum protein amount of 2 µg/µL. Subsequently, 100 µL of each
membrane fraction was mixed with 10 µL dithiothreitol (200 mM), 40 µL ammonium bicarbonate buffer
(50 mM, pH 7.8), and 10 µL ProteaseMAX™ (1%, m/v) and incubated for 30 min at 60 °C
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(denaturation). After cooling down, 10 µL iodoacetamide (400 mM) was added and the samples were
incubated in a darkened water bath for 15 min at 37 °C (alkylation). For protein digestion, 10 µL trypsin
(trypsin/protein ratio: 1/40) was added and samples were incubated in a water bath for 16 h at 37 °C.
Digestion was stopped by addition of 20 µL formic acid (10% v/v). All samples were stored at -80 °C
until further processing. Finally, 35 µL of the digested membrane fraction was mixed with 35 µL
isotope-labeled internal standard (IS) peptide mix (10 nM of each IS, Thermo Fisher Scientific). All
sample preparation and digestion steps were performed using Protein LoBind tubes (Eppendorf,
Hamburg, Germany). Protein quantification was conducted on a 5500 QTRAP triple quadrupole mass
spectrometer (AB Sciex, Darmstadt, Germany) coupled to an Agilent Technologies 1260 Infinity system
(Agilent Technologies) using validated LC-MS/MS methods as recently described (Drozdzik et al.,
2019). Transporter proteins and the respective proteospecific peptides and the stable isotope-labelled
internal standard peptides considered in our analysis are given in Table 2. Protein abundance of human
OCT1 was determined by using three peptides, while mouse OCT1 and Na⁺/K⁺-ATPase were
determined by using one peptide. For each peptide, 2-3 mass transitions have been monitored.

In-vitro-to-in-vivo extrapolation (IVIVE) to estimate the liver partition coefficient of metformin
The uptake of metformin across the sinusoidal membrane into the liver was estimated based on in vitro
uptake measurements in stably transfected HEK293 cells overexpressing human or mouse OCT1. In
vitro clearance (CLin vitro) was calculated as follows:
𝐶𝐿𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 =

𝑣𝑚𝑎𝑥
𝐾𝑀

Where vmax is the maximum transport rate and KM is the Michaelis constant determined in HEK293
cells. The obtained CLin vitro was used for extrapolation towards total human or mouse liver clearance
that was mediated by active transport via human or mouse OCT1, respectively.
The active OCT1-mediated uptake into the liver (CLin,act) was calculated as:

𝐶𝐿𝑖𝑛,𝑎𝑐𝑡 = 𝐶𝐿𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 ×

[𝐸] 𝑖𝑛 𝑣𝑖𝑣𝑜
× 𝐿𝑊 × 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝐿𝑊
[𝐸] 𝑖𝑛 𝑣𝑖𝑡𝑟𝑜
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Where [E] refers to the total OCT1 expression in human or mouse liver (in vivo) and in HEK293 cells
overexpressing human or mouse OCT1 (in vitro). In this case, we assumed that 100% of the OCT1
protein is localized in the plasma membrane both in the liver and in HEK293 cells. LW refers to the
liver weight in human and mouse, respectively.
Passive diffusion into the liver (CLdiff) was estimated by using HEK293 cells transfected with the empty
pcDNA5 vector and was calculated as follows:
𝐶𝐿𝑑𝑖𝑓𝑓 = 𝐶𝐿𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 × 𝐿𝑊 × 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝐿𝑊
The liver partition coefficient (Kp) was calculated based on the extended clearance concept according
to Guo et al. (Guo et al., 2018):

𝐾𝑝 =

𝐶𝐿𝑖𝑛,𝑎𝑐𝑡 + 𝐶𝐿𝑖𝑛,𝑑𝑖𝑓𝑓
𝐶𝐿𝑒𝑓,𝑎𝑐𝑡 + 𝐶𝐿𝑒𝑓,𝑑𝑖𝑓𝑓 + 𝐶𝐿𝑏𝑖𝑙𝑒 + 𝐶𝐿𝑚𝑒𝑡

Following simplifications were made based on the findings that metformin is neither metabolized nor
significantly excreted by transporters or secreted into the bile (Pentikäinen et al., 1979; Tucker et al.,
1981): the clearances for transporter-mediated efflux (CLef,act), for biliary excretion of unchanged drugs
(CLbile), and for metabolism (CLmet) were set to zero. Furthermore, we assumed that the passive influx
diffusion permeation (CLin, diff) is equal to the passive efflux diffusion permeation (CLef, diff), here further
designated simply as CLdiff. Kp was predicted using the following equation (Yabe et al., 2011; Shitara et
al., 2013):

𝐾𝑝 =

𝐶𝐿𝑖𝑛,𝑎𝑐𝑡 + 𝐶𝐿𝑑𝑖𝑓𝑓
𝐶𝐿𝑑𝑖𝑓𝑓

As metformin had been shown to have negligible protein binding, the fraction unbound in plasma (fu)
can be assumed as 1 (Tucker et al., 1981). The prediction of the liver partition coefficient for unbound
drug concentration thereby was assumed as:
𝐾𝑝,𝑢 = 𝐾𝑝

Computational modeling
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Available templates for structural modeling were identified by using fold recognition methods offered
by the pGenThreader server (available at http://bioinf.cs.ucl.ac.uk/psipred/) (Lobley et al., 2009). The
human Glucose 3 Transporter (GLUT3, PDB ID 4zw9) was selected as an optimal template for both
human and mouse OCT1 modeling (Deng et al., 2015). This crystal structure of GLUT3 was selected
based on multiple criteria, such as being resolved in high resolution (1.5 Å), and adopting an outwardoccluded conformation, which is particularly useful for the investigation of substrate binding. Sequenceto-structure alignment between GLUT3 and human and mouse OCT1 sequence, respectively, was
initially generated in PROMALS3D and subsequently revised and corrected by manual intervention (Pei
et al., 2008). One large extracellular loop between TMH1 and TMH2 (88 residues) and one C-terminal
intracellular loop (22 residues) were lacking structural templates and were therefore omitted for
structural modeling purposes.
One hundred structural models were generated for both human and mouse OCT1 using Modeller 9.17
(Eswar et al., 2006). Energy minimization was performed to optimize the orientation of side chains.
AMBER99SB-ILDN force field (Lindorff-Larsen et al., 2010) and GROMACS version 5.1.4 (Abraham
et al., 2015) were used for steepest descent minimization. The convergence criterion was set to a
maximum force < 100.0 kJ/mol/nm. The final models for human and mouse OCT1 were selected on
basis of the MolProbity score ranking (http://molprobity.biochem.duke.edu/) and a proper orientation of
the Asp474/475 residue, which is the main residue known to be implicated in ligand binding.
Ramachandran outliers were visually inspected in Molecular Operating Environment (MOE19,
Chemical Computing Group ULC, Montreal, QC, Canada). In silico models generated for human OCT1
and mouse OCT1 are available as supplement to this publication (Supplementary files hOCT1.pdb and
mOCT1.pdb).
Two independent algorithms - FTSite (Ngan et al., 2012) and SiteFinder in MOE19 - were used to
identify possible interaction sites in human OCT1/mouse OCT1 transporters. The FTSite program docks
16 small probe molecules to identify hot spots in the protein structure. Probe molecules are clustered
and the poses are ranked according to the empirical free energy function. The SiteFinder tool in MOE
utilizes the alpha sphere method in which the protein cavities are explored by virtual spheres generated
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in the site. Every sphere can also differentiate with respect to potential hydrophobic or hydrophilic
contacts. Predicted binding sites are ranked according to the number of alpha spheres located in every
detected binding site. Standard settings of SiteFinder were applied. Hydrophobic interactions were
analyzed

by

a

helical

wheel

projection

using

DrawCoil

1.0

(available

at

https://grigoryanlab.org/drawcoil/).

Data analyses
Kinetic parameters of metformin and thiamine transport (KM and vmax) were determined by non-linear
regression to the Michaelis-Menten equation using GraphPad Prism version 5.01 (GraphPad Software
Inc., La Jolla, CA, USA). The kinetic parameters or uptake values were compared between human and
mouse OCT1 or human-mouse chimeric OCT1 using analyses of variance (ANOVA) followed by
Tukey’s honestly significant difference (HSD) post hoc comparisons in SPSS Statistics version 25
(SPSS Inc., IBM, Chicago, IL, USA).
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Results
1. Characterization of the model system
In this study, we used HEK293 cells stably transfected to overexpress human and mouse OCT1 by
targeted chromosomal integration. As a first step, we characterized our model system with respect to the
levels of OCT1 protein expression. We used targeted proteomics to quantify OCT1 expression in the
stably transfected HEK293 cells and to compare it to OCT1 expression in human and mouse liver (Fig.
1). In HEK293 cells, OCT1 expression was 36% higher in the cells stably overexpressing human
compared to the cells stably overexpressing mouse OCT1 (Fig. 1A). The native OCT1 expression in
human and mouse liver was similar, but more than 10-fold lower than in the model cell lines (16-fold
for human OCT1, 11-fold for mouse OCT1, Fig. 1B). We also compared the OCT1 expression in three
mouse strains, C57BL/6 substrains J and N, and FVB. C57BL/6J mice showed more than 30% higher
expression than the other two strains (Supplementary Fig. S1).

2. Differences in the kinetics of metformin uptake between human and mouse OCT1
More importantly, we compared the uptake of metformin between human and mouse OCT1. To this
end, we performed concentration-dependent uptake measurements in stably transfected HEK293 cells.
The maximal transport rates (vmax) were with 45% lower in human than in mouse OCT1 (vmax of 939 and
1353 pmol × min-1 × pmol OCT1-1, respectively). The differences in the apparent affinity (K M) for
metformin were much stronger (Fig. 2A). Mouse OCT1 showed a 4.9-fold higher affinity for metformin
than human OCT1 (KM of 491 and 2197 µM, respectively, P < 0.0001). This resulted in a 6.5-fold higher
intrinsic clearance of mouse compared to human OCT1 (2.86 and 0.50 µL × min-1 × pmol OCT1-1,
respectively). The strong differences in metformin kinetics were confirmed when using a transient
transfection model (Supplementary Fig. S2 and Supplementary Table S3). In transiently transfected
HEK293 cells, we observed an 8.1-fold higher affinity of mouse OCT1 compared to human OCT1,
resulting in 12.5-fold difference in intrinsic clearance. Also time dependent analyses showed
substantially higher uptake by mouse than by human OCT1 (Fig. 2B). The difference was strongest in
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the beginning of the incubation period (5.7 ± 0.9-fold at 1 min), but it remained above 60% even after
30 min of incubation. There were no indications for different modes of transport between human and
mouse OCT1 (Fig. 2C). After incubating with clinically relevant concentrations of 10 µM metformin
(Shu et al., 2007), we observed 4.4-fold higher intracellular concentrations in HEK293 cells
overexpressing mouse than in those overexpressing human OCT1 (99.6 ± 4.6 µM and 22.7 ± 2.9 µM,
respectively, Fig. 2D).
We also determined the transport kinetics of rat OCT1 (Supplementary Fig. S3). With a KM of 422 µM
and intrinsic clearance of 30.5 µL × min-1 × mg protein-1 the rat orthologue did not differ significantly
from mouse OCT1, but differed strongly compared to human OCT1.

3. Estimation of the differences in partition coefficients of metformin between human and
mouse livers using IVIVE
Assuming that OCT1 is the major determinant of metformin levels in the liver (Wang et al., 2002; Shu
et al., 2007), it could be expected that substantial differences in OCT1 clearance between human and
mouse will result in substantial differences in the exposure to metformin in human and mouse liver. We
used an IVIVE approach to estimate the partition coefficients (Kp) both in human and in mouse. Taking
into account the differences in OCT1 expression (Fig. 1), we estimated the liver-to-blood Kp in human
to be 2.67 compared to 11.8 in mouse (Table 3). Considering the Cmax of metformin in humans (Shu et
al., 2007) and portal vein metformin concentrations in mice (Wilcock and Bailey, 1994) we could expect
11-fold higher maximal intrahepatic concentrations in mouse that in humans (66.8 µM in human and
695 µM in mouse, Table 3).
We compared the predicted values for mouse with the experimentally measured ones (Wilcock and
Bailey, 1994). The predicted Kp for mouse liver was almost 2-fold higher than the experimentally
measured one (Table 3). In line with this, the predicted hepatic concentration in mouse was 98% higher.
This suggests that our model overestimates the Kp in mice and that other factors than OCT1-mediated
uptake may play a role.
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To the best of our knowledge there is no experimental data on hepatic concentrations of metformin in
humans. However, using 11C-labled metformin in PET analyses, Gormsen et al. estimated a hepatic Kp
of 2.5 in humans (Gormsen et al., 2016), which is 34% lower than our estimation (Table 3) and supports
the differences in hepatic metformin concentrations in vivo between human and mouse that were
suggested by the IVIVE model.

4. Identification of the structural causes for the differences in metformin kinetics
Next, we looked for structural differences between human and mouse OCT1 that confer the differences
in their affinity for metformin. To this end, we generated chimeric constructs of human and mouse OCT1
and characterized their metformin uptake. We separated the protein into three parts: from N-terminus to
the large intracellular loop, from transmembrane helix (TMH) 7 to TMH9, and from TMH10 to Cterminus (Fig. 3A). Concentration-dependent measurements pointed to the first six TMHs of OCT1 to
confer the differences in affinity for metformin between human and mouse OCT1 (Fig. 3B and C).
Immunofluorescence staining demonstrated the correct membrane localization of the wild-types and
chimeras and suggested a reduced total expression of the mmhOCT1 chimera (Fig. 3D) that correlates
with its reduced vmax (Fig. 3B).

To further narrow down the region within the first six TMHs conferring these differences, we generated
chimeric constructs with single TMH substitutions between human and mouse OCT1. Uptake
experiments at single concentrations pointed to TMH2 and TMH3 to be primarily involved. Substituting
TMH2 or TMH3 in human OCT1 with TMH2 or TMH3 of mouse OCT1 resulted in the only significant
increase of metformin uptake (Fig. 4A). In line with this, substituting TMH2 or TMH3 in mouse OCT1
with TMH2 or TMH3 of human OCT1 resulted in the strongest decrease of metformin uptake (by 77%
and 55%, respectively; Fig. 4B). A single concentration of 100 µM was chosen to optimally reflect the
difference in the KM based on the data from the wild-type constructs (Fig. 2). However, the effects
(especially reduction of the uptake) may be also caused by a general reduction of activity (as observed
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for the mmhOCT1 chimera, Fig. 3B). To exclude this, we performed concentration-dependent
measurements for TMH2 and TMH3-containing chimeras. We observed a strong increase in metformin
affinity upon introduction of either mouse TMH2 or mouse TMH3 into human OCT1 (up to 27-fold
lower KM compared to human OCT1, Fig. 4C). Vice versa, introduction of either human TMH2 or
human TMH3 into mouse OCT1 did not significantly change affinity. However, simultaneous
introduction of human TMH2 and TMH3 into mouse OCT1 resulted in significantly decreased affinity
(14.2-fold higher KM compared to mouse OCT1, Fig. 4C) and the concentration-dependent uptake
mimicked almost completely the uptake of human OCT1 (Fig. 4D). These experiments clearly identify
TMH2 and TMH3 to confer the differences between human and mouse OCT1 in their affinity for
metformin.
Next, we generated homology models of human and of mouse OCT1 to identify single amino acids
within TMH2 and TMH3 that may confer the differences in metformin uptake. There were no major
differences in the tertiary structure between human and mouse OCT1 as visible by superposition of the
two models (Fig. 5A). Two major binding cavities with the involvement of TMH2 or TMH3 were
identified using two distinct algorithms. One of the proposed binding cavities is located in the middle
of the translocation pore and is a highly populated site with probe molecules (143 alpha spheres for
human OCT1 and 120 alpha spheres for mouse OCT1). This “classical” binding site has been reported
in several previous studies (Chen et al., 2017; Boxberger et al., 2018; Gorboulev et al., 2018). The
binding site is enframed by TMH1, TMH4, TMH5, TMH7, TMH8, TMH9, TMH11, and more
importantly by TMH2. None of the five non-conserved amino acids in TMH2 (Figure 5B,
Supplementary Fig. S4) could be suggested to be directly involved in substrate binding. However, our
structural models show that leucine155 in human (hLeu155) that corresponds to valine156 in mouse OCT1
(mVal156) in TMH2 can form a hydrophobic core packing with Ile35 located in TMH1 (Fig. 6A and B)
that may have an impact on tertiary structure stability (the mouse OCT1 protein is longer than the human
one, resulting in a one count shift in amino acid position after number 84). The stronger hydrophobic
interaction between Leu155 and Ile35 in human OCT1 (compared to Val156 and Ile35 in mouse OCT1)
might aggravate the entrance of substrates and conformational changes in this region of the transporter.
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These observations might explain a generally lower affinity for metformin uptake in human OCT1
compared to mouse OCT1.
Indeed, simultaneous introduction of mouse TMH3 and mutation of Leu155Val increased the affinity
of human OCT1 by more than 70% (of the difference between mouse and human OCT1, Fig. 6C) and,
vice versa, simultaneous introduction of human TMH3 and mutation of Val156Leu decreased metformin
affinity in mouse OCT1 by 55% (Fig. 6C and 6D). Without the simultaneous introduction of TMH3, the
mutation of Leu155Val in human showed only limited effects and Val156Leu in mouse OCT1 no
significant effects. This points to the importance of the interaction with TMH3 for the effects of
hLeu155/mVal156.
An alternative explanation involving both TMH2 and TMH3 may be provided by the second predicted
binding site. This binding cavity (although with a lower score, as indicated by 51 alpha spheres for
human OCT1 and 25 alpha spheres for mouse OCT1; Fig. 7A and B, left panel) is a membrane-exposed
pocket with involvement of residues from both TMH2 and TMH3. Interestingly, this “outer” cavity is
framed by two non-conserved residues - one from each TMH - lying just opposite of each other. Whereas
in mouse OCT1 these residues are valines (Val166 and Val182), in human OCT1 these residues are
glycines (Gly165 and Gly181; Fig. 7A and B). The glycines in human OCT1 could lead to a higher
conformational flexibility of the helices in that region, while the valines in mouse OCT1 introduce
hydrophobicity and potentially stronger interactions with ligands at this position. Indeed, mutation of
valines 166 and 182 in mouse OCT1 to glycines (Val166Gly, Val182Gly) either alone or in combination
significantly decreased metformin uptake (Fig. 7C). However, the decrease was maximally 26% and the
reverse mutation of glycines in human OCT1 to valines (Gly165Val, Gly181Val) neither alone nor in
combination affected metformin uptake. This suggests that the glycine-to-valine differences at positions
165/166 and 181/182 alone cannot explain the differences in metformin uptake between human and
mouse OCT1.
As an alternative approach, we took advantage of the observation that the affinity of human OCT2 for
metformin is rather similar to the affinity of mouse than to the affinity of human OCT1 (Supplementary
Fig. S5A). We mutated amino acids that are identical in mouse OCT1 and human OCT2 but are different
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in human OCT1 (Supplementary Fig. S5B) and analyzed the effects on metformin uptake. In addition
to hLeu155/mVal156 that we already analyzed (Fig. 6C), this affected hPhe169/mIle170 in TMH2.
Interestingly, this variation is the only difference between human and mouse OCT1 within the conserved
A-motif (Fig. 5B), which is suggested to be important for both structure and function of MFS family
transporters by interacting with residues from surrounding TMHs and supporting conformational
changes during the transport cycle (Henderson and Maiden, 1990; Pao et al., 1998; Quistgaard et al.,
2016). Mutation of Ile170 in mouse OCT1 to the corresponding amino acid in human OCT1 (Ile170Phe)
decreased metformin uptake by 28% (P = 4 × 10-4, Supplementary Fig. S5C). However, mutation of
both Val156Leu and Ile170Phe in mouse OCT1 did not lead to a stronger decrease in metformin uptake
than mutation of Val156Leu alone (43%, Supplementary Fig. S5C). Mutation of these amino acids in
human OCT1 (Leu155Val and Phe169Ile) neither alone, nor in combination had an effect on metformin
uptake (Supplementary Fig. S5C). Thus, hPhe169/mIle170 neither alone nor in combination with
hLeu155/mVal156 can explain more than 30% of the observed differences in metformin affinity
between the species. In addition, this suggests that independent mechanisms confer the higher affinity
for metformin in mouse OCT1 and in human OCT2.

5. Differences in the kinetics of thiamine uptake between human and mouse OCT1
Similar to metformin, we observed strong differences in the affinity for thiamine between human and
mouse OCT1 (Fig. 8). Mouse OCT1 had a 9.5-fold higher apparent affinity for thiamine than human
OCT1 (KM of 143 µM and 1057 µM, respectively; Fig. 8A). In contrast to metformin, the lower affinity
for thiamine of human OCT1 resulted in 80% higher maximal transport rates (vmax of 528 and 287 pmol
× min-1 × pmol OCT1-1 for the human and mouse OCT1 orthologue, respectively). Nevertheless, this
results in a 5.1-fold higher intrinsic clearance of thiamine by mouse OCT1 compared to human OCT1
(Fig. 8C).
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Concentration-dependent measurements using human-mouse chimeric OCT1 also pointed to the first
six TMHs of OCT1 to confer the differences in affinity for thiamine between human and mouse OCT1
(Fig. 9A and B). Considering the observed key role of TMH2 and TMH3 in the transport of metformin,
we analyzed thiamine uptake by human-mouse chimeric OCT1 carrying the simultaneous substitution
of both helices. Similar to metformin, simultaneous introduction of mouse TMH2 and TMH3 into
human OCT1 resulted in a significant increase of affinity for thiamine (KM of 456 µM compared to
1517 µM of human OCT1, Fig. 9C and D). However, in contrast to metformin, introduction of human
TMH2 and TMH3 into mouse OCT1 did not result in a significant decrease of affinity (Fig. 9C).
Therefore, it could be concluded that TMH2 and TMH3 are also involved in the mechanisms conferring
differences in thiamine uptake between human and mouse OCT1, but the mechanisms are not identical
to the ones for metformin.
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Discussion
In this study, we report strong differences between human and mouse OCT1 in the transport of
metformin and thiamine. The most pronounced difference was the substantially higher apparent affinity
of mouse compared to human OCT1 that results in much higher intrinsic uptake clearance. This was
observed both for metformin and thiamine. As a consequence, higher concentrations of metformin may
be reached in mouse than in human liver. Furthermore, differences in the affinity for metformin between
human and mouse OCT1 could be attributed to differences in TMH2 and TMH3 of the transporter,
revealing new insights into the transport mechanism of metformin by OCT1.
We observed a 4.9-fold higher affinity for metformin by mouse than by human OCT1 and a 45% higher
transport capacity (Fig. 2). The affinity of human OCT1 for metformin observed here (KM of 2197 µM,
Fig. 2) is similar to previous reports (Shu et al., 2007; Umehara et al., 2007; Nies et al., 2009). Despite
the mouse being a commonly used model organism to study metformin pharmacokinetics and effects,
to the best of our knowledge, this is the first study reporting metformin uptake kinetics via mouse OCT1.
Moreover, we characterized metformin uptake by human and mouse OCT1 in parallel. Therefore, the
obtained data is highly comparable, especially since we used a model system that is well-characterized
in terms of protein expression, enabling us to normalize uptake data to the amount of OCT1 protein.
There are no previous reports on metformin uptake kinetics in mouse hepatocytes. However, comparison
of human and rat hepatocytes showed a 27-fold higher metformin clearance in rats than in humans
(Umehara et al., 2007) and we observed highly similar uptake kinetics between rat and mouse OCT1
(Supplementary Fig. S3).
Based on our in vitro data, metformin concentrations can be expected to be about 11-fold higher in
mouse than in human liver (Table 3). This could result in differences in the hepatic actions of metformin
between human and mouse. Low metformin concentrations were suggested to activate AMPK (Zhou et
al., 2001) and to suppress gluconeogenic gene expression and glucose production (Cao et al., 2014),
whereas high metformin concentrations inhibit mitochondrial complex I (El-Mir et al., 2000) and lead
to an AMPK-independent suppression of gluconeogenesis (Foretz et al., 2010). Especially as OCT1overexpression has recently been shown to substantially increase the mitochondrial accumulation of the
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drug (Chien et al., 2016), mitochondrial effects of metformin may be more likely in mouse than in
human liver. In general, our data warrants attention when using mouse data to extrapolate the hepatic
effects of metformin in humans. Due to the better uptake by mouse OCT1, the liver-mediated effects
may be more pronounced in mice than in human.
The effects of OCT1 deficiency are more pronounced in mice than in humans (Wang et al., 2002; Wang
et al., 2003; Shu et al., 2007; Zhou et al., 2009; Dujic et al., 2017; Sundelin et al., 2017). A 30-fold
decrease in hepatic metformin concentrations was shown in OCT1 knockout mice (Wang et al., 2002).
Precise measurements in humans are difficult, but a study using PET imaging showed about 2-fold lower
hepatic metformin concentrations in carriers of loss-of-function OCT1 variants (Sundelin et al., 2017).
These numbers generally fit to the tendency observed here, that OCT1-mediated uptake is about 11-fold
higher compared to diffusion in mice and only 2.6-fold higher compared to diffusion in humans (Fig. 2,
Table 3). One explanation, supported by our data, is that due to the different efficacy of human and
mouse OCT1 in transporting metformin, knockout in mice and loss-of-function genetic variants in
humans do not have comparable effects on hepatic metformin concentrations. However, the fact that
some of the human OCT1 alleles do not lead to complete inactivation of metformin uptake should be
also considered (Kerb et al., 2002; Shu et al., 2003; Seitz et al., 2015).
Our IVIVE calculation, based on the uptake kinetics of mouse OCT1 overestimated the hepatic Kp and
hepatic concentrations of metformin experimentally measured in mice (Table 3). The most probable
reason for this is that the major reflection of the higher uptake clearance via mouse OCT1 is observed
in the first minutes of the uptake (Fig. 2B), while the available experimental data is after 30 minutes or
more (Wilcock and Bailey, 1994). In the longer incubation, other factors like reaching steady state of
intracellular vs. extracellular metformin concentrations may play a role. Therefore, short-term
differences in the concentrations of metformin between human and mouse liver may be more
pronounced than the long-term differences. Nevertheless, accounting for the PET-based estimation of a
Kp of 2.5 in humans and maximal portal vein concentration of 20 µM (Gormsen et al., 2016), an
intrahepatic concentration of about 50 µM could be estimated for the human liver. This is 7-fold lower
than the intrahepatic concentrations of metformin measured in mice.
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The involvement of alternative transporters like OCT3 that are not reflected in our IVIVE calculations
is less probable. In the mouse liver, OCT1 has much higher expression levels that OCT3 (OCT1-toOCT3 mRNA ratio of about 30 (Chen et al., 2015)). Consistently, up to 30-fold lower hepatic metformin
concentrations were measured in OCT1 knockout mice (Wang et al., 2002), but there were no significant
changes in OCT3 knockout mice (Chen et al., 2015; Lee et al., 2018). Also in the human liver, OCT1 is
expressed much stronger than OCT3. The ratio of OCT1-to-OCT3 in human liver is 22 based on protein
quantification (Drozdzik et al., 2019) and even 32 based on mRNA quantification (Nies et al., 2009).
The intrinsic clearance of metformin can thus be estimated to be at least 11-fold lower by OCT3 than
by OCT1, indicating that OCT1 is the predominant uptake transporter of metformin both in the mouse
and in the human liver.
Similar to metformin, the affinity for thiamine was much higher by mouse than by human OCT1 (9.5fold lower KM, Fig. 8), which is supported by a previous study (Chen et al., 2014). Also, clear effects of
OCT1 deficiency on thiamine levels were reported in mice (Chen et al., 2014; Liang et al., 2018) but
not in humans (Jensen et al., 2019). One explanation may be that in humans, at “physiological” low
concentrations, thiamine is predominantly transported by thiamine transporters THTR-1 and THTR-2,
which have a substantially higher affinity (>1600-fold lower KM) but also substantially lower capacity
(>130-fold lower vmax) than OCT1 (Jensen et al., 2019). In contrast in mice, the differences in affinity
and capacity of thiamine uptake between OCT1 and THTR-1 are much smaller (2.9 and 7.6-fold lower
KM and vmax, respectively) and mouse OCT1 showed more than 5-fold higher thiamine uptake than
mouse THTR-1 at low concentrations (100 nM; (Chen et al., 2014)). This, together with the much higher
affinity of mouse compared with human OCT1, suggests that OCT1 may play a more important role in
thiamine uptake at low concentrations in mice than in humans and thereby may explain the different
effects of OCT1 deficiency on thiamine plasma levels between these species.
TMH2 and TMH3 were experimentally identified to confer the differences in metformin affinity
between human and mouse OCT1. Three independent hypotheses were generated to identify the single
amino acids responsible: (i) differences in the hydrophobic interaction of hLeu155/mVal156 (TMH2)
with Ile35 (TMH1), (ii) higher flexibility by Gly165 and Gly181 in human as opposed to higher
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hydrophobicity and ligand interaction by Val166 and Val182 in mouse OCT1, and (iii) similar affinities
of mouse OCT1 and human OCT2 caused by Val156 and/or Ile170 that differ in human OCT1 and is
located within the A-motif conserved in transporters of the MFS family. Experimentally, the strongest
effects were observed by mutating Val156-to-Leu together with TMH3 (Fig. 6), supporting the first
hypothesis the most.
Another interesting observation is that the substitution of a single TMH (either 2 or 3) is sufficient for
increasing the affinity of human, but both human TMHs are needed for decreasing affinity in mouse
OCT1 (Fig. 4C). This may suggest that a decreased affinity requires an interaction between the two
TMHs and removing one of the TMHs is enough to destroy this interaction, but one needs both TMHs
to generate it.
From the structural perspective, the “knob-into-hole” motif of the hydrophobic interaction between
hLeu155/mVal156 in TMH2 with Ile35 in TMH1 (Fig. 6), is somewhat analogous to coiled-coil
structures (Liu et al., 2006). Interestingly, hLeu155/mVal156 are located at position ‘d’ when depicting
the helix as a helical wheel projection (Fig. 6). Since this position is suggested to be more vulnerable to
amino acid substitution (Zhu et al., 1993), hLeu155/mVal156 may have a huge impact on tertiary
structure stability. The stronger hydrophobic interaction between Leu155 and Ile35 in human OCT1
(compared to Val156 and Ile35 in mouse OCT1) might obstruct substrate entry and conformational
changes in this region, thereby potentially explaining the lower affinity for metformin.
Another aspect to be considered are the substrate-specific effects of OCT1. Recently, Morse et al.
reported substantial differences in the uptake kinetics between human and mouse primary hepatocytes
for ondansetron and tropisetron, but not for sumatriptan and fenoterol (Morse et al., 2019). In our study,
the differences in the affinity between human and mouse OCT1 were comparable between metformin
and thiamine (Fig. 2 and 8). This is consistent with previous reports suggesting similar binding sites of
metformin and thiamine in OCT1 (Chen et al., 2014). However, our data show that the affinities for
these two compounds are conferred by similar but not identical structures in OCT1 (Fig. 4 and 9). This
underlines the polyspecificity of OCT1 and points out that structure-to-function relations of OCT1 need
to be established separately for each substrate and, based on the present results, also for each species.
24

In conclusion, mouse OCT1 has a much higher affinity for metformin and thiamine than human OCT1,
which may lead to higher metformin concentrations in the mouse liver and thereby to differences in the
action of metformin between humans and mice. Although our IVIV model may overestimate the
differences, we still may expect more than 7-fold higher metformin concentrations in mouse than in
human liver. The determinants of the differences in metformin affinity between human and mouse OCT1
are clearly located in TMH2 and TMH3 and comprise hLeu155/mVal156 (TMH2) and amino acid(s) in
TMH3. The underlying mechanism is probably complex and the identification of the precise amino acids
in TMH3 involved and further protein structures involved that region needs further investigation.
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Figure Legends
Fig. 1. OCT1 protein expression in (A) stably transfected HEK293 cells and (B) human and mouse liver
OCT1 expression in the membrane fraction of (A) HEK293 cells stably overexpressing human (green) or mouse
(red) OCT1 or (B) human and mouse liver samples was measured by targeted LC-MS/MS. Please consider the
difference in scaling of the Y-axis. Shown are (A) means and standard errors of the means of 9 samples each and
(B) concentrations of single samples (12 human and 20 mouse livers) and respective medians.

Fig. 2. Differences in metformin uptake between human and mouse OCT1 (A) Concentration-dependent
uptake and (B) time-dependent uptake of metformin by human (green) and mouse (red) OCT1. OCT1overexpressing HEK293 cells were incubated with (A) increasing concentrations of metformin for 2 min or (B)
with 100 µM metfomin for up to 30 min. OCT1-mediated uptake was calculated by subtracting the uptake of
control cells (pcDNA5) from the uptake of cells overexpressing OCT1. The uptake values were normalized to the
amount of OCT1 protein in the respective HEK293 cells, as determined by targeted proteomics (see Fig. 1A). (C)
Eadie-Hofstee transformation of the data in A. (C) Intracellular metformin concentrations in HEK293 cells stably
transfected with human or mouse OCT1 after incubation with 10 µM metformin for 2 min. The uptake was
compared with cells transfected with the empty vector (pcDNA5). The intracellular concentrations were calculated
assuming intracellular volume of 1,2 µl for 1x10 6 HEK293 cells following the estimations of Chien et al. (Chien
et al., 2016). Shown are means and standard errors of the means of at least three independent experiments. ***
P<0.001 in a one-way ANOVA.

Fig. 3. Metformin uptake in human-mouse chimeric OCT1 (A) Schematic representation of human and mouse
wild-type and human-mouse chimeric OCT1 constructs with numbering of the individual TMHs. Colors indicate
the origin of the TMHs of either human (green) or mouse (red) OCT1. (B) Concentration-dependent uptake of
metformin by human and mouse wild-type OCT1 and human-mouse chimeric OCT1. OCT1-overexpressing
HEK293 cells were incubated with increasing concentrations of metformin for 2 min. OCT1-mediated uptake was
calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. (C)
Affinity for metformin (KM) of human and mouse wild-type OCT1 compared to human-mouse chimeric OCT1.
Represented are KM values of the data shown in B as percent of human OCT1. Shown are means and standard
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errors of the means of at least three independent experiments. (D) Membrane localization of OCT1 as assessed by
immunofluorescence staining. To enable staining of human-mouse chimeric OCT1, two different antibodies
against human OCT1 were used, binding in the large intracellular loop (2C5, top panel) or in the C-terminus
(middle panel). The antibody against mouse OCT1 binds in the C-terminus and could therefore not be used for
staining chimeric OCT1. Cells were co-stained with an antibody against Na+/K+-ATPase as a marker for plasma
membrane. Cell nuclei were stained with DAPI. Scale bar 10 µm.

Fig. 4. Identification of TMH2 and TMH3 as major determinants of the differences in metformin uptake
between human and mouse OCT1 (A and B) Human-mouse chimeric constructs with single TMH substitutions
of each of the first six TMHs, the large extracellular (EC), or the large intracellular (IC) loop (human background
light green, mouse background light red). Metformin uptake was measured at single concentrations of 100 µM
metformin and related to the uptake by human (green) and mouse (red) wild-type OCT1. (C) Effects on metformin
affinity (KM) after substituting TMH2 and TMH3 alone or in combination between human and mouse OCT1. (D)
Concentration-dependent metformin uptake of human (green) and mouse (red) wild-type OCT1 and mouse OCT1
with TMH2 and TMH3 of human OCT1 (red dotted line). In all cases, HEK293 cells transiently overexpressing
OCT1 were incubated with metformin for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake
of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are means and standard errors
of the means of at least three independent experiments. * P<0.05, ***/ +++ P<0.001 compared to (*) human or (+)
mouse OCT1 in a Tukey’s post hoc analysis following one-way ANOVA.

Fig. 5. Structural differences between human and mouse OCT1 with a focus on TMH2 and TMH3 (A)
Superposition of human and mouse OCT1 structural models with TMH2 and TMH3 highlighted in green (human
OCT1) and red (mouse OCT1). (B) Protein sequence alignment of human and mouse OCT1 using EMBOSS
Needle (Madeira et al., 2019) with TMH2 and TMH3 highlighted and the conserved A-motif of MFS transporters
underlined in violet. Coloring based on amino acid identity. Arrows indicate the positions of amino acids
hLeu155/mVal156 (closed arrow) and hGly165/mVal166 and hGly181/mGly182 (open arrows) that were of
particular interest.
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Fig. 6. Potential involvement of hLeu155/mVal156 in TMH2 of human/mouse OCT1 in conferring the
differences in metformin affinity Hydrophobic interactions between hLeu155/ mVal156 and Ile35 in (A) human
and (B) mouse OCT1 in (left panel) top view and (middle panel) side view. (A and B, right panel) Helical wheel
projection of TMH2 and TMH1 showing the positioning of hLeu155/mVal156 (TMH2) and Ile35 (TMH1) in
position “d” of the helical wheels, respectively. Non-conserved amino acids are highlighted in color, Ile35 is
highlighted in black. (C) Effects on metformin affinity (KM) after simultaneous substitution of Leu155Val and
mouse TMH3 in human OCT1 and Val156Leu and human TMH3 in mouse OCT1. (D) Concentration-dependent
metformin uptake of human (green) and mouse (red) wild-type OCT1 and mouse OCT1 with Val156Leu mutation
and human TMH3 (red dotted line). In all cases, HEK293 cells transiently overexpressing OCT1 were incubated
with metformin for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake of control cells
(pcDNA5) from the uptake of cells overexpressing OCT1. Shown are means and standard errors of the means of
four independent experiments. * P<0.05, ***/+++ P<0.001 compared to (*) human or (+) mouse OCT1 in a Tukey’s
post hoc analysis following one-way ANOVA.

Fig. 7. Potential involvement of TMH2 and TMH3 in conferring the differences in metformin affinity
between human and mouse OCT1 (A and B, left panel) Two predicted binding cavities within the TMH2-TMH3
region in (A) human and (B) mouse OCT1 structural models. (A and B, right panel) Top view of the “inner”
binding cavity with protein surface colored according to lipophilicity (red, hydrophilic; yellow, hydrophobic;
white, neutral surface) with (A) glycine residues 165 and 181 in human OCT1 and (B) valine residues 166 and
182 in mouse OCT1 highlighted. (C) Effect of mutations of Gly165Val and Gly181Val in human and Val166Gly
and Val182Gly in mouse OCT1 on metformin uptake. HEK293 cells transiently overexpressing OCT1 were
incubated with 100 µM metformin for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake of
control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Shown are means and standard errors of
the means of two to four independent experiments performed in duplicates. +++ P<0.001 compared to mouse OCT1
in a Tukey’s post hoc analysis following one-way ANOVA.
Fig. 8. Differences in thiamine uptake between human and mouse OCT1 (A) Concentration-dependent uptake
of thiamine by human (green) and mouse (red) OCT1. OCT1-overexpressing HEK293 cells were incubated with
increasing concentrations of thiamine for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake
of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. Background thiamine levels were
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subtracted from all values to exclude influence of endogenous thiamine on the measurement. The uptake values
were normalized to the amount of OCT1 protein in the respective HEK293 cells, as determined by targeted
proteomics (see Fig. 1A). (B) Eadie-Hofstee transformation of the data in A. (C) Comparison of the intrinsic
clearance (CLint) between human and mouse OCT1 calculated using v max and KM of the data in A. Shown are
means and standard errors of the means of at least three independent experiments. ** P<0.01 in a one-way
ANOVA.

Fig. 9. Thiamine uptake in human-mouse chimeric OCT1 constructs (A) Concentration-dependent uptake of
thiamine by human and mouse wild-type OCT1 and human-mouse chimeric OCT1. (B) Affinity for thiamine (KM)
of human and mouse wild-type OCT1 compared to human-mouse chimeric OCT1. Represented are KM values of
the data shown in A as percent of human OCT1. (C) Affinity for thiamine (K M) of human and mouse wild-type
OCT1 compared to human-mouse chimeric OCT1 carrying the simultaneous substitution of TMH2 and TMH3.
(D) Concentration-dependent thiamine uptake of human (green) and mouse (red) wild-type OCT1 and human
OCT1 with TMH2 and TMH3 of mouse OCT1 (green dotted line). HEK293 cells (A and B) stably or (C and D)
transiently overexpressing OCT1 were incubated with increasing concentrations of thiamine for 2 min. OCT1mediated uptake was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells
overexpressing OCT1. Background thiamine levels were subtracted from all values to exclude influence of
endogenous thiamine on the measurement. Shown are means and standard errors of the means of at least three
independent experiments. ** P<0.01 in a Tukey’s post hoc analysis following one-way ANOVA.
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Tables
Table 1. Parameters of quantitative LC-MS/MS analyses
Analyte

Quantifier

Retenti

Internal

IS precursor

Retenti

Mobile

Flow

precursor ion

on time

standard

ion to product

on time

phase

[µL/min]

to product ion

[min]

(IS)

ion [m/z]

IS

[%

[min]

organic

[m/z]

solventa]
Metformin

130.1>71

2.88

Buformin

158.1>60

4.0

3

300

Thiamine

265.3>122

2.47

Thiamine-d3

269.1>125

2.47

3

350

a6

parts acetonitrile + 1 part methanol; m/z, mass-to-charge ratio
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Table 2. Proteospecific peptides for quantitative LC-MS/MS analyses of OCT1 protein expression
Protein

Peptide

Q1

Q3.1

Q3.2

Q3.3

Human OCT1

ENTIYLK

441

423.5

536.5

-

ENTIYLK*

445.2

431.5

544.6

-

LPPADLK

377.3

543.5

211.2

-

LPPADLK*

381.4

551.5

211.2

-

DAENLGR

388.1

459.3

588.4

-

DAENLGR*

393.4

469.3

598.4

-

GVALPETIEEAENLGR

850.1

680

228.2

341.2

GVALPETIEEAENLGR*

855.2

684.7

228.2

341.3

Na+/K+-

LSLDELHR

328.

435.2

391.7

669.3

ATPase

LSLDELHR*

331.5

440.3

396.8

679.4

Human OCT1

Human OCT1

Mouse OCT1

*stable isotope-labeled internal standard peptide
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Table 3. Parameter of OCT1-mediated metformin pharmacokinetics in humans and mice measured experimentally or extrapolated using IVIVE
Parameter

a)

Mouse

Human

Mean

n

SD

Mean

n

SD

95% CI

Mean

Affinity for metformin uptake KM [µM]

491

11

155

387

595

2198

11

1154

1422

2973

Metformin CLin vitro [µL × min-1 × mg protein-1]

37

11

16.1

26.2

47.9

7.85

11

3.9

5.23

10.5

OCT1 expression in liver [pmol × mg protein-1]

1.27

20

0.72

0.93

1.61

1.44

12

1.09

0.75

2.13

OCT1 expression in vitro [pmol × mg protein-1]

11.3

9

5.23

7.3

15.3

15.4

9

4.92

11.7

19.2

Predicted metformin K p,u a)

13.4

11

6.04

9.38

17.5

3.34

11

0.98

2.68

4.0

Predicted maximal hepatic metformin concentrations [µM] b)

695

11

311

485

904

66.8

11

19.6

53.7

80.0

Observed metformin Kp,uc)

6.8

Observed maximal hepatic metformin concentrations [µM] c)

350

95% CI

2.5

Kp,u was calculated as described in materials and methods. The protein weights used for the calculations were 1500 g for human and 2.5 g for mouse (Rogers and Dintzis, 2018). The total

amount of protein was 90 and 115 mg × g liver-1 for the human and mouse liver, respectively (Sohlenius-Sternbeck, 2006). Passive diffusion was calculated to be 0.343 µL × min-1 × mg protein-1
based on the data from control HEK293 cells transfected with the empty vector pcDNA5.
b)

Hepatic concentrations were calculated assuming portal vein concentrations of 51.7 µM for mouse (Wilcock and Bailey, 1994) and 20 µM for human (double the Cmax observed in humans

after 1 g of metformin (Shu et al., 2007)).
c)

The experimental data of mouse Kp and hepatic concentrations were obtained from (Wilcock and Bailey, 1994) 30 min after an oral dose of 50 mg/kg metformin. The concentrations were

calculated assuming 2.5 g average weight and 1.3 mL average volume of mouse liver. The human Kp was obtained from (Gormsen et al., 2016). No experimental data of human liver
concentration was available.
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Supplementary Tables
Supplementary Table S1. Primers used for the generation of OCT1 constructs
Primer

Sequence (5’  3’)

m/rOCT1_F
human1_for
hm_1_rev
hm_EC_for
hm_EC_rev
hm_2_for
hm_2_rev
hm_3_for
hm_3_rev
hm_4_for
hm_4_rev
hm_5_for
hm_5_rev
hm_6_for
hm_6_rev
hm_IC_for
hm_IC_rev

GTTGGTGAGGAAGCTTACCCAGCCATGCCCACCGTGGA
CGTTTAAACTTAAGCTTGCATGCT
CCAGGACTCTGGCAGTGGTGGTC
GACCACCACTGCCAGAGTCCTGG
GGACTGAAAGAGGTCCAGCTTCCAGG
CCTGGAAGCTGGACCTCTTTCAGTCC
AGCTTACGGCCAAACCTGTCTGCAA
TTGCAGACAGGTTTGGCCGTAAGCT
TGCAGCAGGCGGAAGAGCAGCATGGA
TCCATGCTGCTCTTCCGCCTGCTGCA
CGTTCTTCTGGAGCCCGAGCC
GGCTCGGGCTCCAGAAGAACG
GCCAGCTGCAGCCAGCGCCAGT
ACTGGCGCTGGCTGCAGCTGGC
AACAGCCACCGAGGGGA
TCCCCTCGGTGGCTGTT
CAGGATGAAGGTGCGCTTCCTCAG

L155V_hfor
L155V_hrev
V156L_mfor
V156L_mrev
G165V_hfor
G165V_hrev
G181V_hfor
G181V_hrev
V166G_mfor
V166G_mfor
V182G_mfor
V182G_mrev

GACCTCTTTCAGTCCTGTGTGAATGCGGGCTTCTTCTTT
AAAGAAGAAGCCCGCATTCACACAGGACTGAAAGAGGTC
GACCTTTTTCAGTCCTGTTTGAACTTGGGCTTCTTCCTG
CAGGAAGAAGCCCAAGTTCAAACAGGACTGAAAAAGGTC
TTCTTCTTTGGCTCTCTCGTTGTTGGCTACTTTGCAGAC
GTCTGCAAAGTAGCCAACAACGAGAGAGCCAAAGAAGAA
CGTAAGCTGTGTCTCCTGGTGACTGTGCTGGTCAACGCG
CGCGTTGACCAGCACAGTCACCAGGAGACACAGCTTACG
TTCTTCCTGGGCTCCCTGGGTGTGGGTTACATTGCAGAC
GTCTGCAATGTAACCCACACCCAGGGAGCCCAGGAAGAA
CGTAAGCTCTGCCTCCTGGGAACCACTCTGGTCACCTC
GAGGTGACCAGAGTGGTTCCCAGGAGGCAGAGCTTACG

TMH/amino acid
substitution
TMH1
EC-loop
TMH2
TMH3
TMH4
TMH5
TMH6
IC-loop
Leu155Val in hOCT1
Val156Leu in mOCT1
Gly165Val in hOCT1
Gly181Val in hOCT1
Val166Gly in mOCT1
Val182Gly in mOCT1

Affected codons are underlined, changed bases are boldfaced; TMH, transmembrane helix; EC-loop, large extracellular loop;
IC-loop, large intracellular loop; hOCT1, human OCT1; mOCT1, mouse OCT1
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Supplementary Table S2. Antibodies and dilutions used for immunocytochemical staining of OCT1-overexpressing cells
Applied to cell line

Secondary antibody

Primary antibody

Antibody

Source

Dilution

hOCT1

hmh

mmh

mOCT1

Monoclonal mouse antihOCT1 2C5 (NBP151684)

Novus Biologicals,
Abingdon, UK

1:400

X

X

-

-

Monoclonal rabbit antihOCT1 (Orb32029)

Biorbyt Ltd. Cambridge,
UK

1:50

X

-

X

-

Polyclonal rabbit antimOCT1

Hermann Koepsell,
University of Würzburg
(Meyer-Wentrup et al.,
1998)

1:50

-

-

-

X

Monoclonal rabbit antiNa+/K+-ATPase
(EP1845Y)

Abcam, Cambridge, UK

1:200

X

X

-

-

Monoclonal mouse antiNa+/K+-ATPase (sc48345)

Santa Cruz
Biotechnology,
Heidelberg, Germany

1:100

X

-

X

X

Alexa Fluor® 488 goat
anti - mouse IgG (H+L),
polyclonal

1:400

X

X

-

-

Thermo Fisher Scientific,
Darmstadt, Germany
1:200

X

-

X

X

Alexa Fluor® 546 goat
anti - rabbit IgG (H+L),
polyclonal

1:400

X

X

-

-

Thermo Fisher Scientific,
Darmstadt, Germany
1:100

X

-

X

X
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Supplementary Table S3: Comparison of the parameters of transport kinetics between stably and transiently transfected HEK293 cells
Parameter

Mouse
Mean

n

SD

Human
95% CI

Mean

n

SD

95% CI

Mean

Metformin (stably transfected cells)
Affinity for metformin uptake, KM [µM]
-1

-1

Maximal velocity, vmax [pmol × min × mg protein ]
-1

-1

Maximal velocity, vmax [pmol × min × pmol OCT1 ]
Metformin CLin vitro [µL × min-1 × mg protein-1]

491

11

155

387

595

2198

11

1154

1422

2973

17496

11

7097

12727

22265

14703

11

4346

11783

17623

1353

11

549

985

1722

939

11

278

753

1126

37

11

16.1

26.2

47.9

7.85

11

3.9

5.23

10.5

Metformin (transiently transfected cells)
Affinity for metformin uptake, KM [µM]
-1

-1

Maximal velocity, vmax [pmol × min × mg protein ]
-1

-1

Metformin CLin vitro [µL × min × mg protein ]

840

14

225

710

970

5030

14

2101

3817

6243

10187

14

3109

8392

11982

5169

14

2203

3897

6441

12.4

14

2.69

10.8

13.9

1.09

14

0.36

0.88

1.3

Thiamine (stably transfected cells)
Affinity for thiamine uptake, KM [µM]

143

5

96.3

22.9

262

1057

5

341

634

1480

Maximal velocity, vmax [pmol × min × mg protein ]

3712

5

1031

2432

4992

8261

5

3720

3642

12880

Maximal velocity, vmax [pmol × min-1 × pmol OCT1-1]

287

5

79.7

188

386

528

5

238

233

823

34.1

5

18.3

11.3

56.8

7.71

5

1.75

5.54

9.88

-1

-1

-1

-1

Thiamine CLin vitro [µL × min × mg protein ]

Thiamine (transiently transfected cells)
Affinity for thiamine uptake, KM [µM]
-1

-1

Maximal velocity, vmax [pmol × min × mg protein ]

238

3

103

-19

495

1517

3

491

298

2736

2772

3

823

728

4816

2226

3

404

1222

3230
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Supplementary Figures

Supplementary Figure S1. Comparison of OCT1 protein expression between different mouse strains OCT1
protein expression in the membrane fraction of mouse liver samples was measured using targeted proteomics.
Boxes represent male, open circles represent female animals. Shown are the medians of six animals per mouse
strain.

6

Supplementary Figure S2. Differences in metformin uptake between human and mouse OCT1 using
transiently transfected HEK293 cells (A) Concentration-dependent uptake of metformin by human OCT1
(green), mouse OCT1 (red) and the negative control pcDNA5 (empty vector). (B) Concentration-dependent uptake
of metformin by human and mouse OCT1. HEK293 cells transiently overexpressing OCT1 were incubated with
increasing concentrations of metformin for 2 min. OCT1-mediated uptake was calculated by subtracting the uptake
of control cells (pcDNA5) from the uptake of cells overexpressing OCT1. (C) Eadie-Hofstee transformation of the
data in B. Shown are means and standard errors of the means of 14 independent experiments.

7

Supplementary Figure S3. Differences in metformin uptake between human, mouse, and rat OCT1 (A)
Concentration-dependent uptake of metformin by human (green), mouse (red), and rat (blue) OCT1. OCT1overexpressing HEK293 cells were incubated with increasing concentrations of metformin for 2 min. OCT1mediated uptake was calculated by subtracting the uptake of control cells (pcDNA5) from the uptake of cells
overexpressing OCT1. (B) Eadie-Hofstee transformation of the data in A. (C) Comparison of the intrinsic
clearance (CLint) between human, mouse, and rat OCT1 calculated using v max and KM of the data in A. Shown are
only measurements of all three OCT1 orthologues in parallel, therefore, data may differ slightly from data shown
in Fig. 2A Shown are means and standard errors of the means of four independent experiments.

8

Supplementary Figure S4. Structural overview of the TMH2/THM3 region in human and mouse OCT1 in
silico models Superposition of human and mouse OCT1 structural models with focus on TMH2 and TMH3 and
non-conserved residues highlighted and labeled. (A) Inside view and (B) outside view on TMH2 and TMH3.

9

Supplementary Figure S5. Differences in metformin uptake between human OCT1, mouse OCT1, and
human OCT2 (A) Concentration-dependent uptake of metformin by human OCT1 (green), mouse OCT1 (red)
and human OCT2 (grey). OCT1 or OCT2-overexpressing HEK293 cells were incubated with increasing
concentrations of metformin for 2 min. OCT1 or OCT2-mediated uptake was calculated by subtracting the uptake
of control cells (pcDNA5) from the uptake of cells overexpressing human or mouse OCT1 or human OCT2. Shown
are only measurements of all three OCT paralogues in parallel, therefore, data may differ slightly from data shown
in Fig. 2A. (B) Protein sequence alignment of TMH2 and TMH3 of human OCT1, mouse OCT1, and human OCT2
using the CLUSTAL O(1.2.4) multiple sequence alignment tool (Madeira et al., 2019). Coloring based on the
BLOSUM62 matrix. Arrows indicate amino acids mutated in C. (C) Effect of mutations of hLeu155/mVal156 and
hPhe169/mIle170 in human/mouse OCT1, respectively, on metformin uptake. HEK293 cells transiently
overexpressing OCT1 were incubated with 100 µM metformin for 2 min. Shown are means and standard errors of
the means of three independent experiments. +++ P<0.001 compared to mouse OCT1 in a Tukey’s post hoc analysis
following one-way ANOVA.
10
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Mutagenesis in the Modeled Outward-Facing Cleft by Measuring Effects of Substrates and
Inhibitors on Initial Uptake
Gorboulev V, Rehman S, Albert CM, Roth U, Meyer MJ, Tzvetkov MV, Mueller TD, Koepsell H
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 Effects of genetic polymorphisms on the OCT1 and OCT2-mediated uptake of ranitidine
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8.2 Conference contributions
8.2.1 Oral presentations
 Opioids as substrates and inhibitors of OCT1 – polyspecific does not mean unspecific
Greifswalder Transporttage 2019, Greifswald, Germany
 Primerless PCR as a tool to investigate transporter function 2nd MAD-Meeting (Methods for
Analyzing Drug Transporters) 2019, Rauischholzhausen, Germany
 Oxford Nanopore Sequencing – MinION 2nd MAD-Meeting (Methods for Analyzing Drug
Transporters) 2019, Rauischholzhausen, Germany
 OCT1 of mice and men – species-specific differences in the function of OCT1 4th German PharmTox Summit, 85th Annual Meeting of the German Society for Experimental and Clinical
Pharmacology and Toxicology (DGPT) and 21st Annual Meeting of the Association of Clinical
Pharmacology (VKliPha) 2019, Stuttgart, Germany
 OCT1 of mice and men – the different role of phenylalanine159 Greifswalder Transporttage 2018,
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 Is there an OCT1-mediated transport without aspartate474? Transporttage 2017 in Münster,
Germany
 My experience with Next-Generation Sequencing 1st MAD-Meeting (Methods for Analyzing
Drug Transporters) 2017, Rauischholzhausen, Germany
 OCT1 of mice and men: Comparative characterization of human organic cation transporter
OCT1 and its rodent orthologues Göttinger Transporttage 2016, Göttingen, Germany

8.2.2 Poster presentations
 Effects of a common 8 bp duplication at the exon7-intron7 border (rs35854239) on OCT1
splicing, expression, and function Personalized and Precision Medicine International Conference
2020, München, Germany
 Opioids as substrates and inhibitors of the genetically variable organic cation transporter
OCT1 – is there relevance beyond tramadol, codeine, and morphine? 11th International BioMedical
Transporters Conference 2019, Luzern, Switzerland
 OCT1 of mice and men – species-specific differences in the function of OCT1 11th International
BioMedical Transporters Conference 2019, Luzern, Switzerland
 Is there an OCT1-mediated transport without aspartate474? 11th Transport Colloquium,
Rauischholzhausen, Germany
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 Is there an OCT1-mediated transport without aspartate474? 3rd German Pharm-Tox Summit, 84th
Annual Meeting of the German Society for Experimental and Clinical Pharmacology and Toxicology
(DGPT) and 20th Annual Meeting of the Association of Clinical Pharmacology (VKliPha) 2018,
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Pharm-Tox Summit, 85th Annual Meeting of the German Society for Experimental and Clinical
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Pharmacology (VKliPha) 2019, Stuttgart, Germany
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 Laboratory Animal Sciences, corresponding to FELASA and GV-SOLAS, 2017, University
Medical Center Göttingen, Göttingen, Germany
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