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1. Introduction 

A wide variety of cell transporters are present in our tissues throughout our body. They are 

responsible for the uptake as well as the efflux of various endogenous and exogenous 

compounds. These compounds are mostly hydrophilic owing to the hydrophobic nature of the 

plasma membrane but may include slightly hydrophobic substances as well. Of particular interest 

are the exogenously delivered drugs in various therapies and their products that are a result of 

cellular metabolism. Their effectiveness in the treatment process is mainly dependent on their 

concentration in blood which in turn is regulated by the drug transporters present particularly in 

liver, kidney, small intestine and the blood-brain barrier. A detailed knowledge of their structural 

and functional characteristics is therefore very important in the process of drug development. 

Improvements in biotechnology, in vitro studies in cell lines that express specific transporters 

stably or transiently and in vivo studies in animal models have increased our understanding of the 

structure and function of these transporters to a large extent. Besides, modern crystallization 

studies and protein homology modeling techniques have worked wonders in this regard.  

These drug transporters can be grouped into two families based on the mechanism of their 

transport: 

a) ATP - binding cassette (ABC) transporters 

The transporters belonging to this category require ATP hydrolysis for the transport of substrates 

across membranes. The name of the family is derived from the ATP - binding domain found on 

the transporter. The involvement of ATP makes these transporters primary active. Most common 

examples of ABC transporters are multi-drug resistance protein (MDR), multi-drug-resistance 

associated protein (MRP) and the breast cancer resistance protein (BCRP).   

b) Solute carrier (SLC) transporters 

This group of transporters does not utilize ATP for transport as they don’t have any ATP – 

binding sites and can be subdivided into the secondary active transporters and the facilitated 

transporters.  The former utilize the ion gradients such as a sodium or proton gradient produced 

by the primary active transporters across the plasma membrane whereas the latter depend upon 

the electrochemical potential difference of their substrate to facilitate its transport across the 

membrane. A further classification of this group is also based upon the number of substrate 

molecules being transported and the direction of transport. A uniporter transports a single solute 
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molecule in one direction only; a symporter carries two solute molecules in the same direction 

and an anti-porter transfers two solute molecules in opposite directions. 

 

1.1 SLC22 family of transporters 

The family was named after the official gene symbol given by the Human Genome 

Nomenclature Committee. Based on phylogenetic similarity and preferential substrate 

selectivity, the known transporters of mammalian origin in this group have been subdivided into 

three groups (Fig.1) (Koepsell 2011; Koepsell et al. 2011; Burckhardt et al. 2000): 

1. Organic cation transporters (OCTs) consist of OCT1 (SLC22A1), OCT2 (SLC22A2) and 

OCT3 (SLC22A3). The members of this group use passive diffusion for transport. 

2. Organic cation/zwitterion transporters (OCTNs), consists of Na+-ergothioneine co-transporter 

OCTN1 (SLC22A4), Na+-carnitine co-transporter OCTN2 (SLC22A5), a mouse-specific 

transporter mOCTN3 (mouse Slc22a21) and carnitine and cation transporter OCT6 

(SLC22A16). OCTN1 transports carnitine and also works as a proton-organic cation 

exchanger. OCTN2 (SLC22A5) functions as a Na+-independent transporter for organic 

cations.  OCT6 is involved in carnitine Na+-independent uptake. 

3. The subgroup of organic anion transporters (OATs) contains OAT1-3 (SLC22A6-8), human 

OAT4 (SLC22A11), urate transporter URAT1 (SLC22A1), rodent OAT5 (Slc22a19) and 

OAT6 (Slc22a20); most OATs operate as anion exchangers which couple efflux of 

intracellular dicarboxylates (e.g. α-ketoglutarate, lactate) with uptake of organic anions into 

the cell.  

An important characteristic of most of the transporters of this family is their polyspecificity. 

They transport a variety of substrates with different sizes and molecular structures. Besides this, 

some of the ligands also act as inhibitors in these transporters. So, the transporters of SLC22 

family have a range of affinities as well as transport efficiencies for a variety of compounds 

(Koepsell 2011; Koepsell et al. 2011; Nigam et al. 2007; Rizwan et al. 2007; Anzai et al. 2006). 

As far as the genetic make-up of SLC22 family is concerned, members which are 

phylogenetically related (belong to the same subgroup) are encoded by genes present on the 

same chromosome band for example hOCT1-3 are can be found on chromosome 6q25.3, 

hOCTN1-2 on 5q23.3, and hOATs mainly on 11q12.3-11q13.1 (Koepsell et al. 2003; Eraly et al. 
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2003). Also, these genes occur in pairs probably for the purpose of facilitating co-regulation 

(Eraly et al. 2004). 

Due to the high level of expression of these transporters in organs like intestine, liver and kidney, 

they are crucially involved in absorption and excretion of exogenous compounds like drugs used 

in therapies as well as endogenous compounds, specially the metabolites of these drugs. 

(Koepsell 2011; Koepsell et al. 2011; Sekine et al. 2006; Wright et al. 2004). Besides this, these 

transporters are also actively involved in the function of homeostasis throughout many organs in 

the body for instance, brain, lung and heart (Burckhardt et al. 2011; Zaïr et al. 2008; Lips et al. 

2007; Taubert et al. 2007; Kusuhara et al. 2005; Schneider et al. 2005; Zwart et al. 2001). 

 

 
  

Figure 1. Phylogenetic tree of the 23 transporters of the human SLC22 family showing 
evolutionary relationships based on nucleotide sequences. The distance along the branches is 
inversely related to the sequence similarity. Electrogenic cation transporters (OCTs) are marked 
by black boxes, transporters for organic cations and carnitine (OCTNs) by gray boxes and 
transporters for organic anions (OATs) by white boxes. Transporters whose function is as yet 
unknown are unmarked. [Handb Exp Pharmacol (201):105-167. Copyright © 2011 Springer. Used with 
permission.] 
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1.2 Organic cation transporters (OCTs) 
rOCT1 was the first transporter of this family that was identified using expression cloning of 

cDNA from rat kidney library  in our laboratory (Koepsell et al. 2003; Gründemann et al. 1994). 

Next in line to be characterized was rOCT2 in 1996 (Okuda et al. 1996). rOCT3 and hOCT3 

were identified two years later in 1998 (Gründemann et al. 1998; Kekuda et al. 1998). 

 

1.2.1 Tissue distribution and sub-cellular localization 
OCT1 (SLC22A1) The rat homologue of this transporter, rOCT1, is found in a variety of tissues 

(Koepsell et al. 2011; Koepsell et al. 2007) having strongest expression in liver, kidney and 

intestine (Gründemann et al. 1994). Human homologue, hOCT1, however, is mainly present in 

the liver (Koepsell et al. 2011, Nies et al. 2009; Jung et al. 2008; Nishimura et al. 2005; 

Gorboulev et al. 1997). Within the hepatocytes the expression of this transporter is mainly on the 

basolateral side of the hepatocytes in both rats and humans (Nies et al. 2008; Meyer-Wentrup et 

al. 1998). This position allows it to take in substrates brought in the liver by the blood, thus 

initiating the excretion process of many drugs which are cationic in nature. Apart from this, 

human OCT1has been located in small amounts in a number of other tissues of the body, for 

example, the apical membrane of enterocytes (Koepsell 2015; Han TK et.al., 2013), the apical 

membrane of ciliated cells in the lung (Lips et al. 2005) and of tubule epithelial cells in the 

kidney (Tzvetkov et al. 2009). 

OCT2 (SLC22A2)  The highest level of expression of hOCT2 is found in the kidney (Koepsell et 

al. 2011; Jung et al. 2008; Nishimura et al. 2005; Gorboulev et al. 1997), where the protein 

expression  has been detected in the basolateral membrane of the epithelial cells of the proximal 

convoluted tubule (Koepsell et al. 2011; Nies et al. 2008; Motohashi et al. 2002). Just like the 

role that OCT1 plays in the hepatocytes, OCT2 aids in the secretion of organic cations in the 

kidney. It mediates the transport of these cations into the epithelial cells from the blood across 

the basolateral membrane. OCT2 protein has also been discovered in several other human 

organs, including small intestine, lung and different brain regions, and the inner ear (Koepsell et 

al. 2011; Ciarimboli et al. 2010; Taubert et al. 2007; Lips et al. 2005; Busch et al. 1998; 

Gorboulev et al. 1997). The location of hOCT2 protein is mainly apical in the ciliated epithelial 

cells of the lung (Koepsell et al. 2011; Lips et al. 2005) and in pyramidal cells of the 

hippocampus (Koepsell et al. 2011; Busch et al.1998). 
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OCT3 (SLC22A3) Human OCT3 was first cloned from a kidney-derived cell line and was 

initially named the extraneuronal monoamine transporter (EMT) because its substrate specificity 

was found to be similar to monoamine uptake measured in extraneuronal tissues, neuronal 

expression of OCT3 was not established, and it was not known that monoamines are also 

transported by OCT3 (Koepsell et al. 2011; Koepsell et al. 2003; Gründemann et al. 1998). 

OCT3 is very broadly distributed in tissues (Koepsell et al. 2011; Nies et al. 2009; Verhaagh et 

al. 1999) and the protein has been traced, among others, in placenta, adrenal gland, liver, kidney, 

heart, lung, brain, and intestine (Koepsell et al. 2011; Koepsell et al. 2007). 

 

 1.2.2 Structural characteristics 
 

The membrane topology of the transporters belonging to SLC22 family including the organic 

cation transporters consists of 12 α-helices spanning the plasma membrane. Both the termini (N 

and C) are intracellular. A large glycosylated extracellular loop is present between the trans-

membrane helix (TMH) 1 and 2 and an intracellular loop between TMH 6 and 7. This 

intracellular loop contains many phosphorylation sites (Koepsell et al. 2007) (Fig.2).  

 
Figure 2. Predicted topology of the transporters of SLC22 family. Predicted glycosylation sites 
on the large extracellular loop (G) and predicted phosphorylation sites (P) are indicated. (Image 
adapted from Walsh DR et. al., 2015) 
 

1.2.3 Functional characteristics 
OCT1, OCT2 and OCT3 are functionally similar in the following ways (Koepsell et al. 2007): 
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a. All three are able to transport a variety of substrates and are blocked by a range of inhibitors. 

In other words, they are polyspecific. 

b. Most of the transported compounds belong to OCI family (<500 Da) (Schmitt et al. 2005). 

c. The transport is electrogenic in nature (Arndt et al. 2001; Dresser et al. 2000; Okuda et al. 

1999; Kekuda et al. 1998; Busch et al. 1998; Gorboulev et al. 1997; Nagel et al. 1997; 

Busch et al. 1996; Gründemann et al. 1994). 

d. All of these transporters are Cl-- and Na+-independent  and are independent of proton 

gradients when the effect of proton gradients on the membrane potential is excluded (Kimura 

et al. 2002; Kekuda et al. 1998; Gorboulev et al. 1997; Busch et al. 1996) 

e. OCTs are able to translocate organic cations across the plasma membrane in either direction 

(Lips et al. 2005; Busch et al. 1998; Kekuda et al. 1998; Nagel et al. 1997; Busch et al. 

1996).  

 

1.2.4 Substrate and inhibitor specificities 
 The substrates transported through OCTs are mostly positively charged weak bases (at pH 7.4) 

and organic cations but some uncharged compounds are also translocated, for e.g., cimetidine at 

basic (Koepsell et al. 2011; Koepsell et al. 2007; Barendt et al. 2002). These transported 

substrates are comprised of a range of substances including endogenous compounds, drugs, 

xenobiotics and model compounds (Koepsell et al. 2007). 1-Methyl-4-phenylpyridinium (MPP+) 

is a model cation that is transported by OCT1, OCT2 and OCT3 from various species and 

exhibits high maximal uptake rates and similar Michaelis-Menten Km values. Certain substances 

act as non-transported inhibitors for OCTs for instance, cations like tetrapentylammonium, 

decynium 22 and disprocynium, uncharged compounds like corticosterone, deoxycorticosterone, 

and β-estradiol and anions like probenecid and α-ketogluatarate (Koepsell et al. 2011; Koepsell 

et al. 2007). 

 Despite these similarities in substrate and inhibitor specificities between the three OCTs, there 

are differences in specificity between subtypes (Koepsell et al. 2007; Koepsell et al. 2003). Some 

cations are transported by one OCT-transporter but act as inhibitors in another case. For 

example, tetrabutylammonium (TBuA) is a substrate of hOCT1 and rbOCT1 but inhibits rOCT1 

and mOCT1 (Volk et al. 2003; Budiman et al. 2000; Dresser et al. 2000). Mutual inhibition is 

also exhibited by the transported substrates of OCTs. The degree of inhibition by a high 
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concentration of a given inhibitor may be total or partial. Although, this inhibition is mostly 

competitive, deviations have also been observed for some pairs of substrate and inhibitor 

(Koepsell et al. 2007). 

 

1.2.5 Clinical relevance   
Since OCTs take part in the bio-distribution of a number of important compounds, mutations in 

OCTs or in their regulatory proteins can affect the concentration of these compounds in vital 

tissues like brain and heart. There is also a possibility of severe side-effects after co-medication 

of some drugs owing to a difference in their comparative affinities for transport. Therefore, 

several studies have been done in vitro to check the ability of drugs to inhibit transport of the 

OCT drug substrates, for example, metformin or cimetidine (Koepsell et al. 2011). Drug-drug 

interactions involving OCTs also occur in vivo and may mainly affect the renal secretion of 

drugs that are cationic in nature (Kindla et al. 2009; Ayrton et al. 2008). For example, cimetidine 

decreases the renal tubular secretion of ranitidine (van Crugten et al. 1986), procainamide (Lai et 

al. 1988), dofetilide (Abel et al. 2000), and varenicline (Feng et al. 2008). The inhibition of 

metformin secretion in kidney tubules by cimetidine is attributed to OCT1 (Wang ZJ et al. 2008). 

OCT2 and OCT3 are inhibited directly in treatments using corticosteroids (Koepsell et. al. 2004; 

Dresser et al. 2001). Inhibition of hOCT3 has been observed to increase the interstitial 

concentration of noradrenaline causing increased vasoconstriction in pulmonary arteries 

(Horvath et al. 2003). Similarly in the CNS inhibition of OCT2 and/or OCT3 increases 

interstitial neurotransmitter concentrations leading to neurological and psychiatric symptoms 

(Eisenhofer et al. 2001; Kimelblatt et al. 1980). The excretion of cationic drugs is also affected 

adversely during any renal, hepatic or systemic diseased state. For example, after partial 

nephrectomy in rats, OCT2 expression and in turn cimetidine excretion is reduced (Ji et al. 

2002). Organic cation transport in kidney is impaired in the condition of diabetes in rats (Grover 

et al. 2002). A potentially lethal condition associated with mutations in OCTs is lactic acidosis 

(Koepsell et. al. 2004). Treatment of type-II diabetes with biguanides like metformin, which is a 

substrate of OCTs, leads to this side-effect (Koepsell et al. 2003; Dresser et al. 2001). 

Metformin inhibits mitochondrial complex I in the liver that in turn decreases the production of 

glucose (Owen et al. 2000). However, factors like renal failure, mutated OCT2 or co-medication 

with inhibitors of OCT2, that impair the functioning of OCT2, result in increased inhibition of 
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the mitochondrial complex leading to lactic acidosis. Recently, it has also been postulated that 

defect in OCT1 is one of the factors that is responsible for the resistance of cancer cells during 

anthracycline treatment (Andreev et. al., 2016). 

 

1.2.6 Mechanism of transport 
The most recent view for the mechanism of transport by OCTs is that they work according to the 

alternating access model (Koepsell 2011). This model suggests a series of steps involved during 

the translocation of substrates across the plasma membrane, starting from binding of substrate to 

the transporter  from the extracellular side, conformational change in the transporter leading to 

the transfer of substrate to the intracellular side, release of the substrate on the intracellular side 

and finally another conformational change reorienting the transporter such that the binding site 

becomes available for the substrate again on the extracellular side (Fig.3).  

 

 
Figure 3. Alternating access mechanism of transport depicted for rOCT1 
rOCT1 has been shown to possess three binding sites out of which two low-affinity binding sites 
are directly involved in the transport process and are indicated above whereas one high-affinity 
binding site is not shown. The binding of the substrate to one low-affinity binding site may alter 
the structure of the second one. (Image adapted from Koepsell H., 2015) 
 

The evidence for this model is provided by experiments in which transport by rOCT2 was 

inhibited by TBuA+ or corticosterone that was introduced in the system either from the 

extracellular or the intracellular side of the plasma membrane (Volk C et. al., 2003). The 

interaction of these substrates with the binding site in the outward-open conformation was 

established by measuring inhibition of TEA+ induced inward-currents in intact oocytes whereas 
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the interaction with the binding site in the inward-open conformation was characterized by 

inhibition of TEA+ induced outward-currents in giant patches obtained from rOCT2 expressing 

oocytes. Corticosterone exhibited a higher affinity to the outward-open form whereas TBuA+ 

showed a higher affinity to the inward-open form of rOCT2. The data obtained through this 

study indicates that the substrate binding region in the cleft of rOCT2 is accessible from both 

sides of the membrane but with different affinities for substrates/inhibitors in the two 

conformations, thus supporting the alternating access mechanism.  

 
 
1.2.7 Mapping of substrate binding regions of rOCT1 
Site-directed mutagenesis and modeling studies have contributed immensely to the knowledge of 

the substrate-binding regions of rOCT1 (Koepsell 2011; Volk et al. 2009; Schmitt et al. 2009; 

Gorbunov et al. 2008; Popp et al. 2005). The model of inward-facing conformation of rOCT1 

was based upon the crystal structure of Lactose permease LacY from Escherichia coli in the 

same conformation as both are members of the major facilitator superfamily (MFS) (Popp et al. 

2005; Abramson et al. 2003). The model of outward-facing conformation of rOCT1 was initially 

made by using a presumed mechanism of rearrangement of the enzyme LacY based on 

biochemical data (Koepsell 2011; Volk et al. 2009; Schmitt et al. 2009; Kaback et al. 2007). 

However, the recent crystallization of another member of the same superfamily, Fucose 

transporter FucP also from Escherichia coli, in the outward-facing conformation allowed the 

modeling of rOCT1 on its basis in this conformation (Dang et al. 2010). Mutagenesis of rOCT1 

done so far has confirmed the high quality of modeled outward- and inward-open clefts of the 

transporter in the following ways: 

a. Substrate selectivity and/or affinity were changed by eight mutations in the cleft region of the 

modeled inward-open and/or outward-open conformations (Volk et al. 2009; Gorbunov et al. 

2008; Popp et al. 2005; Gorboulev et al., 2005; Gorboulev et al., 1999). These include: 

Phe160 on TMH 2; Trp218, Tyr222 and Thr226 on successive turns of TMH 4; Arg440, 

Leu447 and Glu448 on TMH 10; and Asp475 in the middle of TMH 11 (Fig.4). 

b. Docking simulations done with inhibitors corticosterone and TBuA+ on rOCT1 enabled the 

prediction of their interaction with these sites in the transporter (Volk et al. 2009; Popp et al. 

2005). The docking of corticosterone with the modeled outward-open and inward-open clefts 

were consistent with the functional data showing an interaction with Phe160, Trp218, 
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Arg440 and Leu447 (Fig.4). Interaction of Asp475 with corticosterone was also predicted 

which was confirmed by the measurements performed with stably transfected HEK293 cells 

(Volk et al. 2009). Similarly, docking simulations done with TBuA+ along with the 

experimental evidence showed that it interacts with Phe160, Leu447 and Asp475 (Volk et al. 

2009). 

Tracer uptake and inhibition studies employing model substrates (TEA+ and/or MPP+) in the 

presence and absence of inhibitors have been done on a variety of rOCT1 mutants expressed in 

intact oocytes, to determine the Km, Vmax and Ki values. Initially experiments were done using 

long incubation times (30 or 60min) with the passively permeating inhibitors like corticosterone 

so that they have access to both the intracellular as well as extracellular side of the plasma 

membrane (Gorbunov et al. 2008; Popp et al. 2005; Gorboulev et al., 2005; Gorboulev et al., 

1999). In later experiments, corticosterone was applied to both the sides of the plasma membrane 

separately for short incubation times and electrical measurements were done, again on oocyte 

system, to differentiate between their interaction with intracellular and extracellular sides and 

allow the identification of binding sites playing  important role in the steps of transport process – 

binding/translocation and release of substrates (Volk et al. 2009).  The following observations 

were made as a result of these studies: 

a. The Km values for both TEA+ and MPP+ were changed by mutations of Trp218 and Tyr222. 

b. The mutation Asp475 to glutamate increased the affinity for TEA+ but did not affect the Km 

for MPP+. 

c. Mutations at the remaining five positions, namely, Phe160, Thr226, Arg440, Leu447 and 

Gln448 affected only the affinity for MPP+. 

Having identified the crucial amino acids in the cleft of the transporter interacting with the 

substrate, it was also important to know, specifically, in what conformation (the outward-facing 

or the inward-facing) this interaction occurs. For this purpose, the later experiments of checking 

the effect of intracellular or extracellular corticosterone on TEA+-induced currents were done 

(Koepsell 2011; Volk et al. 2009). Firstly, short incubation times were used which prevented the 

passive permeation of corticosterone into the oocytes and secondly, the experiments were done 

on an rOCT1 mutant (C451M) because it showed increased cation-induced currents without 

affecting the affinity for TEA+ or MPP+ (Sturm et al., 2007). As a result, positions were 

identified that altered the affinity of corticosterone from both extracellular as well as intracellular 
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side (Phe160, Trp218 and Leu447), only from extracellular side (Arg440) and only from 

intracellular side (Gln448).  

Experiments done with rOCT1 reconstituted in nanodiscs (T. Keller, F. Bernhard, V. Doetsch, V. 

Gorboulev, H. Koepsell; unpublished data) as well as those conducted using voltage-clamp 

fluorometry on a fluorescent labeled rOCT1 (Gorbunov D et. al., 2008), both indicate the 

existence of three MPP+ binding sites/monomer of rOCT1. Two of these are low-affinity binding 

sites located closely in the innermost part of the cleft in the outward-open conformation of the 

transporter and are shown to be directly involved in the transport process whereas one is a high-

affinity binding site which might affect the transport indirectly by bringing about conformational 

change in the transport related sites and may be of importance due to high-affinity inhibition in 

drug-drug interactions. 
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Figure 4. Structure models of rOCT1 with amino acids that are crucial for substrate affinity. 
Modeling of the outward- and inward-open conformation was done using tertiary structures of 
LacY in the outward- and inward-open conformation. Mutagenesis experiments showed that the 
indicated amino acids are important for affinity and/or selectivity of the substrates TEA+ and 
MPP+. (A) Side-view and (B) View from outside of the outward open-conformation. (C) Side-
view and (D) View from inside of the inward-open conformation. (Image adapted from Koepsell H., 
2011) 
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2. Aim of the study 

 
The aim of this study was to further elucidate the structure of the binding site by trying to 

ascertain which amino acids in the binding site interact with the ligands in the outward open 

conformation using the tools available in the laboratory of Prof. Koepsell. The tools were stably 

transfected HEK293 cells expressing various mutants of rOCT1. The previous studies have 

helped us to identify the main amino acids in the cleft of rOCT1 that interact in a critical manner 

with the substrates/inhibitors either directly or indirectly. Mutations at the following sites - 

Trp218, Tyr222, Thr226, Leu447, Glu448 and Asp475, have been shown to have an effect on the 

affinities (Km values) of MPP+ and TEA+ uptake by rOCT1 (Gorboulev et al., 1999; Popp et al., 

2005; Gorboulev et al., 2005). Also, homology modeling studies have suggested that Phe160, 

Trp218, Arg440, Leu447 and Asp475 interact directly with the cations (Volk et al., 2009). For 

the present study, the following among the above mentioned sites were selected: Asp475, 

Phe160, Leu447, Arg440, Trp218 and Tyr222. Position Lys215 was also selected as a control 

as it is an established non-transporting mutant. The focus was their role in substrate (specifically 

MPP+ and TEA+) interaction with rOCT1 for further investigating the previous observations. The 

approach was different from the routine uptake assays that are conducted at 37oC. This was done 

by measuring the dissociation constant (KD) values of MPP+/TEA+ binding at 0oC. Since, at 37oC 

the transporter is in a dynamic state, it cannot be determined with surety whether these crucial 

amino acids in the binding site are available in the outward or inward open conformation. By 

bringing the temperature down to 0oC, the intention was to freeze the transporter and highlight 

the interaction of substrates with the prominent amino acids of the binding site in the outward 

open conformation. In other words, we wanted the substrate to bind but not to get translocated by 

the transporter in an attempt to measure binding.
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3. Materials and methods 

 
3.1. Materials 

 
3.1.1. Chemicals 

If not otherwise stated, all standard laboratory chemicals were of pro analysis (p.a.) grade and 

were purchased from one of the firms namely Sigma-Aldrich (Taufkirchen, Germany), Merck 

(Darmstadt, Germany), Perkin Elmer (Darmstadt, Germany) or AppliChem (Darmstadt, 

Germany). (Minuesa et al., 2009; Arndt P et al., 2001). 

 

3.1.2. Radioactive compounds 

[14C+]-Tetra-ethylammonium (TEA+) bromide, specific activity 55mCi/mmol and [3H+]-1-

Methyl-4-phenylpyridinium iodide (MPP+), specific activity 85 Ci/mmol were purchased from 

Biotrend (Cologne, Germany).  

 

3.1.3. Cell lines  

x HEK293 wild-type cell line (Graham FL et al., 1977). 

 

3.1.4. Equipments 

x Centrifuge: Heraeus centrifuge UJ II KS 

x Centrifuge: Eppendorf centrifuge 5415 C, Sigma-Aldrich (Taufkirchen, Germany) 

x Thermostat ipp-400, Memmert GmbH, Germany 

x Photometer Ultraspec 3, Pharmacia, Freiburg, Germnay 

x Liquid scintillation counter: Tri-Carb 1600CA, Packard Instrument Co., USA 

x Cell Star® Cell culture flasks/plates, Greiner Bio-One (Frickenhausen, Germany). 

 

3.1.5. Special reagents 

x Lipofectamine® DNA Transfection Reagent Protocol, Invitrogen by Life Technologies 

x Lowry solution for protein estimation: Lowry’s reagent (2% sodium carbonate, 0.4% sodium 

hydroxide) + 0.02% potassium sodium tartarate + 0.01% copper sulphate) 
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3.1.6. Software 

x The images of the constructed models (courtesy of Prof. Dr. Thomas Mueller) were studied 

and analyzed using the following software: 

a. Discovery Studio Visualiser (v16.1.0.15350 © 2015, Dassault Systemes Biovia Corp) 

b. Deep View/Swiss-PDB viewer (v4.0.1© 1995-2000 N.Guex) 

c. The animated movies for presentations of transporter molecules were made using PyMol 

(A molecular visualization system on an open source foundation, maintained and 

distributed by Schrödinger, LLC, Mannheim, Germany) 

x Statistical analyses were performed using PRISM (GraphPad software, Inc., San Diego, 

Calif.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://schrodinger.com/
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3.2. Methods 

 

3.2.1. Cloning and site-directed mutagenesis of rOCT1 mutants 

All constructs of rOCT1 single and double mutants used in this study were generated by Dr. 

Valentin Gorboulev in our lab. Most of the constructs (F160A, W218Y, W218L, R440K, 

L447Y, D475E and Y222F) were prepared earlier (Gorboulev et al., 1999; Popp et al., 2005; 

Gorboulev et al., 2005; Volk et al., 2009). The additional mutants - F160Y, L447F and W218F 

were made using the polymerase chain reaction (PCR) applying the overlap extension method 

(Ho et. al., 1989). All mutants were cloned at first into pRSSP vector (Busch et.al., 1996) and 

then transferred into the eukaryotic expression vectors pRcCMV or pcDNA3.1 (both from 

Invitrogen, Netherlands) for the expression of HEK293 cells. The exceptions were mutants 

F160Y and W218F which were cloned directly into eukaryotic expression vectors. 

For creation of eukaryotic expression constructs either the whole coding region of the mutant 

was re-cloned into the eukaryotic vector or the mutated fragment from the pRSSP construct was 

cut with restriction endonucleases and used for replacing the corresponding fragment in the wild-

type rOCT1/pRcCMV. 

All PCR-derived parts of the mutant constructs and cloning sites were sequenced to exclude 

undesired mutations and errors. Rat organic cation transporter 1 (rOCT1) was amplified by PCR 

from Rat liver total RNA using primers designed from the published rOCT1 Sequence: forward 

5’-GCAACCCCCCCCCCC3’ and reverse 5’- GCCCCCCCC-3’. The PCR was digested with 

HindIII and XhoI and cloned into the oocyte vector pRSSP. Sequencing confirmed the absence 

of PCR errors. 

 

3.2.2. Expression and analysis of rOCT1 and its mutants in HEK293 cells 

 

3.2.2.1. Maintenance of cell culture 

x Thawing of cells: DMEM (supplemented with 10% heat-inactivated FCS, 2mM L-glutamine 

and 100,000 units/l penicillin, 100mg/l streptomycin and 0.8g/l G418) was warmed to 37oC 

in a water bath. Cells in cryovial were stored in liquid nitrogen. They were thawed 

completely using the waterbath.  
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x Introduction of cells in flasks for initiating the culture: The cells from the vial were removed 

into 10ml fresh media in a centrifuge tube and spun at 1000 rpm (Centrifuge: JS21-JA 14 & 

JA 20, Beckman, Munich)  for 5 min at room temperature. The supernatant was removed and 

20ml of fresh media was added and the cell suspension was transferred into a 150ml flask 

(Cell Star® Greiner Bio-One, Frickenhausen, Germany). The flask was then kept in the 

humidified incubator at 37oC in 5% CO2. The cells doubled in approximately 2 days. 

 

x Passage of cells (subculture): Fresh media and PBS were warmed to 37oC in water bath. The 

old media in the flask was removed and the cells were rinsed, without detaching, with 5ml 

PBS at room temperature. The cells were then washed from the flask with 10ml fresh media. 

The cells were then divided 1:5 (for passage after 48h) into new flasks/plates, adding fresh 

media for a total volume of 20ml in each. 

 

3.2.2.2. Creation of HEK293 stable cell lines 

HEK293 cells were transfected with the vector pcDNA3.1 containing rOCT1 wild-type and 

rOCT1 mutants and selected for stably transfected cell lines as described (Busch et al., 1996) by 

Dr. Valentin Gorboulev. The cells were seeded to up to 70% confluency in a 60 mm cell culture 

dish. The required amount of DNA was transfected using lipofectamine as per the 

manufacturer’s protocol. The cocktail (DNA + lipofectamine) was added to the cells and the 

media was changed after an incubation of about 24 h (if the cells looked fine) for efficient 

transfection. In case of cell toxicity the media was changed earlier (after about 10 h). After 2 

days of incubation, the cells were trypsinized and transferred to a 10 cm plate and neomycin 

resistance selection was performed with increasing concentrations of geneticin G-418 (200-

800µg/ml). The media was changed after every 72 h till the colonies started forming. At this 

point they were picked up separately and transferred to bigger plates and cultured as usual. The 

cell lines exhibiting the highest MPP+ uptake were selected for further studies. 
  

3.2.2.3. Binding assay in HEK293 cells 

Harvesting the cells for the assay: Three fully confluent cell-culture dishes (PS, 145/20 MM, 

Vents, CELLSTAR® TC, sterile) were taken for one complete experiment. After washing the 

cell layer with 1X PBS once at room temperature, the cells were detached using Mg-Ca-PBS (1X 
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phosphate-buffered saline with 0.5 mM MgCl2 and 1 mM CaCl2, pH 7.4) and transferred to a 50 

ml falcon tube which was centrifuged for 5 min at 1000 × g (Heraeus centrifuge UJ II KS) at 

room temperature. The supernatant was discarded and the cell pellet was finally suspended again 

in Mg-Ca-PBS. 100 µl aliquots of this cell-suspension containing about 107 cells were taken in 

1.5 ml glass tubes.  

Substrate concentrations: A total of 10 different concentrations of MPP+ (radioactive + non-

radioactive) were prepared in ice-cold Mg-Ca-PBS for one experiment and for each 

concentration 4 measurements were done. The concentrations ranged from the starting value of 

1.25 nM having only radioactive [3H]MPP+ to a final concentration of 5 mM MPP+ having the 

same amount of radioactive [3H]MPP+ in each but an increasing amount of non-radioactive 

MPP+. 

The assay: The aliquots of cells-suspension prepared as mentioned above were pre-incubated in 

ice for 10 min. Then 100 µl of each of the above described substrate preparation was added to 4 

of these aliquots and mixed using a vortex mixer. After 5 min incubation on ice, this mixture was 

transferred to 1.5 ml eppendorf tubes using plastic transfer pipettes (BRAND® pipette, Z331767, 

Sigma). It was then centrifuged for 2 min at 1,000 × g (Eppendorf centrifuge 5415 C, Sigma-

Aldrich). The supernatant was carefully removed completely without disturbing the pellet using 

a disposable Pasteur pipette (MARI3233050, Marienfeld) attached to a pump. Any traces of 

radioactivity on the tube wall or in the solution surrounding the pellet was removed quickly by 

washing the surface of the pellet with 1 ml ice-cold 1X Mg-Ca-PBS using a pipette. 

 

3.2.2.4. Scintillation counting 

The cell pellets were solubilized by 1 h incubation with 4 M guanidine thiocyanate. After this, 1 

ml of scintillation cocktail mix LumasafeTM Plus (Lumac, Netherlands) was added to each vial 

and it was analysed for radioactivity. The liquid scintillation counting was done using Tricarb 

1600 (Packard-Bell, Dreieich, Germany).  

 

3.2.2.5. Protein estimation of cell sample 

Lowry’s method for protein estimation was used to measure the amount of protein in the cell 

extract as described previously (Lowry et al., 1951). 
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As a reference, BSA was taken in 100 µl at four different concentrations (5µg, 10µg, 20µg and 

40µg). 100 µl 0.5% SDS was added to the pellet of cells (our sample) and vortexed. Afterwards, 

1ml Lowry solution was added to both the sample and the controls and incubated for 10 min. 

Then, 100 µl of 1X Folin-Ciocalteu phenol reagent was added and vortexed. After an incubation 

of 30 min at room temperature, the optical density was measured by absorbance of 760nm 

wavelength using Tungsten light in Pharmacia LKB Ultraspec III UV/visible scanning 

spectrophotometer (Pharmacia Biotech, Uppsala, Sweden). The plotting of graph was done 

using the values of optical density measured against control concentrations and the slope, y = 

m(x) + c, (where y = optical density values, x = unknown concentration and m and c are linear 

equation constants) was obtained. Using this slope, the sample concentration was determined in 

µg/µl. 

 

3.2.3. Calculation and statistics  

 

Software package Graph Pad Prism Version 4.1 (Graph Pad Software, San Diego, CA) was used 

to compute statistical parameters. Binding measurements in HEK293 cells were performed in at 

least three different experiments in which four individual measurements were performed per 

experimental condition. Dissociation constants (KD) values for binding were determined by 

fitting Hill equation to radioactively traced MPP+ associated with HEK293 cells that have been 

corrected for nonspecific binding measured in presence of 5mM non-radioactive MPP. The 

presented KD values represent means + S.D. which were obtained by fitting data from individual 

experiments. The curves in the presented figures were obtained by fitting data from compiled 

experiments. In the graphs individual data points are presented as mean values + S.E.M. When 

rOCT1 wild-type and/or mutants were compared within experimental series, significance of 

differences was determined by ANOVA using posthoc Newman-Keuls comparison. P < 0.05 

was considered significant.
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4. Results 

Studies on rOCT1 with the aim of elucidating Michaelis-Menten constant (Km values) for 

substrates and inhibitor affinities presented as half maximal concentrations for inhibition (IC50 

values) have been performed so far in different expression systems ranging from oocytes where 

measurements were performed at room temperature to mammalian expression systems in which 

measurements were performed at 37oC. Although, observed changes in the Km and IC50 values 

after mutations of individual amino acids may indicate the amino acids that interact directly with 

the ligands, they may also be due to indirect effects of mutations on ligand binding sites. The 

main focus of the present study was to elucidate the effects of mutations on the binding of 

substrates to rOCT1 by performing measurements at 0oC. By lowering the temperature, we 

wanted to avoid translocation by freezing the transporter in one conformation and check the 

interaction of the substrates MPP+ and TEA+. Previously identified crucial amino acids (Asp475, 

Phe160, Leu447, Arg440, Trp218 and Tyr222), which are supposed to be located in the cleft 

region, were selected so that we could compare the outcome with already established results.  

4.1 [3H]MPP+ binding  

4.1.1. Optimization of binding measurements and binding of [3H]MPP+ to rOCT1 wild-type 

expressed in HEK293 cells 

Trying to measure MPP+ binding we reasoned that at 0oC when the membrane lipids are frozen 

no transport function should be possible. For this reason we tried to determine association of 

MPP+ with rOCT1 expressed in HEK293 cells at 0oC. In all the binding measurements a series of 

[3H]MPP+ concentrations were used ranging from the primary one which consisted of only 1.25 

nM radioactive MPP+ to a final concentration of 5 mM made up of 1.25 nM radioactive MPP+ 

mixed with an increasing concentrations of non-radioactive MPP+. The cells were first pre-

incubated in ice to assure their inactive state. For simpler handling, a relatively long incubation 

time of 5 min with the substrate (as compared to the 1 sec incubation period during routine 

uptake assays) was used. In order to avoid dissociation of bound substrate, prolonged washing 

had to be avoided. So the washing step was reduced to a 1 sec quick surface wash. As a control 

experiment when the binding of [3H]MPP+ with and without washing with 1X PBS was 
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compared in HEK293 cells expressing rOCT1 wild-type considerable saturable binding was 

observed and the amount of bound [3H]MPP+ that could not be removed in the presence of 5 mM 

MPP+ remained same in both the cases (Fig.5). When the HEK293 cells expressing rOCT1 were 

incubated for 5 min at 0oC with 1.25 nM [3H]MPP+ and the cells were washed in suspension in 

the presence of 1X PBS containing 5 mM MPP+, no significant saturable MPP+ association with 

the cells was detected (M. Tzvetkov  and H. Koepsell, unpublished data). This is consistent for 

the absence of transport at 0oC but cannot be considered as unambiguous proof for binding 

because the intracellular MPP+ content may be relatively low under equilibrium conditions after 

5 min incubation and cellular efflux could be stimulated during washing with non-radioactive 

MPP+.  

 

 
Figure 5. [3H]MPP+ binding to HEK293 cells stably transfected with rOCT1 at 0oC 
HEK293 cells stably transfected with rOCT1 were incubated for 5 min at 0oC with 1.25 nM 
[3H]MPP+. The cells were pelleted and radioactivity in the pellet was analyzed directly after 
removal of the supernatant (without surface-wash) or after a quick wash of the surface of the 
pellet to remove any traces of radioactivity from the surface of the pellet and the tube’s wall 
(with surface-wash). Mean values ± S.E.M of 12 measurements from 3 independent experiments 
are shown. **P<0.01, ***P<0.001significance of difference determined by ANOVA with 
posthoc Newman-Keuls test. 
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In another control experiment using empty vector transfected HEK293 cells, it was observed that 

the degree of binding of [3H]MPP+ in presence of 5 mM non-radioactive MPP+ was the same as 

that in HEK293 cells expressing rOCT1 wild-type (Fig.6). Therefore, the binding of [3H]MPP+ 

at this concentration of substrate was considered to be non-specific and thus was subtracted from 

the amount of binding of [3H]MPP+ in the rest of the concentration range i.e., from 1.25 nM to 

500 µM [3H]MPP+ binding in all the experiments.  

 
 
Figure 6. [3H]MPP+ binding at 0oC to HEK293 cells expressing empty vector and rOCT1 wild-
type 
Binding of radioactive MPP+ in presence of 5mM non-radioactive MPP+ was determined to be 
non-specific and subtracted from the MPP+ binding measurements after it was found to be the 
same amount associated with expression vector in control experiment. Mean values ± S.E.M of 
12 measurements from 3 independent experiments are shown. **P<0.01, ***P<0.001 
significance of difference determined by ANOVA with posthoc Newman-Keuls test. 

HEK293 cells stably transfected with rOCT1 wild-type showed the replacement of 1.25 nM 

[3H]MPP+ after addition of increasing concentrations of non-radioactive MPP+ thus exhibiting 

substrate dependence of [3H]MPP+ binding. An increase of about 20% in the amount of the 

bound [3H]MPP+ was observed after addition of 10 nM non-radioactive MPP+ making the final 

MPP+ concentration from 1.25 nM to 11.25 nM (Fig.7). This pointed towards the possibility of a 

high-affinity MPP+ binding site (KD < 12 nM) that allosterically induces the binding to the low-

affinity binding sites. After this initial increase, a smooth replacement of bound [3H]MPP+  was 

observed after addition of higher concentrations till 500 µM MPP+ (Fig.7). Fitting the Hill 
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equation to this replacement curve starting at the MPP+ concentration of 11.25 nM (omitting the 

initial increase), a KD value of 4.87 + 1.0 µM was obtained (Table 1). This value is nearly 

identical to the apparent Km value of MPP+ transport measured during uptake assay HEK293 

cells at 37oC (H. Koepsell, V. Gorboulev and U. Roth, unpublished data). The results indicate 

that:  

x Both the high-affinity and the low-affinity binding sites for MPP+ are accessible to the 

substrate in the outward-open conformation of rOCT1 

x The Km for MPP+ transport in our earlier experiments is determined by the binding of MPP+ 

to the outward open conformation of the transporter and  

x At 37oC and 0oC there is no significant difference in the structure of the low affinity MPP+ 

binding site in rOCT1. 

 

Figure 7.Concentration dependence of saturable MPP+ binding to rOCT1 measured at 0oC. 
HEK293 cells stably transfected with rOCT1were incubated for 5 min at 0oC with1.25 nM 
[3H]MPP+in the presence of increasing concentrations of non-radioactive MPP+till a final 
concentration of 5 mM MPP+. A replacement curve showing bound [3H]MPP+ in the presence of 
different concentrations of non-radioactive MPP+ is plotted. The final concentration of MPP+ is 
indicated on the X-axis. Mean values ± S.E.M of 12 measurements from 3 independent 
experiments are indicated. The curve was obtained by fitting the Hill equation to the data 
starting from the values at 11.3 nM MPP+.*P<0.05 for difference to binding measured at 1.25  
nM MPP+ was determined by Student´s t-test.  
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4.1.2. Binding of [3H]MPP+ to rOCT1 mutants expressed in HEK293 cells 

Noticeable changes in KD value for [3H]MPP+ binding were observed in the mutants of  rOCT1 

expressed stably in HEK293 cells (Table 1, Fig.8). Replacement of Phe160 by alanine (F160A), 

led to almost a two-fold increase in the KD for MPP+-binding measured at 0oC. A change in the 

affinity of MPP+-binding was also observed when Trp218 was replaced either by leucine 

(W218L), or by phenylalanine (W218F) or by tyrosine (W218Y). Replacement of Trp218 by 

leucine (W218L) and phenylalanine (W218F) led to an increase in the KD value but no effect on 

the KD for binding was seen when it was replaced by tyrosine (W218Y). When Asp475 was 

replaced with glutamate (D475E), a three-fold decrease in the KD for MPP+-binding was 

observed. The KD value remained unchanged when Tyr222 was replaced by phenylalanine 

(Y222F), Arg440 was replaced by lysine (R440K) and Leu447 was replaced by phenylalanine 

(L447F) or by tyrosine (L447Y).  

Another noteworthy effect was an initial increase in binding of 1.25 nM [3H]MPP+ after the 

addition of 10 nM non-radioactive MPP+ in the mutants W218L and W218Y similar to the 20% 

increase that was observed in rOCT1 wild-type at this concentration. But in the case of these 

mutants (Fig.8B), the increase was even greater (86% in W218L and 49% in W218Y mutants). 

The mutations that did not have any effect on the binding of [3H]MPP+ to the high-affinity 

binding sites were F160A, Y222F, R440K and L447Y whereas the high affinity binding was 

completely abolished in the mutants W218F, the third mutant from the category of Trp218 

mutants (Fig.8B) and in the mutants L447F and D475E (Fig.8C).  

The data shows that MPP+ is able to interact with Phe160, Trp218 and Asp475 in the outward-

open conformation. The varied effects of W218F, W218Y and D475E point towards a 

complicated interaction of MPP+ with them instead of simply being a member of low-affinity 

binding site in the outward-open cleft. A hint of allosteric interactions between high-affinity and 

low-affinity binding site is also observed due to the initial increase in MPP+ binding after 

mutations at position Trp218.  

Interestingly, the already established non-transporting mutant, K215R, showed some degree of 

binding with a very high KD value of 60.2 ± 9.3 µM (Fig.9), supporting the presumption that the 

substrate binding rather than the transport was measured in our experiments at 0oC. 
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Figure 8. Effects of mutations within the inner part of the modeled outward-open cleft of 
rOCT1 on saturable binding of MPP+ measured at 0oC.  
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Concentration dependence of binding of MPP+ to rOCT1 mutants stably expressed in HEK293 
cells was measured. Mean values ± S.E.M of 12 measurements from 3 independent experiments 
are indicated. The curves were obtained by fitting the Hill equation to the data excluding the 
values measured at 1.25 nM MPP+. Student’s t-test:*P<0.05, **P<0.01, ***P<0.001, difference 
between [3H]MPP+ binding measured at 11.25 nM MPP+ versus 1.25 nM MPP+; о P<0.05, оо 
P<0.01, difference of [3H]MPP+ binding to rOCT1 wild-type measured at 11.25 nM MPP+; 
ANOVA, Newman-Keuls tests:++P<0.01, +++P<0.001, difference of [3H]MPP+ binding to 
rOCT1 wild-type measured at 11.25 nM MPP+. 
 
 

    
 

rOCT1 Mutants Binding of MPP 
 

 
  KD [µM] 

 
 

Wild-type 4.87 + 1.0 
 

 
F160A 9.07 + 1.89** 

 
 

W218F 14.1 + 1.42*** , ΔΔ 
 

 
W218Y 5.93 + 1.26 ΔΔ 

 
 

W218L 15.8 + 0.35*** 
 

 
Y222F 3.97 + 1.17 

 
 

R440K 5.63 + 0.70 
 

 
L447F 3.33 + 0.65 

 
 

L447Y 3.83 + 0.59 
 

 
D475E 1.50 + 0.45** ,Δ 

 
 

K215R 60.2 + 9.3*** 
 

 
    

 
     

Table 1. Binding of [3H]MPP+ to HEK293 cells stably transfected with rOCT1 wild-type or 
rOCT1 mutants was measured at 0oC. Binding of 1.25nM [3H]MPP+ was measured without the 
addition of non-radioactive MPP+, in the presence of 8 concentrations of non-radioactive MPP+ 
between 10 nM and 100 µM, and after the addition of 5 mM non-radioactive MPP+. Saturable 
[3H]MPP+ binding was determined by subtracting non-specific binding at 5 mM MPP+. Three 
independent binding experiments with 4 measurements per ligand concentration were 
performed. KD values were determined by fitting the Hill equation to individual experiments. 
Because in most experiments binding measured at the lowest employed MPP+ concentration 
(1.25nM) was lower compared to binding at 11.25 nM MPP+ , MPP+ binding at 1.25 nM MPP+ 
was excluded from the fit. Mean KD values + S.D. of 3 measurements are shown. ANOVA, 
Newman-Keuls tests: *P<0.05, **P<0.01, ***P<0.001 difference to rOCT1 wild-type; Student’s 
t-test: Δ P<0.05, Δ Δ P<0.01 difference to Km for MPP+(H. Koepsell, V. Gorboulev, U. Roth, 
unpublished data). 
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Figure 9. Binding of [3H]MPP+ to the non-transporting rOCT1 mutant, K215R. 
Concentration dependence of binding of MPP+ to rOCT1 mutants stably expressed in HEK293 
cells was measured. Mean values ± S.E.M of 12 measurements from 3 independent experiments 
are indicated. The curves were obtained by fitting the Hill equation to the data excluding the 
values measured at 1.25 nM MPP+. 
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4.2 [14C]TEA+ binding 

4.2.1 [14C]TEA+  binding to rOCT1 wild-type expressed in HEK293 cells 

The binding assay for [14C]TEA+ binding was done in the same manner as for MPP+ binding. 

The range of 8 different concentrations of TEA+ used in the experiments consisted of the basic 

concentration of 2 µM (only radioactive TEA+) to a final concentration of 10 mM made by 

adding increasing amount of non-radioactive TEA+.  

While optimizing the binding of [14C]TEA+ to rOCT1 wild-type and its mutants, we encountered 

a surprising result. The binding of this substrate to the rOCT1 wild-type expressing cells was 

very low and not significantly different from that of HEK293 cells transfected with the empty 

vector (Fig.10). We hypothesized that perhaps the frozen state of the transporter rendered the 

binding site of TEA+ in rOCT1 wild-type inaccessible to TEA+.  

 
Figure 10. [14C]TEA+ binding to expression-vector and rOCT1 wild-type expressed in HEK293 
cells. 
Optimization of the analysis of [14C]TEA+ binding to pelleted HEK293cells expressing empty 
vector and rOCT1 wild-type. Stably transfected HEK293 cells were incubated for 5 min at 0oC 
with 2µM [12C]TEA+ in the presence of different concentrations of non-radioactive TEA+ 
making the final concentration 0.2 mM and 10 mM. The cells were pelleted and radioactivity in 
the pellet was analyzed after a rapid wash of the surface of the pellet to remove remaining 
supernatant (1 second wash). rOCT1 wild-type expressing HEK293 cells didn’t show any 
binding similar to empty vector transfected cells. Mean values ± S.D of 12 measurements from 3 
independent experiments are shown. **P<0.01, ***P<0.001significance of difference 
determined by ANOVA with posthoc Newman-Keuls tests. 
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4.2.2 [14C]TEA+  binding to rOCT1 mutants expressed in HEK293 cells 

 

Unlike rOCT1 wild-type, the mutants expressed in HEK293 cells displayed varied results for 

[14C]TEA+ binding (Table 2, Fig.11) . Concentration dependent replacement of 2 µM [14C]TEA+ 

was observed after addition of higher TEA+ concentrations only in some of the mutants. Fitting 

the Hill equation to the concentration-dependent replacement curve starting at the TEA+ 

concentration of 2 µM, very high KD values were obtained. These values were more than five-

fold higher than the apparent Km value of TEA+ transport measured in HEK293 cells at 37oC (H. 

Koepsell, V. Gorboulev, U. Roth, unpublished data). When Asp475 was replaced by glutamate, a 

very high KD value of 652.5 µM was obtained. This result is in sharp contrast to that of uptake 

assays with this mutant where the Km is decreased. It is possible that this mutant, due to different 

conformations in a frozen state allows a very strong binding leading to a high KD value but at 

37oC favors the transport of substrate with a high affinity resulting in a decreased Km. 

Replacement of tryptophan at position 218 by either phenylalanine (W218F), or leucine 

(W218L) or tyrosine (W218Y) did not result in any binding just like the rOCT1 wild-type. After 

replacing Phe160 with alanine, Tyr222 with phenylalanine and Arg440 with lysine again very 

high KD values were observed. If the Leu447 was replaced by tyrosine, this mutant (L447Y) 

showed no binding of [14C]TEA+ but an extremely low-affinity binding was detected when the 

replacement was done by phenylalanine (L447F). The only explanation we could give was a 

different accessibility of the substrate TEA+ to the binding site at 0oC in the outward open 

conformation due to the mutations. 
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rOCT1  Binding of [14C]TEA+ 

 

 
Mutants KD (µM) 

 
 

Wild Type No binding 
 

 
D475E 652.5 ± 14.8 **** 

 
 

F160A 314.7 ± 49.2*** 
 

 
L447F 1208.13 ± 222.8** 

 
 

L447Y No binding 
 

 
R440K 174.1 ± 32.6** 

 
 

W218F No binding 
 

 
W218L No binding 

 
 

W218Y No binding 
 

 
Y222F 242.1 ± 56** 

 
 

K215R No binding 
 

 
    

 

   

 
 

Table 2. Binding of [14C]TEA+ to HEK293 cells stably transfected with rOCT1 wild-type or 
rOCT1 mutants was measured at 0oC.  
Binding of 2 µM [14C]TEA+ was measured in the presence of 8 concentrations of non-
radioactive TEA+ between 2 µM  and 5 mM, and after the addition of 10 mM non-radioactive 
TEA+. Saturable [14C]TEA+ binding was determined by subtracting non-specific binding at 10 
mM MPP+. Three independent binding experiments with 4 measurements per cation 
concentration were performed. KD values were determined by fitting the Hill equation to 
individual experiments. Mean KD values + S.D. of 3 measurements are shown. Student’s t-test: 
**** P<0.0001, *** P<0.001, ** P<0.01 difference to Km for TEA+ (H. Koepsell, V. Gorboulev, U. 
Roth, unpublished data). 
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Figure 11. Effects of mutations within the inner part of the modeled outward-open cleft of 
rOCT1 on staturable binding of [14C]TEA+ measured at 0oC.  
Concentration dependence of binding of TEA+ to rOCT1 mutants stably expressed in HEK293 
cells was measured. Mean values ± S.E.M of 12 measurements from 3 independent experiments 
are indicated. The curves were obtained by fitting the Hill equation to the data. 
 

4.2.3 [14C]TEA+  binding to rOCT1 wild-type measured in K+-phosphate buffer 

The buffer present in the environment of the system may affect the conformation of the proteins 

and thus we tried changing the conformation of our transporter by changing the buffer in order to 

check [14C]TEA+ binding to rOCT1 wild-type. All the experiments described in this chapter were 

performed throughout (including the cell culture) in K+-phosphate buffer. The binding of 1.25 

nM [3H]MPP+ was checked in the presence of a range of non-radioactive MPP+ (from 1.25 nM 

till 5 mM MPP+ as the final concentration) as a control. Concentration dependent replacement of 
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1.25 nM [3H]MPP+ was observed after addition of higher MPP+ concentrations. Fitting the Hill 

equation to the replacement curve starting at the MPP+ concentration of 11.25 nM, a KD value of 

5.9 ± 1.7 µM was obtained which was not significantly different from the apparent KD value for 

binding of MPP+ measured in Na+-phosphate buffer (Fig. 12). However, we could not see any 

replaceable binding of 2µM [14C]TEA+ in the presence of different concentrations of non-

radioactive TEA+. The results indicate that the conformation change was not significant enough 

to affect the binding of the substrates to the transporter. 

 

 
Figure 12. [3H]MPP+ binding to rOCT1 wild-type measured in K+-phophate buffer  
Concentration dependence of binding of MPP+ to rOCT1 wild-type stably expressed in HEK293 
cells was measured in the presence of K+-phosphate buffer at 0oC. Mean values ± S.E.M of 12 
measurements from 3 independent experiments are indicated. The curves were obtained by 
fitting the Hill equation to the data excluding the values measured at 1.25 nM MPP+. (Student’s 
t-test:*P<0.05, **P<0.01, ***P<0.001, Difference between [3H]MPP+ binding measured in 
PBS and K+-phosphate buffer. ) 
 

4.3. Substrate binding inhibition studies at 0oC 

Previous studies have pointed out towards the possibility of overlapping binding sites for MPP+ 

and TEA+. So, we checked the inhibition of [3H]MPP+ binding in the presence of non-radioactive 

TEA+ at 0oC and vice versa. 
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4.3.1 [3H]MPP+ binding to rOCT1 wild-type in the presence of non-radioactive TEA+ at 

0oC 

The inhibition of 1.25 nM [3H]MPP+ binding at 0oC to rOCT1 Wild-type was done using 

different concentrations of non-radioactive TEA+ ranging from 0.1 µM to 1 mM (including the 

zero-point). The experiments were performed in the same manner as the earlier optimized 

binding assay (in PBS). HEK293 cells stably transfected with rOCT1 were incubated for 5 min at 

0oC with 1.25 nM [3H]MPP+. The cells were pelleted and radioactivity in the pellet was analyzed 

after a rapid 1s wash of the surface of the pellet to remove remaining supernatant. The result 

showed a successful replacement of [3H]MPP+ by TEA+ with an IC50 value of about 58.4 ± 7.7 

µM (Fig. 13). Interestingly, the addition of TEA+ in concentrations from 0.1 µM to 10 µM led to 

continuous  increase in MPP+ binding that was at 10 µM TEA+ almost 100% (as compared to 

zero-point). This increase can be attributed to an allosteric interaction between MPP+ and TEA+ 

binding sites. The data also confirms the existence of overlapping binding sites for the substrates 

MPP+ and TEA+ and also indicate that in the frozen state, a pre-binding of MPP+ to the 

transporter somehow allowed access of TEA+ due to which it could replace MPP+. 

 
Figure 13. Replacement of1.25 nM [3H]MPP+ by non-radioactive TEA+ 
Replacement was done in the presence of 8 concentrations of non-radioactive TEA+ ranging 
from 0.1 µM to 10 mM (including the zero-point). Mean values ± S.E.M of 12 measurements 
from 3 independent experiments are indicated. The curve was obtained by fitting the Hill 
equation to the data. 
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4.3.2 [14C]TEA+ binding to rOCT1 wild-type and mutant (D475E) in the presence of non-

radioactive MPP+ 

To investigate whether the TEA+ binding site in the outward open cleft becomes accessible after 

MPP+ has bound we measured replaceable binding of 2 mM [14C]TEA+ binding to rOCT1 wild-

type and rOCT1 (D475E) in the presence of 8 different concentrations of non-radioactive MPP+ 

ranging from 0.1 µM to 2 mM (including the zero-point). [14C]TEA+ showed no binding in 

rOCT1 wild-type as before (data not shown). However, we did see a successful 

inhibition/replacement of [14C]TEA+ by non-radioactive MPP+ in rOCT1 (D475E) mutant (Fig. 

14), the same mutant that showed a binding of TEA+ with a very low affinity (Fig.11, Table 2). 

This result is consistent with the fact that MPP+ has a high affinity of binding to rOCT1 wild-

type as compared to TEA+. The calculated IC50 value for inhibition of 2 mM [14C]TEA+ binding 

by non-radioactive MPP+ in rOCT1 (D475E) was 6.5 ± 1.2 µM. The data re-affirmed the 

overlapping nature of the binding sites for MPP+ and TEA+. 

 

 
Figure 14. Replacement of1.25 nM [3H]MPP+ by non-radioactive TEA+ 
Replacement was done in the presence of 8 concentrations of non-radioactive MPP+ ranging 
from 0.1 µM to 2 mM (including the zero-point). Mean values ± S.E.M of 12 measurements from 
3 independent experiments are indicated. The curve was obtained by fitting the Hill equation to 
the data. 
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5. Discussion 
In the present study, an attempt was made to develop a method for measuring the binding (KD) of 

substrates MPP+ and TEA+ to rOCT1 at 0oC. When we measure Km, as has been done using the 

uptake assays at 37oC, we allow not only the ligand to bind the transporter but also to undergo all 

the changes that are a likely result of that binding, including the conformational changes of the 

transporter and an inward journey of the ligand. Therefore, the Km that is measured is a complex 

constant based on a number of rate constants which becomes even more complex with increasing 

number of steps involved in translocation (Fig.15). Although, it is a good tool to measure the 

affinity of the transporter for the ligand as well as the rate and efficiency of transportation, it is 

not very helpful in defining exactly which step of the transport is rate-limiting. Also, we cannot 

attribute the changes that are observed in the Km value after inserting point mutations in the 

transporter only to the outward-binding conformation of the transporter. So, we tried to make 

measurements at a temperature which did not allow the transporter to make any conformational 

change and allowed us to safely predict that any interaction with the ligand took place in the 

outward-open conformation. Any effects in the KD value (Fig.15) due to point mutations that 

showed up were when the transporter was in the outward-open form.  

 

 
Figure 15. A simple model depicting the rate constants that are presumably involved at various 
steps of transport by rOCT1.  
T1 and T2 denote the outward and the inward open conformations of the transporter respectively 
and L is the ligand. T1L and T2L are the complexes of ligand bound to the transporter. 
Equilibrium dissociation constants for ligand binding are KD=ka/kd and k3/k4 whereas rate 
constants for transporter reorientation are k1, k2, k5 and k6. 
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When [3H]MPP+ binding was measured to stably transfected HEK293 cells at 0oC, a KD value of 

4.87 ± 1.0 µM was obtained for rOCT1 wild-type which was not significantly different from the 

Km value measured through uptake assays at 37oC that was 4.7 ± 0.8 µM (Table 3). Also after 

addition of 10 nM non-radioactive MPP+, an initial increase of about 20% in bound MPP+ was 

observed (Fig.7). This points towards the existence of more than one binding site (both high and 

low-affinity) that have an allosteric interaction, i.e., substrate binding to the high-affinity binding 

site brings about an allosteric change in the low affinity binding sites allowing them to bind the 

substrate more quickly. Some conclusions that we can draw from this observation are:  

x Both the high as well as the low affinity binding sites are available in the outward-open cleft 

of rOCT1, 

x the Km for binding of MPP+ is dependent on the structure of the outward-open conformation 

x There is no difference in the structure of the binding site at 37oC and 0oC. 

 

Mutations at position Trp218, Phe160 and Asp475 resulted in a change in the KD value (Table 

3). When compared with the Km values obtained through uptake assays at 37oC, it was observed 

that replacing Trp218 with Leu (W218L) resulted in a decrease in affinity in terms of both Km 

and KD. However, varying results were observed in the mutants W218F and W218Y. After 

replacement with phenylalanine at this position the KD increased three-fold but the Km didn’t 

change. On the other hand, when we replaced Trp218 with tyrosine the KD remained unchanged 

but the Km decreased significantly (about six-fold). The mutants W218L and W218Y also 

showed an increase similar to rOCT1 wild-type on addition of 10 nM non-radioactive MPP+ 

(Fig.8). This increase in [3H]MPP+ binding was 86% in case of W218L and 49% in W218Y as 

compared to the 20% increase in rOCT1 wild-type. At variance, in the third mutant of this 

category, W218F, this effect was totally absent. Apart from an indication of the fact that Trp218 

is involved in the allosteric interactions between the high-affinity and the low-affinity binding 

sites, these results also point out the existence of a more complex role that this position has in the 

binding of MPP+ to the outward-open cleft of rOCT1. The data indicate that the affinity for 

transport is not dependent on the extracellular MPP+-binding to low affinity sites.  

 

The presence of more than one binding sites has also been demonstrated by checking [3H]MPP+ 

binding to purified rOCT1 reconstituted into nanodiscs (T. Keller, V. Gorboulev, T. Mueller, V. 
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Doetsch, V. Gorboulev, G. Bernhard, H. Koepsell, unpublished data). The lipid bilayer in these 

nanodiscs was made up of either di-myristoyl phosphatidylcholine (DMPG) or palmitoyloleyl 

phosphatidylcholine (POPC) and was framed by membrane scaffold protein 1 (MSP1). Cell-free 

expressed rOCT1 was co-translationally incorporated into these nanodiscs and binding of MPP+ 

was measured (dissociation constant, KD and maximal binding, Bmax) using a filter assay. It was 

detected that 2 MPP+ molecules bound per rOCT1 monomer and one KD value of about 30 µM 

was calculated with nanodiscs that were formed from DMPG. As for the nanodiscs formed from 

POPC, three MPP+ molecules were observed to bind per monomer of rOCT1 wild-type. For two 

of these molecules a common low affinity of about 36 µM was detected whereas for the third 

MPP molecule a high affinity KD value of 0.24 µM was obtained. When MPP+-transport was 

checked in proteoliposomes containing rOCT1 wild-type, only a single Km value of about 19 µM 

was obtained (Keller T et. al., 2008). The data in nanodiscs thus indicates the presence of two 

transport-related low-affinity binding sites plus a high-affinity binding site. However, these 

nanodisc experiments could not distinguish between binding of MPP+ to outward-open and 

inward-open cleft of rOCT1. This is because both the states are mutually exclusive in this 

system. Different lipid microenvironment, phosphorylation of rOCT1 in cells and interaction 

with cellular proteins are some of the factors that can lead to difference in results obtained 

through nanodisc experiments and through binding assays done in intact cells. Two individual 

MPP+-binding sites with low and high affinities were also titrated using voltage clamp 

fluorometry on a fluorescent labeled rOCT1 variant (Gorbunov et. al., 2008). 

 

Another mutant that showed a similar result in case of both the present binding assay at 0oC and 

uptake assay at 37oC was F160A. In both the cases the affinity decreased about 2 fold (Table 3). 

This leads us to the conclusion that Phe160 is not only directly involved in MPP+ binding to 

rOCT1 but also directly involved in transport as well. When Asp475 was replaced with 

glutamate (D475E), the results were again different for both assays. The Km value measured at 

37oC was not altered but the KD value measured at 0oC decreased three-fold thus giving us an 

indication that Asp475 is important for binding of MPP+ to rOCT1 but is probably not directly 

involved in its translocation to the other side (Table 3). The above mentioned nanodisc 

experiments conducted with the mutant   rOCT1-D475E also showed a 25% decrease in the KD  

value for low-affinity site (T. Keller, V. Gorboulev, T. Mueller, V. Doetsch, V. Gorboulev, G. 
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Bernhard, H. Koepsell, unpublished data). The parallels drawn between the results of present 

study and that of the nanodisc studies on the positions Asp475 clearly indicate that this position 

is a part of at least one low-affinity binding site for MPP+ and the interaction at the outward side 

with MPP+ may or may not be through direct binding.  

 

Both the KD and Km values remained unchanged after Tyr222 was replaced by phenylalanine 

(Y222F), Arg440 by lysine (R440K) and Leu447 by phenylalanine (L447F) or tyrosine (L447Y) 

ruling out the possibility of their direct involvement in binding of MPP+ (Table 3). Nanodisc 

experiments conducted on Leu447 mutants (L447F, L447Y) also showed that they did not reduce 

the number of MPP+ molecules bound per rOCT1 monomer indicating that Leu447 is not 

directly involved in MPP+-binding to the low-affinity binding site (T. Keller, V. Gorboulev, T. 

Mueller, V. Doetsch, V. Gorboulev, G. Bernhard, H. Koepsell, unpublished data). 

 

Noteworthy was the result of binding of [3H]MPP+ to the non-transporting mutant K215R (which 

showed no uptake). We could measure some degree of low affinity MPP+ binding to this mutant 

supporting our belief that we measured binding and not transport in the present study. 

 

The data suggest that the positions at which mutations affected the KD value are involved in 

MPP+-binding to rOCT1 but whether this involvement is direct or through a change in substrate 

binding domain is still unclear. 

 

 

 

 

 

 

 

 

 

 

     



Discussion 
 

39 
 

 

rOCT1 
Mutants 

Binding of 
[3H]MPP+  

Uptake of 
[3H]MPP+ 

 
 

  KD[µM] Km[µM] 
 

 
Wild-type 4.87 ± 1.0 4.7 ± 0.8 

 
 

D475E 1.5 ± 0.45**, Δ 4.9 ± 2.0 
 

 
F160A 9.07 ± 1.89** 10.6 ± 0.9 

 
 

L447F 3.33 ± 0.65 3.1 ± 0.7 
 

 
L447Y 3.83 ± 0.59 5.6 ± 1.5 

 
 

R440K 5.63 ± 0.70 4.2 ± 1.0 
 

 
W218F 14.1 ± 1.42***, ΔΔ 5.0 ± 1.8 

 
 

W218L 15.8 ± 0.35*** 11.9 ± 1.8 
 

 
W218Y 5.93 ± 1.26ΔΔ 0.75 ± 0.09 

 
 

Y222F 3.97 ± 1.17 5.0 ± 1.8 
 

 
K215R 60.2 ± 9.3*** No uptake 

 
     Table 3. Comparison of [3H]MPP+ binding and uptake by rOCT1 wild-type and its mutants 

expressed stably in HEK293 cells 
Mean values ± S.D of 12 measurements from 3 independent experiments are shown. *P<0.05, 
**P<0.01, ***P<0.001 difference to WT; Student’s t-test: Δ P<0.05, Δ Δ P<0.01 difference to Km 
for MPP+ (H. Koepsell, V. Gorboulev, U. Roth, unpublished data). 
 

Modeling of the outward-open conformation of rOCT1 was done by applying the en-bloc 

rearrangement mechanism of the two pseudosymmetric halves of the modeled inward-facing 

conformation of rOCT1 based upon the confromational change of LacY during transport 

(Abramson J et. al., 2003; Gorbunov D et. al., 2008). According to this model, in the outward-

facing conformation, Phe160, Arg440 and Asp475 are located in the center of the transporter 

somewhat deeper into the outward-open cleft probably occupying a position critical for substrate 

binding (Fig.16A,B). Tyr222 is located at the bottom of the cleft closer to the cytosolic side 

indicating its role during the transport rather than initial binding of the substrate. If we view this 

model from the extracellular side (Fig.16B) we can observe a division of the binding cleft into 

three regions lined by Asp475, Trp218 and Phe160, by Asp475, Trp 218 and Leu447, and by 

Tyr222 and Arg440 thus confirming the results of the present study as well as the nanodisc 

experiments that have indicated the existence of more than one binding site (possibly three, 2 

low-affinity binding sites and one high-affinity binding site) for MPP+.  Docking of MPP+ 

molecules to the modeled outward-open cleft of rOCT1 suggests that MPP+ directly interacts 
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with Trp218 and Asp475 (Fig.16) and also explains the lack of interaction with Tyr222 and 

Leu447 as they seem to be located deeper inside the cleft probably having a role in ligand 

interaction either during transport or during the release of the substrate on the inside. The data of 

binding assays and nanodiscs experiments support the modeled outward-open conformation of 

rOCT1 and vice versa. 
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Figure 16. Structural model of rOCT1 in the outward-open conformation docked with MPP+ 
(in yellow) molecules showing the positions under study.  
Modeling of the outward- and inward-open conformation was done using tertiary structures of 
LacY in the outward-open conformation. (A) Side-view and (B) View from outside of the outward 
open-conformation. (Courtesy:  T. Mueller) 
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Interaction of rOCT1 with its other substrate, TEA+ at 0oC yielded surprising results. The rOCT1 

wild-type did not show any binding  of [14C]TEA+ although through uptake assay at 37oC a Km 

of 67 ± 9.9 µM could be measured (Fig.17, Table 4). A possible explanation for this could be 

that in the frozen state the binding site for TEA+ was rendered inaccessible to it. Apart from 

wild-type, the binding site remained inaccessible when any change was made at position Trp218 

(W218F, W218L and W218Y) as well. However, when compared with the uptake 

measurements, only the mutant W218L showed an absence of transport. In HEK293 cells stably 

transfected with rOCT1 (W218Y) the Km for TEA+ was not changed but in rOCT1 (W218F) it 

was increased almost three-fold as compared to rOCT1 wild type. Leu447, when replaced with 

tyrosine (L447Y) also didn’t show binding of [14C]TEA+ at 0oC. The rest of the mutants, namely 

D475E, F160A, L447F, R440K and Y222F showed very low affinity binding to TEA+ with a 

very high KD value as compared to the corresponding Km values (Table4).  

The buffer present in the environment of the system may affect the conformation of the proteins 

(Sydney O. Ugwu et. al., 2004) and thus we tried changing the conformation of our transporter by 

changing the buffer in order to check [14C]TEA+ binding to rOCT1 wild-type. We could not see 

any binding of 2µM [14C]TEA+ in the presence of different concentrations of non-radioactive 

TEA+. The results indicate that the conformation change was not significant enough to affect the 

binding of the substrates to the transporter. 

Both MPP+ and TEA+ belong to Type I OCs (<500 Da) and are strongly hydrophilic but are 

different structurally (Schmitt BM et. al., 2005; Meijer DK et. al., 1990). The binding of rOCT1 

to structurally different cations is due to its polyspecificity which in turn can be attributed to 

transport related conformational changes induced by polyspecific cation binding. This 

polyspecific cation binding requires cation binding to several binding sites that interact with 

different ligand structures. Through uptake assays at 37oC, it has been shown that rOCT1 

mediated transport of TEA+ is competitively inhibited by MPP+ and vice versa leading to the 

conclusion that MPP+ and TEA+ have overlapping binding sites. Following this idea, we tried the 

inhibition of [3H]MPP+ binding by non-radioactive TEA+ and vice versa. As expected, the 

binding of [3H]MPP+ to rOCT1 wild-type stably expressed in HEK293 cells could be replaced by 

TEA+ at 0oC with an IC50 value of 58.4 ± 7.7 µM (Fig. 11). This was slightly higher than the IC50 

value observed for [3H]MPP+ uptake inhibition by TEA+ at 37oC (42 ± 7.1 µM). The result was 
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consistent with the overlapping nature of binding sites for MPP+ and TEA+. This result also 

suggests that the binding site for TEA+, inaccessible to it at 0oC when it interacted alone,  

somehow became accessible in the presence of [3H]MPP+, perhaps by a “pre-binding” of 

[3H]MPP+ molecules.  

 

As for [14C]TEA+ binding inhibition at 0oC by non-radioactive MPP+, it was observed that it 

showed no binding in rOCT1 wild-type once again. However, when this was checked in the 

mutant rOCT1 (D475E) we could easily observe a smooth replacement of [14C]TEA+ by non-

radioactive MPP+ (Fig. 12). This result is consistent with fact that MPP+ has a higher affinity for 

rOCT1 wild-type as compared to TEA+ and confirms the overlapping nature of the binding sites 

as well.   

 

rOCT1 Mutants Binding of [14C]TEA+  Uptake of [14C]TEA+ 
  KD[µM] Km[µM] 
Wild-type No binding 67 ± 9.9 
D475E 652.5 ± 14.8**** 19 ± 2.9 
F160A 314.7 ± 49.2*** 57 ± 8.3 
L447F 1208.13 ± 222.8** 167 ± 23 
L447Y No binding 80 ± 6.1 
R440K 174.1 ± 32.6** 32 ± 6 
W218F No binding 230 ± 28 
W218L No binding No uptake 
W218Y No binding 61 ± 7.2 
Y222F 242.1 ± 56** 55 ± 11 

 

Table 4. Comparison of [14C]TEA+ binding and uptake by rOCT1 wild-type and its mutants 
expressed stably in HEK293 cells 
Mean values ± S.D of 12 measurements from 3 independent experiments are shown. **P<0.01, 
***P<0.001, ****P<0.0001 significance of difference determined by ANOVA with posthoc 
Newman-Keuls tests; Difference from the corresponding Km value measured through uptake 
assays (H. Koepsell, V.Gorboulev and U. Roth, unpublished data) 
 

In conclusion, we were able to measure KD values during this study successfully for MPP+ 

binding by freezing our transporter rOCT1 at 0oC. The results supported the existence of more 

than one binding site for MPP+ and low and high affinity binding sites could be distinguished. 
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Cooperativity in binding of MPP+ to these sites was also confirmed using some mutants. We 

were also able to confirm the overlapping nature of the binding sites for the substrates MPP+ and 

TEA+. It was also possible to identify the amino acids in the binding site that interact with MPP+ 

in the outward open conformation, namely Phe160, Trp218 and Asp475. The results obtained for 

TEA+ binding were more complex as we did not see any binding of TEA+ to rOCT1 wild-type. 

The amino acids which altered TEA+ binding in the outward open conformation were Asp475, 

Phe160, Leu447, Arg440 and Tyr222. 

 

 

 

 

 

 

 

 

 

 

 

 



Summary 
 

45 
 

6. Summary 
The present study was conducted on the rOCT1, a member of SLC22 family. Structurally, it 

consists of 12 membrane spanning α-helices with both N- and C-termini intracellular. Studies 

done so far, through tracer uptake and inhibition, reconstitution of rOCT1 in nanodiscs and 

proteoliposomes and voltage-clamp fluorometry, have identified the main amino acids in the 

cleft of rOCT1 that interact in a critical manner with the substrates/inhibitors either directly or 

indirectly. Homology modeling studies have also supported these observations. In the present 

study we aimed at measuring the binding of substrates MPP+ and TEA+ to rOCT1 at 0oC in order 

to establish the amino acids in the cleft region that interact with the substrate when the 

transporter is frozen in the outward-open conformation. Previously identified crucial amino acids 

(Asp475, Phe160, Leu447, Arg440, Trp218 and Tyr222) were selected for the study. rOCT1 

wild-type and its mutants were stably expressed in HEK293 cells and these cells were used for 

the binding measurements with the radioactive substrate (MPP+ or TEA+) at 0°C in Mg-Ca-PBS 

buffer as described in “Materials and Methods” section in detail. rOCT1 wild-type revealed for 

MPP+-binding a KD which was not significantly different from the corresponding Km value. 

Also, after addition of 10 nM non-radioactive MPP+, an initial increase of about 20% in bound 

MPP+ was observed. The results indicate that the Km for transport is dependent on the binding of 

MPP+ to the outward-open conformation and hints at the possibility of allosteric interaction 

between the binding sites. Mutations at position Trp218, Phe160 and Asp475 resulted in a 

change in the KD value. Trp218 mutations also showed an allosteric increase similar to the 

rOCT1 wild-type. This study suggests that these amino acids are located at a critical position in 

the outward-open conformation for MPP+ transport. TEA+-binding could not be observed in 

rOCT1 wild-type, indicating that the binding site is perhaps inaccessible for TEA+ in frozen 

outward-open state. The mutants D475E, F160A, L447F, R440K and Y222F showed a very low 

affinity binding with a very high KD value as compared to the corresponding Km values 

indicating that the transporter might have different affinities for extra-cellular binding alone and 

for the complete transport process especially if temperature is the limiting factor. Substrate 

inhibition studies done using both MPP+ and TEA+ have confirmed the existence of overlapping 

binding sites for these two ligands. This study has confirmed the direct interaction of Trp218, 

Phe160, Asp475 with MPP+ and Phe160, Asp475, Leu447, Arg440 and Tyr222 with TEA+ in the 

outward-open conformation. 
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7. Zusammenfassung 
In der vorgelegten Arbeit werden Untersuchungen am organischen Transporter rOCT1, einem 

Mitglied der SLC22 Familie, berichtet. Frühere Untersuchungen beinhalteten 

Transportmessungen mit radioaktiven Substanzen und Hemmstoffen, Transport- und 

Bindungsmessungen nach Rekonstitution in Nanodisken und Proteoliposomen und Voltage-

Clamp-Fluorimetrie-Analysen an rOCT1 und rOCT1 Mutanten. Sie führten zur Identifizierung 

wichtiger Aminosäuren im Bindungsspalt  von rOCT1, welche für die Interaktion mit Substraten 

oder Hemmstoffen wichtig sind. Homologiemodelle wurden zur Interpretationen der Ergebnisse 

herangezogen. In der vorgelegten Arbeit haben wir die Binding der Substrate MPP+ und TEA+ an 

rOCT1 bei 0°C gemessen um herauszufinden welche Aminosäuren in der Spaltregion von 

rOCT1 mit diesen Substraten interagieren, wenn der Transporter in der nach außen offenen 

Konformation „eingefroren“ ist. Für die Untersuchungen wurden Aminosäuren ausgewählt, 

deren Relevanz für den Transport von MPP+ und TEA+ in früheren Untersuchungen erkannt 

worden war. Es handelt sich um die Aminosäuren Asp475, Phe160, Leu447, Arg440, Trp218 

und Tyr222. rOCT1 Wildtyp und rOCT1 Mutanten wurden stabil in HEK293 Zellen exprimiert. 

Mit diesen Zellen wurden bei 0oC Bindungsmessungen mit radioaktiv markiertem MPP+ und 

TEA+ unter Verwendung eines Magnesium und Calcium erhaltenen Puffers. Für die MPP+-

Bindung an den rOCT1 Wildtyp ergab sich eine µmolare Dissoziationskonstante (KD), die 

keinen signifikanten Unterschied zum früher gemessenen Km Wert aufweist. Dieses Ergebnis 

zeigt, dass der Km von der MPP+-Bindung an die nach außen offene Konformation abhängig ist. 

Bei der Zugabe von 10 nM nicht-radioaktivem MPP+ war beim rOCT1 Wildtyp die Bindung von 

radioaktiv markiertem MPP+ um 20% erhöht. Dies deutet auf einen allosterischen Effekt einer 

hochaffinen MPP+ Bindungsstelle auf die direkt am Transport beteiligte µmolare Bindungsstelle 

hin. Mutationen der Aminosäuren Trp218, Phe160 und Asp475 führten zu Änderungen des KD 

Wertes für die MPP+ Bindung. Für die Mutanten von Trp218 wurde ein ähnlicher allosterischer 

MPP+ Effekt wie beim rOCT1 Wildtyp beobachtet. Die Untersuchungen weisen darauf hin, dass 

diese drei Aminosäuren in kritischen Positionen für die MPP+-Bindung von außen befinden.  

Bei 00C konnte beim rOCT1 Wildtyp keine TEA+-Bindung nachgewiesen werden. Dies legt den 

Schluss nahe, dass die TEA+-Bindungsstelle in der „eingefrorenen“ nach außen gerichteten 

Konformation unzugänglich ist. In Gegensatz dazu zeigen die Mutanten D475E, F160A, L447F, 

R440K und Y222F eine sehr niederaffine TEA+-Bindung mit hohen KD Werten, die sich stark 
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von den entsprechenden Km Werten unterscheiden. Durch Experimente, bei denen die Bindung 

von MPP+ durch TEA+ bzw. die Bindung von TEA+ durch MPP+ gehemmt wurde, wurde die 

Hypothese bestätigt, dass sich die Bindungsstellen für MPP+ und TEA+ überlappen. Unsere 

Untersuchungen deuten darauf hin, dass in der nach außen gerichteten Konformation von rOCT1 

Trp218, Phe160 und Asp475 direkt mit MPP+ und Phe160, Asp475, Leu447, Arg440 und 

Tyr222 direkt mit TEA+ interagieren. 
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8. List of abbreviations 

 
A, Ala   Alanine 

ABC    ATP-binding cassette 

ANOVA   Analysis of variance 

ATP    Adenosine triphosphate 

BCRP    Breast cancer resistance protein 

BSA   Bovine serum albumin 

C, Cys   Cysteine 

CNS   Central nervous system 

cpm    counts per minute 

D, Asp   Aspartate 

DMEM   Dulbecco’s modified Eagle’s medium 

DMPG   Di-myristoyl phophatidylcholine 

DNA    Deoxyribonucleic acid 

DPM    Disintegrations per minute 

E, Glu   Glutamate 

EMT    Extra-neuronal monoamines transporter 

F, Phe   Phenylalanine 

FCS    Fetal calf serum 

Fuc P   Fucose P transporter 

G418   Geniticin 

HEK293   Human embryonic kidney cells 

hOCT1  human Organic cation transporter 

IC50   Half maximum inhibitory concentration 

K, Lys   Lysine 

KD   Dissociation constant 

Km   Michaelis-Menten constant 

L, Leu   Leucine 

Lac Y   Lactose permease 

M, Met  Methionine 
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MDR    Multi-drug resistance protein 

MFS    Major facilitator superfamily 

MPP+    1-methyl-4-phenyl-pyridinium 

MRP    Multi-drug resistance associated protein 

MSPI   Membrane scaffold protein I 

ns   not significant 

OAT    Organic anion transporter 

OC    Organic cation 

OCT    Organic cation transporter 

OCTN    Organic cation/zwitterions transporter 

PBS    Phosphate buffer saline 

PCR    Polymerase chain reaction 

POPC   Palmitoyl oleyl phosphatidylcholine 

Q, Gln   Glutamine 

R, Arg   Arginine 

RNA   Ribonucleic acid 

rOCT1   rat Organic cation transporter 1 

rpm    Rotations per minute 

S.D.    Standard deviation 

SDS   Sodium dodecyl sulphate 

S.E.M.   Standard error mean 

SLC    Solute carrier 

T, Thr   Threonine 

TBuA+   Tetra butyl ammonium 

TEA+    Tetra ethyl ammounium 

TMD   Transmembrane domain 

TMH    Transmembrane helix 

Vmax   Maximum velocity of transport 

W, Trp   Tryptophan 

WT    Wild-type 

Y, Tyr   Tyrosine
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