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Running title: Binding site of OCT1 

 

Abstract:  
 

Positively charged endogenous and exogenous organic compounds of diverse chemical structures are 

transported by polyspecific organic cation transporters (OCT). In two contributions to this issue of 

Molecular Pharmacology, amino acid residues within the fourth and tenth transmembrane helix of rat 

OCT1 are described that contribute to cation and corticosterone binding. In a three-dimensional model 

based on the structure of the lactose permease these residues are located in a large grove, the 

binding site for biogenic amines and cationic drugs.    
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Many widely used pharmaceuticals carry a positive or a negative charge and are, hence, organic 

cations or anions. The charge renders these compounds hydrophilic, greatly facilitating their solubility 

in gastrointestinal fluids, plasma as well as in extra- and intracellular aqueous space. However, the 

charge largely decreases the solubility of drugs in lipids and efficiently slows uptake into, or release 

from, cells by simple diffusion across cell membranes. Rapid transport of charged drug molecules into 

hepatocytes for metabolism and biliary excretion, or across small bowel and proximal tubular epithelia 

for intestinal absorption and renal excretion, respectively, requires the presence of transporters 

(carriers, permeases). Given the large number of drugs and other xenobiotics, these intestinal, 

hepatic, and renal transporters face the formidable task to handle efficiently chemically unrelated 

compounds. To do so, these transporters cannot be specific for a single compound or close 

congeners as in the majority of Na
+

-coupled transporters, but must be polyspecific, showing wider 

recognition properties. 

Meanwhile, several families of polyspecific transporters for organic cations and anions exist: the ATP-

driven multidrug resistance transporters [e.g. MDR, P-glycoprotein; ABCB1 (Ambudkar et al., 1999)] 

and multidrug resistance-associated proteins [MRPs; ABCC family (Borst et al., 2000;König et al., 

1999)], as well as the ATP-independent families of organic anion transporting polypeptides [OATPs; 

solute carrier family SLC21 (Hagenbuch and Meier, 2004)] and organic cation and anion transporters 

[OCTs, OCTNs, OATs; solute carrier family SLC22 (Koepsell and Endou, 2004)].  The members of the 

SLC22 family belong to the major facilitator superfamily (MFS) of uniporters, symporters and 

antiporters, which occur in bacteria, lower eukaryotes, plants, and mammals. All members of the 

SLC22 family are polyspecific and interact with a vast number of endogenous and exogenous 

compounds including frequently used drugs. In this issue of Molecular Pharmacology, Hermann 

Koepsell and his associates offer novel insights into the molecular basis of polyspecificity of the rat 

organic cation transporter 1 (OCT1) (Gorboulev et al., 2005;Popp et al., 2005).  

The substrate specificity of the organic cation transporters has been studied in detail previously 

(Koepsell et al., 2003; Koepsell, 2004). The transporters OCT1 and/or OCT2, for instance, not only 

interact with endogenous compounds such as choline, dopamine, histamine and 5-hydroxytryptamine, 

but also with receptor antagonists (e.g. phenoxybenzamine, cimetidine), receptor agonists (clonidine, 

O-methylisoprenaline), ion channel blockers (procainamide, quinidine, mepiperphenidol, verapamil), 

psychoactive drugs (desipramine), antivirals (acyclovir, ganciclovir), antidiabetics (metformin, 

phenformin), antimalarials (quinine), and other drugs (Koepsell, 2004). A detailed comparison between 

rat OCT1 and rat OCT2 performed earlier (Arndt et al., 2001) laid the basis for the present contribution 

by Gorboulev et al. in this issue. Using electrophysiological and tracer techniques, Arndt et al. found a 

series of substances, for which OCT1 and OCT2 had considerably different affinities. These 

substances included cyanine 863, quinine, procainamide, mepiperphenidol, and O-methylisoprenaline, 

which showed 5 to 70 times higher IC50 values (i.e. had lower affinities) for OCT2 than for OCT1, and 
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corticosterone, which, in contrast, inhibited OCT2 at lower concentrations than OCT1 (IC50 of 4 µM 

versus an IC50 151 µM).   

Gorboulev et al. ascertained what regions in the OCT1 and OCT2 proteins may be responsible for the 

differential affinity towards corticosterone. They fragmented rat OCT2 into 16 pieces, containing 

individual transmembrane helices or intra- or extracellular loops connecting the helices, and inserted 

each of these pieces into rat OCT1. It turned out that the tenth transmembrane domain of OCT2 was 

responsible for the high affinity for corticosterone. The authors went on to identify which amino acids 

within the tenth transmembrane helix are contributing to this high affinity and found three: isoleucine 

443, tyrosine 447 and glutamate 448. The respective amino acids in OCT1 are alanine 443, leucine 

447, and glutamine 448. Replacement of alanine, tyrosine and glutamate of OCT1 by the respective 

amino acids of OCT2 increased the affinity of the mutant OCT1 for corticosterone, and, vice versa, 

insertion of the three critical OCT1 amino acids into OCT2 decreased the affinity of the mutant OCT2 

for corticosterone. These experiments revealed for the first time components of the binding site for 

glucocorticoids on OCT1 and OCT2, and, since glucocorticoids interfere with organic cation transport, 

revealed that transmembrane helix 10 contributes to the organic cation binding site.  

In the contribution by Popp et al. (2005), the authors mutated eighteen amino acids in the fourth 

transmembrane helix of rat OCT1, and tested each mutant for its ability to translocate the organic 

cations tetraethylammonium (TEA) and 1-methyl-4-phenylpyridinium (MPP). The replacement of two 

residues, tryptophan 218 by tyrosine, and tyrosine 222 by leucine, increased the affinity for both, TEA 

and MPP, whereas the threonine 226 to alanine (T226A) mutant had a higher affinity for MPP alone.  

These “hot spots” were investigated in further detail, using additional organic cations for uptake. Other 

amino acid replacements (e.g., tryptophan 218) had an impact on the selectivity, or preference of 

OCT1 for different cations. Interestingly, tryptophan 218, tyrosine 222, and threonine 226 are located 

on one side of the fourth transmembrane domain, together with lysine 215 and valine 229. These five 

amino acids are conserved in all OCTs and, hence, are most probably of great functional importance.  

Many articles dealing with structure-function relationships of transporters end with the statement that 

further conclusions necessitate X-ray analysis of crystallized transporters. Popp et al. provide an 

alternative: they used the previously published structure of the lactose permease of E. coli  (Abramson 

et al., 2003) as a template, and computed the three-dimensional structure of rat OCT1. The 

calculations revealed a large cleft of about 20Å x 60Å that OCT1 exposes to the cytosolic side of the 

cell membrane. The above mentioned three amino acids of the fourth transmembrane helix binding 

TEA and MPP; the three residues in the tenth transmembrane helix binding corticosterone, and 

aspartate 475 identified earlier as contributing to organic cation binding (Gorboulev et al., 1999) are all 

located in the large cleft, and are therefore easily accessible for organic cations. The clusters of 

functionally important residues turned out to be spatially separated offering various niches for binding 

of organic cations. Non-identical, but overlapping binding sites for organic cations have been 
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postulated earlier on the basis of the first mutational studies on OCT1 (Gorboulev et al., 1999), and 

are strongly supported by the present findings.  

Why are the papers by Gorboulev et al. and Popp et al. an important development in the field? First, 

they provide an example of a thorough and analytical characterization of transporters and mutants 

thereof, using several control experiments, an investigation that took the authors three years to 

complete. Second, the strategy to use differential affinities of two transporters for the detection of 

amino acids involved in the binding of corticosterone can be adopted to other transporters of the 

SLC22 family, and possibly to members of other transporter families. Third, we are learning from these 

two contributions, how nature makes transporters polyspecific, e. g., by offering large sites with 

various anchor points for binding. Subsequent experiments exploiting further substrates will refine the 

present picture.  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 25, 2005 as DOI: 10.1124/mol.105.012161

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 6

 

Reference List  

Abramson J, Smirnova I, Kasho V, Verner G, Kaback H R and Iwata S (2003) Structure and 

Mechanism of the Lactose Permease of Escherichia Coli. Science 301: 610-615.  

Ambudkar SV, Dey S, Hrycyna C A, Ramachandra M, Pastan I and Gottesman M M (1999) 

Biochemical, Cellular, and Pharmacological Aspects of the Multidrug Transporter. Annu Rev 

Pharmacol Toxicol 39: 361-398.  

Arndt P, Volk C, Gorboulev V, Budiman T, Popp C, Ulzheimer-Teuber I, Akhoundova A, Koppartz S, 

Bamberg E, Nagel G and Koepsell H (2001) Interaction of Cations, Anions, and Weak Base Quinine 

With Rat Renal Cation Transporter rOCT2 Compared With rOCT1. Am J Physiol Renal Physiol 281: 

F454-F468.  

Borst P, Evers R, Kool M and Wijnholds J (2000) A Family of Drug Transporters: the 

Multidrug Resistance-Associated Proteins. J Natl Cancer Inst 92: 1295-1302.  

Gorboulev V, Shatskaya N, Volk C and Koepsell H (2005) Subtype-Specific Affinity for 

Corticosterone of Rat Organic Cation Transporters ROCT1 and ROCT2 Depends on Three Amino 

Acids Within the Substrate Binding Region. Mol Pharmacol 67: xx.  

Gorboulev V, Volk C, Arndt P, Akhoundova A and Koepsell H (1999) Selectivity of the 

Polyspecific Cation Transporter ROCT1 Is Changed by Mutation of Aspartate 475 to 

Glutamate. Mol Pharmacol 56: 1254-1261.  

Hagenbuch B and Meier P J (2004) Organic Anion Transporting Polypeptides of the OATP/SLC21 

Family: Phylogenetic Classification As OATP/SLCO Superfamily, New Nomenclature and 

Molecular/Functional Properties. Pflügers Arch -Eur J Physiol 447: 653-665.  

Koepsell H (2004) Polyspecific Organic Cation Transporters: Their Functions and 

Interactions With Drugs. Trends Pharmacol Sci 25: 375-381.  

Koepsell H and Endou H (2004) The SLC22 Drug Transporter Family. Pflügers Arch - Eur J Physiol 

447: 666-676.  

Koepsell H, Schmitt B and Gorboulev V (2003) Organic Cation Transporters. Rev Physiol Biochem 

Pharmacol 150: 36-90.  

König J, Nies A T, Cui Y, Leier I and Keppler D (1999) Conjugate Export Pumps of the Multidrug 

Resistance Protein (MRP) Family: Localization, Substrate Specificity, and MRP2Mediated Drug 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 25, 2005 as DOI: 10.1124/mol.105.012161

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 7

Resistance. Biochim Biophys Acta 1461: 377-394.  

Popp C, Gorboulev V, Müller T D, Gorbunov D, Shatskaya N and Koepsell H (2005) Amino Acids 

Critical for Substrate Affinity of Rat Organic Cation Transporter 1 Line the Substrate Binding Region 

in a Model Derived From the Tertiary Structure of Lactose Permease. Mol Pharmacol 67: pp xx.  
 
 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 25, 2005 as DOI: 10.1124/mol.105.012161

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

