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Abstract

Drug uptake transporters are membrane proteins responsible for the trans-membrane transport of 

endo- and xenobiotics, including numerous drugs. They are important for the uptake of drugs into 

target tissues or into organs for metabolism and excretion. Many drug uptake transporters have a 

broad spectrum of structural-independent substrates, which make them vulnerable to drug-drug 

interactions. Recent studies have shown more and more complex pharmacokinetics involving 

transporters, and regulatory agencies now require studies to be performed to measure the 

involvement of transporters in drug development. A better understanding of the factors affecting 

the expression of transporters is needed. Despite many efforts devoted to the functional 

characterization of different drug uptake transporters, transporter in vitro to in vivo extrapolations 

are far from predicting the behavior under physiological conditions. There is an increasing number 

of uptake transporters demonstrated to form protein-protein interactions or to oligomerize. This 

raises the possibility that these interactions between or among transporters could help explaining 

the gap between in vitro and in vivo measurement of drug transporters. In this review, we 

summarized protein-protein interactions of drug uptake transporters that are important for 

pharmacokinetics, especially those in the liver and the kidneys.

1 Introduction

Membrane transport proteins are expressed at the cell membrane and facilitate the transport 

of chemicals and macromolecules in and out of the cells. Since cell membranes consist of a 

lipid bilayer which only allows certain compounds with distinct physiochemical properties 

to penetrate freely, transporters are required for cells to take up or efflux the majority of 

large and hydrophilic endo- and xenobiotics [1]. Some transporters like the Na+/K+ ATPase, 
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which establishes and maintains electro-chemical gradients across the cell membranes, are 

ubiquitously expressed. In contrast, the expression and function of other transporters are 

unique to certain cell types. Therefore, this distinct expression pattern of transporters in only 

certain cell types determines what kinds of chemicals can enter or exit these cells [2].

Transporters can be divided into passive and active transporters based on their energy 

consumption. Passive transporters move substrates along an electrochemical gradient, while 

active transporters transfer their substrates against such gradients and consume energy [1]. 

Based on how the energy is consumed, active transporters are divided into two groups: 1) the 

primary-active transporters that use energy directly from ATP hydrolysis, and 2) the 

secondary-active transporters that operate using the electrochemical gradients which were 

established by primary active transporters. Primary active transporters include ATP-binding 

cassette (ABC) transporters and numerous ion pumps, while secondary active transporters 

are found in many Solute Carrier (SLC) families [1]. Depending on their transport 

mechanisms secondary-active transporters can be further classified into antiporters or 

exchangers and symporters or co-transporters.

1.1 Significance of Membrane Transporter Proteins

Membrane transport proteins play an essential role not only in physiology but also in 

pharmacology. They contribute to the absorption, distribution and excretion of nutrients, 

signaling molecules, metabolic end products and drugs. Under normal physiological 

conditions, the enterohepatic circulation of bile acids is facilitated by several transporters: 

NTCP mediates the uptake of bile acids into hepatocytes and the Bile Salt Export Pump 

(BSEP) secretes them into bile canaliculi. Once they reach the ileum, the Apical Sodium-

Dependent Bile Acid Transporter (ASBT) mediates their uptake from the intestine into the 

enterocytes. The Organic Solute Transporter α/β (OSTα/β) mediate their exit across the 

basolateral membrane into portal blood which brings them back to the hepatocytes [3]. 

Another example is the sodium-glucose cotransporter (SGLT1) expressed primarily in the 

apical membrane of enterocytes in the small intestine [4]. SGLT1 is important for the 

removal of glucose from the intestine and if non-functional, leads to glucose-galactose 

malabsorption, a disease where newborns suffer from severe diarrhea that can be life 

threatening [5].

Transporters are also important in pharmacology because they can affect drug disposition. 

They are major determinants of the pharmacokinetics for numerous drugs: certain uptake 

transporters, like the Organic Anion Transporting Polypeptides (OATPs), can affect the 

bioavailability of drugs. In particular the OATPs that are expressed in hepatocytes can 

remove orally administered drugs by rapid uptake into hepatocytes, also called first pass 

effect. In the case of statins this is a desirable effect because the drug target, HMG-CoA 

reductase, is expressed mainly in hepatocytes. However, a single nucleotide polymorphism 

in the SLCO1B1 gene coding for an amino acid change from valine to alanine at position 

174 results in OATP1B1*5, a transporter that shows reduced uptake of simvastatin into 

hepatocytes. This results in increased plasma concentrations of simvastatin and can result in 

simvastatin-induced myopathy [6]. Similarly, efflux transporters like the Multidrug 

Resistance Protein (MDR1), some Multidrug Resistance associated Proteins (MRPs) and the 
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Breast Cancer Resistance Protein (BCRP) will pump endo- and xenobiotics out of cells and 

therefore determine whether they can reach the circulation [7].

Transporters can also be drug targets either to deliver drugs to a specific cell or organ, or by 

using inhibitors. At least 84 SLC transporters have been described to be involved in 100 or 

more disorders [8]. Two examples of targeting members of the SLC10 family are highlighted 

in the following. With respect to hepatitis B and D, the Na+/taurocholate cotransporting 

polypeptide (NTCP, SLC10A1) has been identified as the receptor to which the hepatitis B 

and D virus bind. Myrcludex B, an NTCP-directed inhibitor peptide with an IC50 of 

approximately 80 pM, has been developed and is currently in Phase II clinical trials [9, 10]. 

Another member of the same gene family, the apical sodium-dependent bile acid transporter 

(ASBT, SLC10A2) is expressed in the ileum, and is responsible for the efficient uptake of 

bile acids from the intestine. Several pharmaceutical companies are developing ASBT-

inhibitors to treat hypercholesterolemia by decreasing the reabsorption of bile acids from the 

small intestine [11].

Extensive studies have been performed to investigate and characterize the regulation of drug 

transporters at the transcriptional and post-translational level. However, recent evidence 

suggests that drug transporters can also be regulated via protein-protein interactions. In this 

review we will try to summarize the current knowledge regarding protein-protein 

interactions and how this can affect the expression and function of the involved drug 

transporters.

1.2 Overview of protein-protein interactions in membrane transport proteins

Although most researchers think of the proteins they study as a monomeric single amino 

acid polypeptide, in nature most proteins form protein-protein interactions either with very 

similar homologous proteins (homo-oligomers) or with different proteins (hetero-oligomers) 

[12]. It is estimated that about 50% of human proteins are involved in protein interactions 

[13, 14]. However, of the 650,000 predicted interactions [15] so far only ~53,000 high-

quality protein-protein interactions have been identified as part of the Human Reference 

Interactome (http://interactome.baderlab.org; last accessed July 2, 2019). Oligomerization is 

an important physiological phenomenon and represents an evolutionary advantage. It can 

yield additional function, functional control, such as allosteric regulation, and post-

translational regulation due to the interacting protein network [14, 16]. For example, G 

protein-coupled receptors (GPCRs) interact with heterotrimeric G proteins to transduce 

signals from the extracellular space into the cells. Interacting partners include scaffold 

proteins like β-arrestin and the 5-HT4d(HTR4) receptor, a target for Alzheimer disease [17, 

18]. The GPCR interactome includes 299 membrane proteins with many different cellular 

functions and these interactions can alter the surface expression and function of GPCRs [18]. 

In addition, oligomerization can also lead to changes in expression levels by affecting the 

stability of the protein. Protein-protein interactions affecting the function have not only been 

reported for receptors and enzymes, but also for transporters. Examples are the aquaporins 

[19] or the sodium-proton exchanger NHE3 which is expressed in the proximal tubule and 

functionally modulated by carbonic anhydrase II [20]. Protein-protein interactions have also 

been identified and characterized for drug transporters of the solute carrier (SLC) and the 
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ATP-binding cassette (ABC) families. One of the earliest and best characterized examples is 

the L-type amino acid transporter-1 (LAT1) that was cloned in 1998 and shown to only 

transport amino acids in the presence of the 4F2 heavy chain (also known as CD98) [21, 22]. 

The 12-transmembrane protein LAT1 (SLC7A5) heterodimerizes with a type II membrane 

glycoprotein, 4F2hc (SLC3A2) to form the functional transport protein [23]. 4F2hc is 

required for the proper expression of LAT1 in the plasma membrane [23] but there seems to 

be controversy regarding its effect on function. Reconstitution of either LAT1 or 4F2hc 

(CD98) alone into proteoliposomes resulted in LAT1- but not 4F2hc-mediated histidine 

transport [24] while leucine transport was dependent on the coexpression of LAT1 together 

with 4F2hc [25]. Given that LAT1 is overexpressed in many tumor cell lines and numerous 

human cancers it became an important drug target in cancer therapy, and LAT1 inhibitors 

have been developed and are currently in clinical trials as anticancer drugs [26]. In this 

review, examples of drug transporter-related protein interactions, for transporters that are 

important for pharmacokinetics, will be provided and their potential consequences are 

discussed.

2 Protein interactions of transporters in the liver

The liver is the major organ for drug metabolism and together with the kidneys crucial for 

drug elimination. The focus of drug metabolism studies in the liver was for a long time 

mainly on the role and significance of the phase I and phase II drug metabolizing enzymes 

of the CYPP450 and UGT families. However, more recently it has been acknowledged that 

drug transporters including members of the SLCO, the SLC22 and the SLC10 families, 

contribute significantly to the first pass effect and are involved in many drug-drug 

interactions [27]. The uptake of drugs into hepatocytes, also referred to as Phase 0 

metabolism, is mainly mediated by OATP1B1 (SLCO1B1), OATP1B3 (SLCO1B3), OCT1 

(SLC22A1), OAT2 (SLC22A7), and NTCP. Drugs are effluxed from hepatocytes by 

members of the ABC family, including MDR1 (ABC1B1), MRP2 (ABCC2), and BCRP 

(ABCG2), as well as by OSTα/β (SLC51A and SLC51B). Most of these transporters have a 

broad spectrum of drug substrates. Therefore, the interactions of these drug transporters with 

other liver transporters and potentially with other proteins expressed in hepatocytes could 

potential lead to significant effects on their expression. This in turn could affect 

pharmacokinetics of a number of substrates and modulators. Therefore, it is important to not 

only consider single nucleotide polymorphisms (SNPs) that could affect the expression 

levels of the affected genes, but to look at the effects that such SNPs could have on the 

expression and function of interacting drug transporters.

2.1 OATPs

As mentioned briefly above, OATP1B1 (SLCO1B1) and OATP1B3 (SLCO1B3) are 

members of the SLCO family and are selectively expressed at the basolateral membrane of 

human hepatocytes. They are important for the uptake of endogenous compounds like 

bilirubin, unconjugated bile acids, and conjugated steroid hormones, as well as xenobiotics, 

including numerous drugs like statins, sartans and antibiotics, into hepatocytes [28]. Their 

combined absence leads to the Rotor Syndrome, a benign conjugated hyperbilirubinemia 

[29]. Based on the FDA guidance for industry, OATP1B1 and OATP1B3 are currently the 
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only two liver drug uptake transporters which are required to be tested for drug-drug 

interactions during drug development [30]. Both, OATP1B1 and OATP1B3, can form homo-

oligomers [31, 32] (Figure 1). For OATP1B1 this was demonstrated using differently tagged 

OATP1B1 constructs and transfection of HEK293 cells. The formation of homo-oligomers 

occurs through disulfide bonds as shown with experiments using cleavable cross-linkers 

[32]. In addition, there are three GXXXG motifs present in OATP1B1. These motifs have 

previously been shown to be involved in the stabilization of transmembrane domains and in 

the formation of oligomerizations. Mutation of two of the glycine residues, G219A and 

G393A, reduced OATP1B1 activity. However, only G394A resulted in decreased association 

of the transporter, suggesting that this position or this GXXXG motif may be involved in 

oligomerization [32]. Interestingly, both positions are highly conserved in all human OATPs 

and thus might play a role in general for oligomerization of OATPs [32].

We have recently investigated the homo- and hetero-oligomerization of OATP1B3 [31] 

(Figure 1). We used co-immunoprecipitation of FLAG- and His-tagged OATP1B3 to 

demonstrate homo-oligomerization. In addition, the proximity ligation assay visualized the 

close proximity between the differently tagged OATP1B3 constructs. Using this assay in 

HEK293 cells, we also demonstrated that OATP1B3 interacts with OATP1B1 and NTCP. We 

could also confirm the interaction between OATP1B3 and NTCP on frozen human liver 

sections. Similar to the NTCP where the individual units in the homo-oligomers are the 

functional units, the individual subunits of OATP1B3 in the oligomers are the functional 

units [31]. We are currently further investigating the functional consequences of the hetero-

oligomerization as well as the underlying mechanism using HEK293 cells and human 

hepatocytes. One of the hypotheses that we are testing is that these transporters are co-

localizing in plasma membrane micro domains, like lipid rafts, and that their expression and 

function could be affected by the plasma membrane cholesterol content, as has been 

indicated for rat NTCP [33] (Figure 1).

The expression and function of other OATPs, including the human OATP1A2 and OATP2B1 

and several rodent OATPs, are also modulated by their interaction with other proteins, like 

PDZK1 [34–36]. In a recent study Wang et al. [37] reported that expression of the PDZ 

domain containing rat OATP1A1 is required for optimal expression of rat OATP1A4 which 

does not contain a PDZ domain. Using immunofluorescence and co-immunoprecipitation 

studies the authors could demonstrate that the two rat OATPs interacted with each other. 

Unlike OATP1B1 and OATP1B3 which are lacking a C-terminal PDZ consensus sequence, 

both OATP1A2 and OATP2B1 can interact with PDZK1 via their C-terminal PDZ domains. 

In all studies published so far, PDZK1 is involved in the correct trafficking of these 

transporters to the plasma membrane and in stabilizing them in the plasma membrane. In 

general, this will affect the expression level of the functional transporter at the membrane 

and thus the Vmax rather than the Km values of substrate transport are affected [34].

2.2 OCT1

The organic cation transporter 1 (OCT1; SLC22A1), a member of the SLC22A family, is 

mainly expressed in the liver at the basolateral membrane of hepatocytes. In addition, it is 

expressed at the basolateral membrane in human enterocytes and at the brush border 
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membrane in the proximal tubule [38]. The physiological role of OCT1 is to facilitate the 

uptake of endo- and xenobiotics into hepatocytes for further metabolism and elimination. 

For example, OCT1 mediates the uptake of organic cations, including choline, several 

neurotransmitters, the model substrates tetraethylammonium (TEA) and 1-methyl-4-

phenylpyridinium (MPP+), and numerous drugs, including metformin, into hepatocytes [38]. 

Several SNPs result in reduced OCT1 function that can lead to clinically significant 

increased drug exposure (AUC and Cmax) [39]. The oligomeric state of OCT1 was studied in 

2008 using the rat protein [40]. Using a cell free expression system rat OCT1 was 

synthesized and reconstituted into proteoliposomes. In parallel, rat OCT2 and rat OAT1 were 

also reconstituted. The formation of OCT1 and OAT1 homo-oligomers was demonstrated by 

co-immunoprecipitation but no hetero-oligomers between the two transporters were 

identified [40] (Figure 1). The functional studies performed with the reconstituted OCT1 

demonstrated that affinities for transported substrates were similar to values obtained in 

overexpressing HEK293 cells but non-transported inhibitors showed a 10- to 17-fold lower 

affinity in the proteoliposomes [40]. A possible explanation was the different lipid 

composition of the membranes. In another study the same group confirmed the formation of 

oligomers in X. laevis oocytes that were injected with rat OCT1 cRNA [41]. In addition, 

cysteine residues in extracellular loop 1 were replaced with serine residues, and as a 

consequence these mutants did not oligomerize anymore, suggesting that disulfide bonds are 

crucial for the dimerization of rat OCT1. Changes in substrate affinity were due to the 

mutations of the cysteine residues rather than the inability to oligomerize and these results 

were confirmed when substrate affinities were the same before and after treatment with 

dithiothreitol which breaks disulfide bonds and resulted in monomeric OCT1 [41]. Taken 

together, these studies demonstrated that rat OCT1 can form homo-oligomers and that 

oligomerization does not affect the transport function.

2.3 NTCP

NTCP (SLC10A1) belongs to SLC10 family of bile acid transporters. It is almost 

exclusively expressed at the basolateral membrane of hepatocytes where it plays a crucial 

role for the uptake of conjugated bile acids [42]. Its major physiological role is to maintain 

the enterohepatic circulation of bile acids by transporting circulating conjugated bile acids 

from portal blood into hepatocytes. Besides bile acids, NTCP can also transport several 

statins, estrone-3-sulfate and conjugate thyroid hormones [43]. Recent studies also 

demonstrated that human NTCP is the receptor for hepatitis B and D virus infection and as a 

consequence NTCP inhibitors are being tested as virus entry inhibitors to treat hepatitis B 

and D infections [44].

NTCP is another liver transporter that can form homo- and hetero-dimers [45, 46] (Figure 

1). After identifying NTCP dimers in rat livers using cross-linkers, dimerization was also 

demonstrated using differently tagged human NTCP constructs and coimmunoprecipitation 

from transiently transfected U-2 OS cells. Co-expression of wild-type NTCP with a mutant 

that is retained in the ER resulted in retention of the wild-type protein in the ER, suggesting 

that dimerization occurs early during protein synthesis and processing in the secretory 

pathway. In addition, Bijsmans et al. [45] could demonstrate that NTCP also formed hetero-

dimers with other members of the SLC10 family, namely with P4 (SLC10A4) and the 
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sodium-dependent organic anion transporter (SOAT; SLC10A6), but not with P3 

(SLC10A3), P5 (SLC10A5) and P7 (SLC10A7) [45]. Higher bands on western blots 

potentially corresponding to dimerized proteins were observed for other members of SLC10 
family, including ASBT (SLC10A2), P4 and P5 [47, 48]. Co-expression of wild-type NTCP 

with a loss-of-function mutant of NTCP did not affect the Km and Vmax values and thus 

suggests that NTCP dimers function as individual functional units. However, the interaction 

between NTCP and P4 did reduce NTCP-mediated bile salt uptake [45]. In a more recent 

and more systematic study all human members of the SLC10 family were investigated for 

homo- and hetero-oligomerization [46]. Using a modified yeast-two-hybrid system strong 

homodimerization could be demonstrated for NTCP, ASBT and SLC10A7, while 

heterodimerization was observed for most of the family members with each other. Co-

expression experiments in HEK293 cells using different tagged constructs demonstrated that 

NTCP-mediated taurocholate uptake was strongly reduced when co-expressed with 

SLC10A4 or SOAT but less affected by co-expression with SLC10A5 or SLC10A7 [46]. 

However, it is not clear how important these interactions are physiologically given the liver 

specific expression of NTCP and the fact that SOAT is not expressed in the liver. Taken 

together, these studies indicate that hetero- rather than homo-oligomerization has functional 

consequences, at least in the SLC10 family.

2.4 OSTα/β

In 2005, the heteromeric organic solute transporter OSTα-OSTβ (OSTα/β; SLC51A and 

SLC51B) was identified from mouse intestine and characterized as the basolateral bile acid 

transporter [49]. It is expressed in many tissues but most abundant in organs important for 

bile acid and steroid homeostasis like the liver, the small intestine and the kidneys [50]. 

OSTα/β plays an important role in the enterohepatic circulation of bile acids by mediating 

the efflux of bile acids out of enterocytes. In cholestatic liver disease it protects hepatocytes 

by facilitating the efflux of bile acids across the sinusoidal membrane to blood. OSTα/β is a 

unique transporter because it requires heterodimerization of two subunits encoded by the 

SLC51A and SLC51B genes for proper membrane expression and therefore proper function 

of this transporter [51] (Figure 1). Further characterization revealed that the 50 amino acids 

at the N-terminus of OSTα are crucial for the maintenance of heterodimerization, membrane 

expression and normal function of OSTα/β [51, 52]. While this is an example of a 

transporter that requires absolutely heterodimerization, additional protein interactions have 

so far not been described.

3 Protein interactions of transporters in the kidney

The kidneys are the other major organ for the elimination of drugs, mainly of smaller and 

water-soluble compounds. Transporters play also a vital role in the kidneys and are involved 

in the secretion and reabsorption of endo- and xenobiotics, mainly in the proximal tubule, 

but also throughout the nephron. Besides drugs that can be filtered in the glomerulus, most 

of the drugs need to be transported into the cells and then secreted into the lumen through 

drug transporters, including the organic anion transporters OAT1, OAT2, OAT3, the organic 

cation transporter 2 (OCT2) and OATP4C1. Similar to the liver, drug-drug interactions also 

occur at transporters in the kidneys [27]. Because such transporter-based drug-drug 
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interactions can cause significant adverse effects and alter pharmacokinetic parameters, such 

as renal clearance, these transporters have been carefully characterized regarding their 

expression and function. Besides the well-known transcriptional and post-translational 

regulation, protein-protein interactions of renal transporters can also contribute to their 

physiological role.

3.1 OATs

Organic anion transporters 1 (OAT1; SLC22A6), OAT2 (SLC22A7) and OAT3 (SLC22A8) 

belong to the SLC22 family of solute carriers and are involved in the secretion of mainly 

small hydrophilic endo- and xenobiotics in the kidney [38, 53]. OAT1 and OAT3 are mainly 

expressed in the kidney at the basolateral side of proximal tubule cells. They work as anion-

exchangers and transport mainly smaller hydrophilic substances including mono- and 

dicarboxylates, second messengers, bile salts, hormones and hormone derivatives, and 

numerous drugs like ACE inhibitors, antibiotics, anticancer drugs, diuretics, NSAIDs, and 

statins [51]. Unlike OATPs or OCTs where numerous SNPs have been identified, only few 

SNPs that change the amino acid sequence and thus affect the function have been identified 

in the SLC22A6 and SLC22A8 genes [38].

Human OAT1 was the first renal transporters identified to form homo-oligomers [54] (Figure 

2). Initially detected as a double sized band on western blots and further characterized using 

gel filtration and immunoprecipitation of differently tagged proteins, homo-oligomerization 

was also confirmed in rat kidney [54]. In follow-up studies, the same group investigated the 

effect of co-transfecting OAT1 with short peptides corresponding to the different 

transmembrane domains (TMDs). They demonstrated that oligomerization of OAT1 was 

reduced in the presence of a TMD6 peptide, and cell membrane expression was decreased, 

leading to a reduction in the Vmax of substrate uptake [55]. In another study they 

demonstrated that the GXXXG motifs in TMD1 and 5 are important for OAT1 expression 

[56]. Mutation of glycine residues in the TMD2 GXXXG motif to alanine residues resulted 

in a complete loss of OAT1 expression at the plasma membrane while only mutation to the 

second glycine in the GXXXG motif in TMD5 reduced transporter expression at the 

membrane. These results could indicate that the GXXXG motifs may be involved in the 

oligomerization of OAT1 and thus contribute to correct membrane trafficking [56]. Although 

no specific studies have been published yet showing the oligomerization status of OAT3, 

western blots of rat OAT3 showed bands corresponding to double or triple size of the OAT3 

monomer and were interpreted as possible multimeric forms of the protein [57]. 

Interestingly however, OAT3 can interact with cytoskeletal proteins, including β-actin and 

myosin, that are involved in the formation of lipid rafts and was found in caveolin-1 

containing lipid raft domains isolated from rat kidney or from HEK293 cells expressing 

human OAT3 [58] (Figure 2). Furthermore, disruption of the cytoskeleton or depletion of 

cholesterol from rat renal cortical slices lead to a reduction of OAT3 transport function while 

cholesterol depletion did not affect organic cation transport [58]. Thus, these studies suggest 

that OAT3 expression and function does not only depend on transcriptional and post-

translational regulation, but also on the cholesterol content of the plasma membrane which 

can vary depending on the individual’s health or disease states.
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3.2 OCT/OCTNs

Human OCT2 (SLC22A2) is mainly expressed at the basolateral membrane in the proximal 

tubule and represents the major organic cation transporters expressed in the kidney [38]. 

Besides the kidney, OCT2 expression was also detected in the small intestine, lung, placenta, 

thymus, brain, and inner ear. It transports numerous endogenous compounds including 

neurotransmitters and neuromodulators, but also various cationic drugs, such as cisplatin, 

oxaliplatin and metformin [38]. Similarly to OATs, the cationic OCT2 substrates are smaller 

and more hydrophilic as compared to compounds that are excreted via bile. Physiologically, 

OCT2 mediates the first step of organic cation excretion in the kidney by mediating their 

uptake across the basolateral membrane into the cells in the proximal tubule. MATE1 and 

MATE2K then excrete these cations across the brush border membranes into the tubular 

lumen. Pharmacologically, OCT2-mediated uptake of cisplatin can lead to nephrotoxicity 

and therefore selective OCT2 inhibitors might reduce the renal concentrations of cisplatin 

and thus reduce its adverse effect.

Regarding its potential oligomerization, two studies indicated that OCT2 forms homodimers 

[59, 60] (Figure 2). Using a two-hybrid system that works for membrane proteins and 

Fluorescent Resonance Energy Transfer (FRET) between OCT2-CFP and OCT2-YFP, Brast 

et al. [59] demonstrated that OCT2 can interact with itself. Truncation experiments narrowed 

the interaction sites to amino acids between position 50 and 152 but the nearby GXXXG 

motif does not seem to be involved. This oligomerization also occurs in vivo in the proximal 

tubule and the large extracellular loop between TMD1 and 2 seems to be involved [59]. An 

in silico study recently predicted that the above mentioned FRET interactions would only be 

possible in a dimeric but not a trimeric model, because only in the dimeric model the amino- 

and carboxy-terminal amino acids would be close enough for energy transfer [60]. In 

addition to the homo-oligomerization, OCT2 also interacts with other proteins. The 

Ciarimboli group identified the lysosomal-associated protein transmembrane 4 alpha 

(LAPTM4A) and CD63 as interacting partners of OCT2 (Figure 2), as well as of OCT1 and 

OCT3 [61, 62]. These interactions between OCT2 and LAPTM4A or CD63 were first 

predicted by a modified yeast two-hybrid system, the split-ubiquitin system and then 

confirmed using co-immunoprecipitation, co-localization and FRET. Interaction with 

LAPTM4A occurs in lysosomes and late endosomes, and seems to lead to degradation of 

OCT2 via endocytosis [61]. Interaction with CD63, which is localized in the endosomal 

system and at the plasma membrane, seems to be important for proper expression of OCT2 

at the plasma membrane and mainly affected transporter trafficking [62].

OCTN2 (SLC22A5) is a high affinity sodium-dependent L-carnitine cotransporter. It is 

expressed in numerous tissues including the liver, the kidney, skeletal muscles, heart, and 

small intestine. Based on studies with knockout mice, absence of functional OCTN2 could 

lead to systemic carnitine deficiency [38]. While no oligomeric studies have been reported 

so far, immunoprecipitation experiments with rat astrocytes demonstrated that OCTN2 

interacts with caveolin-1 and flotillin-1, two proteins found in lipid rafts [63] (Figure 2). 

Thus, like OAT3, OCTN2 seems to reside in cholesterol rich plasma membrane 

microdomains where it may interact with other proteins (Figure 2). Furthermore, its 
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expression and thus function could also be regulated by the amount of cholesterol in the 

plasma membrane.

4 Conclusion and future direction

Drug uptake transporters in the liver and the kidneys form an efficient but complex system to 

eliminate endogenous compounds and xenobiotics. The FDA requires that some of these 

transporters are tested for drug interactions, based on the recommendations of the 

International Transporter Consortium [27, 30]. One of the major difficulties is to determine 

the contribution of each transporter in the pharmacokinetics of a certain drug given the 

sometimes overlapping substrate specificities. For example, OATP1B3 transports a broad 

spectrum of structurally independent chemicals, including both conjugated and 

unconjugated bile acids, hormones and drugs like statins, anti-hypertensives and antibiotics 

[64]. However, only a small portion of its substrates are transported by OATP1B3 

selectively, including CCK-8 and telmisartan [65, 66]. Many of the other substrates are 

shared with other transporters from different solute carrier families. This makes an in vivo 
study of individual transporters challenging. Furthermore, transporters are typically 

characterized using cell-based assays where a single transporter is transiently or stably 

expressed in a cell line. These cell lines are then used to perform uptake experiments to 

characterize the function of the expressed transporter and to investigate potential drug-drug 

interactions [67–69]. This is an efficient method to determine substrates, inhibitors and 

stimulators of transporters, and it can provide important information for drug development. 

For example, the drug interactions between grape fruit juice and fexofenadine were 

discovered using such cell based models and the results eventually affected the 

recommendations on how to take fexofenadine [70, 71]. However, the pharmacokinetic 

parameters generated by using an isolated in vitro study may not always predict the situation 

in vivo well. For example, to build physiologically based pharmacokinetic (PBPK) models 

for in vitro-in vivo extrapolations (IVIVE) involving transporters, relative activity factors 

(RAF) need to be used to compensate for Vmax (or Jmax) differences between the in vitro and 

in vivo environment [72]. Although studies have been performed to try to explain the 

physiological meaning of RAFs [73], they remain a black box because of the complexity of 

the in vivo situation. Protein-protein interactions between or among transporters may be a 

part of the black box of RAFs, and therefore a thorough understanding of these interactions 

could help improving the IVIVE.

In this review, we summarized recent studies describing oligomerization of drug uptake 

transporters, which might make the already complex situation even more challenging. As 

discussed, studies have shown that many of the drug transporters can form homo- or hetero-

oligomers. More interestingly, it seems that most of these interactions do not change the 

affinity of their substrates, but do lead to a significant change of the turnover rate and 

membrane expression levels. No direct studies have been performed to extrapolate these in 
vitro observations into animal models or clinical studies. During in vitro cultivation of 

human hepatocytes, the uptake function of OATP1B3 increased with culture time [66], while 

the function of OCT1 decreased [74]. It is currently not known how the OCT1 function 

changes and whether it could affect OATP1B3 function, but one possibility is that the 

increased OATP1B3 uptake is due to an increased expression level because of the decrease 
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of OCT1 expression. We have preliminary data from studies using transient expression of 

OATP1B3 together with OCT1 in HEK293 cells which support such a mechanism, but 

additional experiments using shRNA and primary human hepatocytes are required to 

demonstrate that this mechanism indeed works in vivo.

Studies of OATP1B1 [32] and OAT1 [56] along with previous reports on other transporters 

and receptors suggest that the GXXXG motifs could affect the formation of oligomers and 

the function of transporters. It is well possible that additional drug transporters, including 

efflux transporters of the ABC family that form homo- or hetero-oligomers use the same 

mechanisms. For example, the GXXXG motifs in OATP1B1 are highly conserved in other 

OATPs and similarly, the GXXXG motifs found in OAT1 are also conserved among other 

OATs. Additional studies of the mechanisms of oligomerization and the functional 

consequences will provide insight into a different level of transporter regulation and will 

lead to a better understanding of the interactions within or between transporters.

To conclude, although more and more protein interactions of drug transporters in the liver 

and the kidney are being discovered, the mechanisms of oligomerization and the 

consequences for their in vivo function are still not well known. However, based on the 

current way in vitro transporter studies are performed with cell lines that express a single 

transporter and thus lack hetero-oligomerization with other transporters, we could well 

under- or over-estimate certain transport parameters, such as kcat or Km values. Thus, a full 

characterization of protein-protein interactions and their functional consequences are needed 

to explain some of the prediction errors when applying the currently used transport 

parameters to the PBPK models. A better understanding of the oligomerization of 

transporters will increase the accuracy of in vitro to in vivo extrapolation, and is therefore 

needed to develop better in vivo transporter models.
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Figure 1: Illustration of the interactions among liver uptake transporters.
Summary of the published protein-protein interactions at the basolateral membrane of 

human hepatocytes (left). A proposed membrane microdomain containing selected 

transporters is illustrated at right with the following color code: OATP1B1 (orange), 

OATP1B3 (blue), NTCP (green) and OCT1(red).
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Figure 2: Illustration of the interactions among renal uptake transporters.
Published protein-protein interactions at the basolateral membrane of renal tubular epithelial 

cells are summarized on the left. A proposed lipid domain with transporters that have been 

shown to interact with caveolin is illustrated at right: OAT3 (green) and OCTN2 (blue).

Zhang and Hagenbuch Page 17

Biochem Pharmacol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhang and Hagenbuch Page 18

Table 1:

Summary of drug uptake transporters involved in protein-protein interaction

Transporter Interaction Partner Functional Change?* Expression Change?*

NTCP
NTCP No N/A

SOAT ↓ ↓

OATP1B1 OATP1B1 ↓ ↓

OATP1B3

OATP1B3 No No

OATP1B1 N/A N/A

NTCP N/A N/A

OSTα OSTβ Required for function Required for membrane expression

OCT1 OCT1 No N/A

OCT2

OCT2 N/A N/A

LAPTM4A N/A N/A

CD63 N/A N/A

OAT1 OAT1 ↓ ↓

OAT3

OAT3 N/A N/A

Caveolin-1

↑ due to gain of protein-cytoskeletal interaction Redistribution to non-LRD-rich compartmentsβ-actin

Myosin

OCTN2
Caveolin-1 N/A N/A

Flotillin N/A N/A

*
Functional and expression change means that the potential changes happened to the target transporter by the interactions with the partner 

transporters. Arrows represent the increase (↑) or decrease (↓) of function or membrane expression.
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