[image: image1]Substrate Specificities and Inhibition Pattern of the Solute Carrier Family 10 Members NTCP, ASBT and SOAT

		ORIGINAL RESEARCH
published: 17 May 2021
doi: 10.3389/fmolb.2021.689757


[image: image2]
Substrate Specificities and Inhibition Pattern of the Solute Carrier Family 10 Members NTCP, ASBT and SOAT
Gary Grosser†,, Simon Franz Müller†,, Michael Kirstgen, Barbara Döring and Joachim Geyer*
Institute of Pharmacology and Toxicology, Faculty of Veterinary Medicine, Justus Liebig University Giessen, Biomedical Research Center Seltersberg (BFS), Giessen, Germany
Edited by:
Cesare Indiveri, University of Calabria, Italy
Reviewed by:
Giuliano Ciarimboli, University of Münster, Germany
Miriam Zacchia, University of Campania Luigi Vanvitelli, Italy
* Correspondence: Joachim Geyer, Joachim.M.Geyer@vetmed.uni-giessen.de
†These authors have contributed equally to this work and share first authorship.
Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Molecular Biosciences
Received: 01 April 2021
Accepted: 04 May 2021
Published: 17 May 2021
Citation: Grosser G, Müller SF, Kirstgen M, Döring B and Geyer J (2021) Substrate Specificities and Inhibition Pattern of the Solute Carrier Family 10 Members NTCP, ASBT and SOAT. Front. Mol. Biosci. 8:689757. doi: 10.3389/fmolb.2021.689757

Three carriers of the solute carrier family SLC10 have been functionally characterized so far. Na+/taurocholate cotransporting polypeptide NTCP is a hepatic bile acid transporter and the cellular entry receptor for the hepatitis B and D viruses. Its intestinal counterpart, apical sodium-dependent bile acid transporter ASBT, is responsible for the reabsorption of bile acids from the intestinal lumen. In addition, sodium-dependent organic anion transporter SOAT specifically transports sulfated steroid hormones, but not bile acids. All three carriers show high sequence homology, but significant differences in substrate recognition that makes a systematic structure-activity comparison attractive in order to define the protein domains involved in substrate binding and transport. By using stably transfected NTCP-, ASBT-, and SOAT-HEK293 cells, systematic comparative transport and inhibition experiments were performed with more than 20 bile acid and steroid substrates as well as different inhibitors. Taurolithocholic acid (TLC) was identified as the first common substrate of NTCP, ASBT and SOAT with Km values of 18.4, 5.9, and 19.3 µM, respectively. In contrast, lithocholic acid was the only bile acid that was not transported by any of these carriers. Troglitazone, BSP and erythrosine B were identified as pan-SLC10 inhibitors, whereas cyclosporine A, irbesartan, ginkgolic acid 17:1, and betulinic acid only inhibited NTCP and SOAT, but not ASBT. The HBV/HDV-derived myr-preS1 peptide showed equipotent inhibition of the NTCP-mediated substrate transport of taurocholic acid (TC), dehydroepiandrosterone sulfate (DHEAS), and TLC with IC50 values of 182 nM, 167 nM, and 316 nM, respectively. In contrast, TLC was more potent to inhibit myr-preS1 peptide binding to NTCP with IC50 of 4.3 µM compared to TC (IC50 = 70.4 µM) and DHEAS (IC50 = 52.0 µM). Based on the data of the present study, we propose several overlapping, but differently active binding sites for substrates and inhibitors in the carriers NTCP, ASBT, SOAT.
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INTRODUCTION
The solute carrier family SLC10, also known as the “sodium bile acid cotransporter family” currently consists of seven members (SLC10A1-SLC10A7) (Geyer et al., 2006; Claro da Silva et al., 2013). Three of them (SLC10A1, SLC10A2, and SLC10A6) have been functionally characterized, while the members SLC10A3, SLC10A4, SLC10A5, and SLC10A7 are still orphan carriers (Fernandes et al., 2007; Geyer et al., 2007; Godoy et al., 2007; Karakus et al., 2020). The founding members of the SLC10 carrier family were cloned in the early 1990s and were termed Na+/taurocholate cotransporting polypeptide (NTCP, gene symbol SLC10A1) (Hagenbuch and Meier, 1994) and apical sodium-dependent bile acid transporter (ASBT, gene symbol SLC10A2) (Wong et al., 1996), both sharing 39% amino acid sequence identity. NTCP is exclusively expressed at the basolateral (sinusoidal) membrane of hepatocytes (Ananthanarayanan et al., 1994; Stieger et al., 1994) and here mediates sodium-coupled uptake of taurocholic acid (TC) and other bile acids (BA) with a Na+:BA stoichiometry of 2:1 (Hagenbuch and Meier, 1996; Weinman, 1997). ASBT is typically expressed in the apical brush border membrane of enterocytes of the terminal ileum (Shneider et al., 1995), where it transports conjugated BAs with high affinity in a sodium-dependent manner (Craddock et al., 1998). Both carriers are essentially involved in the maintenance of the enterohepatic circulation of BAs (Döring et al., 2012). In 2007, we cloned an additional SLC10 carrier, named sodium-dependent organic anion transporter (SOAT, gene symbol SLC10A6) (Geyer et al., 2007). Although SOAT shows the highest sequence identity of 48% to ASBT, it does not represent a BA transporter (Geyer et al., 2007). In contrast, SOAT specifically transports 3′ sulfated steroid hormones such as estrone-3-sulfate (E1S), estradiol-3-sulfate, dehydroepiandrosterone sulfate (DHEAS), androstenediol-3-sulfate, androsterone-3-sulfate, and pregnenolone sulfate (PREGS) (Fietz et al., 2013) and, thereby, has a role for steroid supply to different organs (Geyer et al., 2017). In addition, SOAT transports 17′ sulfated steroids such as testosterone-17β-sulfates, but not steroid disulfates such as 17β-estradiol-3,17-disulfate (Grosser et al., 2018).
Apart from their roles as physiological uptake carriers for BAs and sulfated steroid hormones, all three carriers were also established as drug targets. In 2012, NTCP was identified as the high-affinity hepatic entry receptor for the hepatitis B (HBV) and hepatitis D (HDV) viruses (Yan et al., 2012; Drexler et al., 2013). More precisely, both viruses bind to NTCP with their 2–48 N-terminal amino acids of the myristoylated preS1 domain (so-called myr-preS1 peptide) of the large envelope protein and this triggers the cellular entry of the virus/NTCP complex (Iwamoto et al., 2019). Interestingly, BA binding and myr-preS1 peptide binding to NTCP directly interfere with each other. BAs can block myr-preS1 peptide binding to NTCP and in vitro HBV/HDV infection, while myr-preS1 peptide binding to NTCP inhibits BA transport (König et al., 2014; Ni et al., 2014). Apart from the myr-preS1 peptide, several small molecules were detected that also block virus binding to NTCP in vitro, such as cyclosporine A, ezetimibe, irbesartan, ritonavir, troglitazone or betulinic acid (Fukano et al., 2019; Kirstgen et al., 2020; Li et al., 2020; Wettengel and Burwitz, 2020), but none of them is clinically approved for HBV/HDV entry inhibition yet. In contrast, pharmacological inhibitors of ASBT, such as odevixibat and maralixibat, are already in clinical use. These so-called bile acid reabsorption inhibitors (BARIs) are used to treat BA-related diseases such as intrahepatic cholestasis, primary biliary cholangitis, Alagille syndrome, or non-alcoholic steatohepatitis (Karpen et al., 2020). In addition, BARIs are used to treat chronic constipation by increasing the intestinal BA content and to lower plasma LDL-cholesterol levels by increasing the de novo hepatic synthesis of BAs from the precursor cholesterol (Kramer and Glombik, 2006; Al-Dury and Marschall, 2018). SOAT is expressed in breast cancer and here mediates the uptake of pro-proliferative sulfated estrogen precursors. Inhibition of SOAT had anti-proliferative effects in breast cancer cells in vitro, and so was proposed as potential novel anti-cancer drug target (Karakus et al., 2018).
Since the cloning of SOAT it is still an open question why the close phylogenetic relationship of ASBT and SOAT is not reflected at the functional level, while the more distant carriers NTCP and ASBT are close functional homologs. Therefore, in the present study we aimed to compare systematically the substrate specificities of NTCP, ASBT and SOAT and their inhibition pattern. Based on the data of the present study, we propose several overlapping substrate and inhibitor binding sites at the three carriers that have to be considered as potential off-target sites when one of these carriers is addressed with pharmacological inhibitors. Furthermore, we identified taurolithocholic acid (TLC) as the first common substrate of all three carriers.
MATERIALS AND METHODS
Radiochemicals and Chemicals
[3H]Dehydroepiandrosterone sulfate ([3H]DHEAS), [3H]estrone-3-sulfate ([3H]E1S), [3H]cortisone, [3H]pregnenolone sulfate ([3H]PREGS), [3H]chenodeoxycholic acid, [3H]lithocholic acid and [3H]taurocholic acid ([3H]TC) were imported via BIOTREND Chemikalien GmbH (Cologne, Germany) from the manufacturer American Radiolabeled Chemicals, Inc. (St. Louis, United States). [3H]Cortisol was obtained from Perkin Elmer, Inc. (Boston, United States). [3H]Estrone-3β-D-glucuronide and [3H]estradiol-17β-D-glucuronide were generously provided by Dr. Bernhard Ugele (Munich, Germany). [3H]Cholic acid, [3H]deoxycholic acid, [3H]ursodeoxycholic acid, [3H]sarcosine cholic acid, [3H]glycodeoxycholic acid, [3H]glycochenodeoxycholic acid, [3H]glycoursodeoxycholic acid, [3H]taurodeoxycholic acid, [3H] tauroursodeoxycholic acid and [3H]taurochenodeoxycholic acid were generously provided by Prof. Dr. Alan Hofmann, University of California (San Diego, United States). [3H]Taurolithocholic acid ([3H]TLC) was synthesized as described before (Lowjaga et al., 2021).
Estrone-3-sulfate (E1S), pregnenolone sulfate (PREGS), dehydroepiandrosterone sulfate (DHEAS), and taurocholic acid (TC) were obtained from Sigma-Aldrich (St. Louis, United States). Zeocin and hygromycin were purchased from Invitrogen (Groningen, Netherlands). A set of betulin derivatives (betulin, betulinic acid, lupenone, 3-O-caffeoyl betulin) was purchased from Adipogen AG (Liestal, Switzerland). Ezetimibe, bromosulfophthalein (BSP), irbesartan, losartan, erythrosine B, and ginkgolic acid C17:1, and all other chemicals if not stated otherwise were purchased from Sigma-Aldrich (St. Louis, United States). Cyclosporine A was purchased from Tokyo Chemical Industry (Tokyo, Japan). Troglitazone was purchased from Cayman Chemical (Michigan, United States).
NTCP-HEK293, ASBT-HEK293, and SOAT-HEK293 Cells
The full-length open reading frames of NTCP, ASBT, and SOAT were cloned based on the cDNA sequences with GenBank accession numbers NM_003049 (NTCP), NM_000452 (ASBT) and NM_197965 (SOAT), respectively, as reported before (Geyer et al., 2007; Grosser et al., 2015). Sequence verified clones were used for stable transfection of Flp-In T-REX HEK293 cells (HEK293-FlpIn) according to the manufacturer’s instructions (Invitrogen) as reported (Geyer et al., 2007). From the generated NTCP-HEK293, ASBT-HEK293, and SOAT-HEK293 cells transgene expression can be induced by tetracycline treatment. Cells were maintained under D-MEM/F12 medium supplemented with 10% fetal calf serum (Sigma-Aldrich), l-glutamine (4 mM), penicillin (100 U/ml), and streptomycin (100 μg/ml) (further referred to as standard medium) at 37°C, 5% CO2, and 95% humidity. All cell culture materials and substances were purchased from Thermo Fisher Scientific (Waltham, United States) if not stated otherwise.
Cultivation and Induction of Stably Transfected HEK293 Cells for Uptake, Inhibition or Binding Studies
Stably SLC10 transporter transfected NTCP-HEK293, ASBT-HEK293, SOAT-HEK293 cells and the HEK293-FlpIn maternal cell line were seeded on 24-well plates (if not stated otherwise for individual assays). Well plates were coated with poly-d-lysine prior to seeding of 125,000 cells per well. Cells were grown with 1 ml of standard medium per well with or without tetracycline (1 mg/ml) for 72 h to induce carrier expression before respective assays were started. HEK293-FlpIn cells were cultivated with standard medium and served as control.
Substrate Screening in NTCP-HEK293, ASBT-HEK293, SOAT-HEK293, and HEK293-FlpIn Cells
Cells were washed three times with phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 7.3 mM Na2HPO4, pH 7.4, 37°C). Afterward, cells were preincubated at 37°C with sodium transport buffer (containing 142.9 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1.8 mM CaCl2, and 20 mM HEPES (all chemicals from Sigma-Aldrich), adjusted to pH 7.4), or with choline transport buffer (equimolar substitution of sodium chloride with choline chloride). Uptake experiments were initiated by replacing the preincubation buffer by 500 μL transport buffer containing the radiolabeled test compound and were performed at 37°C. Transport was terminated by removing the transport buffer and washing five-times with ice-cold PBS. Cell monolayers were lysed in 1 N NaOH with 0.1% SDS and the cell-associated radioactivity was determined by liquid scintillation counting. Protein content of individual wells was determined by Lowry assay as reported before (Geyer et al., 2007).
Transport Inhibition in NTCP-HEK293, ASBT-HEK293, SOAT-HEK293, and HEK293-FlpIn Cells
Cells were washed three times with PBS and were preincubated with the respective inhibitor in sodium transport buffer for 5 min at 37°C. Uptake was initiated by adding the respective radiolabeled substrate to the well and incubating for a fixed time as indicated in the figures at 37°C. Transport was terminated by removing the transport buffer and washing five-times with ice-cold PBS. Cell monolayers were lysed in 1 N NaOH with 0.1% SDS and the cell-associated radioactivity and protein content was determined as described above. For uptake inhibition with the myr-preS1 peptide the sodium transport buffer contained additionally MEM-amino acid solution (ThermoFisher) at 1:50 dilution.
Binding Assays With the Myr-preS1 Peptide
NTCP-HEK293 cells were seeded into 24-well-dishes as described above. For every set of induced wells an equal number of not-induced wells were used as respective background controls. Cells were washed three times with PBS and then preincubated with sodium transport buffer supplemented with MEM-amino acid solution (ThermoFisher) at 1:50 dilution at 37°C for 5 min. The fluorescent myr-preS1-Al633 peptide was added with a final concentration of 10 nM and binding experiments were performed over 10 min at 37°C. Then, cells were washed twice with buffer at 37°C and transferred to the fluorescence reader Typhoon (GE Healthcare, Chicago, United States) to quantitatively determine bound fluorescence signals as established in our lab before (Müller et al., 2018). For calculation of the NTCP-specific binding signal, the mean background signal from the not-induced cells was subtracted. Net binding rates in the absence of any inhibitor were set to 100%.
Phylogenetic Analysis
Phylogenetic analysis of the SLC10 carriers was performed using the proteins with the following GenBank accession numbers. NP_003040.1 for NTCP/SLC10A1, NP_000443.2 for ASBT/SLC10A2, NP_689892.1 for SLC10A3, NP_689892.1 for SLC10A4, NP_001010893.1 for SLC10A5, NP_932069.1 for SOAT/SLC10A6, AAI50309.1 for SLC10A7, and O15245.2 for OCT1 as outroot. In addition, the bacterial proteins AsbtNm (PDB: 3ZUY.A) and AbstYf (PDB: 4N7X.A) were included. The phylogenetic tree was generated based on sequence alignment ClustalW (Lasergene DNASTAR) and was visualized with the FigTree tool (tree.bio.ed.ac.uk). Scale bar represents 0.1 changes per site on horizontal distance.
Quantitative Real Time PCR of Transporter Expression
The mRNA expression pattern of NTCP, ASBT and SOAT in the NTCP-HEK293, ASBT-HEK293, SOAT-HEK293, and HEK293-FlpIn cells was analyzed by quantitative real-time PCR with cDNA from the indicated tetracycline induced stably transfected cell lines. RNA was isolated from the respective stably transfected cells or control cells grown in 6 well plates following 72 h of growth. The medium and any detached cells were removed from the well. Total RNA isolation was performed by using peqGOLD RNAPure reagent (PeqLab, Erlangen, Germany) according to the manufacturer’s protocol. The RNA concentration was determined by measuring absorbance at 260 nm with a Beckmann spectrophotometer DU-640 (Beckmann, Munich, Germany). Complementary cDNA was synthesized from the RNA samples using SuperScript III First-Strand Synthesis System for RT-PCR according to the manufacturer’s protocol (Invitrogen, Karlsruhe). Relative carrier expression was calculated by the 2−ΔΔCT method and represents carrier expression x-times higher compared with the calibrator (NTCP expression in SOAT-HEK293 cells). ACTB served as endogenous control. Values represent means of duplicate determinations. Relative gene expression analysis was performed by real-time PCR amplification on an ABI PRISM 7300 thermal cycler (Applied Biosystems, Darmstadt, Germany) using the TaqMan Gene Expression Assays Hs01399354_m1 for SOAT, Hs00166561_m1 for ASBT, Hs00161820_m1 for NTCP, and Hs99999903_m1 for ACTB (Applied Biosystems, Darmstadt, Germany). Real-time amplification was performed in 96-well optical plates using 5 µL cDNA, 1.25 µL TaqMan Gene Expression Assay, 12.5 µL TaqMan universal PCR Master Mix and 6.25 µL water in each 25 µL reaction. The plates were heated for 10 min at 95°C, and 45 cycles of 15 s at 95°C and 60 s at 60°C were applied.
Data Analysis and Statistics
All transport or inhibition graphs were generated with GraphPad Prism 6.0 (GraphPad). Determination of IC50 values was done by nonlinear regression analysis using the equation log (inhibitor) vs. response settings. If not stated otherwise in the legends all data represent means ± SD of at least triplicate determinations of representative experiments.
In silico Docking
The crystal structures of two bacterial SLC10-homologous carriers have been published, namely Asbt from Neisseria meningitidis (AsbtNm) and Asbt from Yersinia frederiksenii (AsbtYf) (Hu et al., 2011; Zhou et al., 2014). Based on a more recent publication that verified the crystal structure of AbstYf (4n7x.1.a) as an outward facing model for BA transporters (Wang et al., 2021) we generated outward facing homology models of NTCP, ASBT and SOAT based on this structure via the SWISS-MODEL server (https://swissmodel.expasy.org). These models were used as input structures in SwissDock (http://www.swissdock.ch/docking) and were in silico docked with TLC with standard parameters. The obtained docked clusters and models were visualized with the UCSF CHIMERA software (https://www.cgl.ucsf.edu/chimera/). For visualization, docked clusters were reduced to TLC molecules in reasonable proximity to the putative outward facing binding pocket.
Pharmacophore Calculation
Generation of pharmacophore models was performed using PHASE (Dixon et al., 2006), integrated into the MAESTRO Molecular Modeling Interface (Version 12.2) of SCHRÖDINGER, Inc. (www.schrodinger.com, New York City, NY, United States). The following settings were used. Active/inactive (see Table 1), hypothesis should match at least 50% of actives, 4–5 features in the hypothesis, difference criterion 0.5 , create excluded volume shell from actives and inactives, minimum number of inactives that must experience a clash = 1, minimum distance between active surface and excluded volumes 1 Å, excluded volume sphere radii 1 Å.
TABLE 1 | Substrate specificities and transport activity grading for NTCP, ASBT and SOAT. The primary transport data are indicated in Figure 1. The following grading was used. “—” represents no significant uptake compared to sodium-free control. Mean uptake “+” for values below 10, “++” for values between 10 and 100, and “+++” for values above 100 pmol/mg protein/10 min for sulfated steroid hormones. Mean uptake of bile acids “+” for values below 500, “++” for values between 500 and 1000, and “+++” for values above 1000 pmol/mg protein/30 min.
[image: Table 1]RESULTS
Comparative Substrate Screening for NTCP, ASBT, and SOAT
This study focused explicitly on comparative transport studies with NTCP, ASBT and SOAT. Therefore, stably transfected HEK293 cells were generated based on the identical HEK293-FlpIn cell line and following the identical protocol. The generated cell lines NTCP-HEK293, ASBT-HEK293, and SOAT-HEK293 showed significant overexpression of the respective carrier as shown by comparative quantitative expression analysis (see Supplementary Figure S1).
In a first approach, these cell lines were used to analyze the sodium-dependent uptake of different BAs and steroid derivatives (Figure 1). Therefore, all transport studies were performed in sodium-containing transport buffer (filled bars) as well as in sodium-free transport buffer (open bars). The non-transfected HEK293-FlpIn cell line served as additional control. In detail, this panel of test compounds included different unconjugated BAs as well as glycine-conjugated and taurine-conjugated BAs. All BAs derived from cholic acid can be classified as 3α,7α,12α-trihydroxylated (3-OH) BAs. Together with the 3α,7α-dihydroxylated (2-OH) chenodeoxycholic acid-derived BAs, these are primary BAs synthesized in the liver. Two other groups of dihydroxylated BAs, namely deoxycholic acid and ursodeoxycholic acid result from bacterial de-conjugation and isomerization, respectively. These are classified as secondary BAs. In addition, the 3α-monohydroxylated (1-OH) BA lithocholic acid results from bacterial de-conjugation in the gut. Secondary BAs are mostly reabsorbed in their unconjugated forms and then can be reconjugated in the liver with glycine or taurine. As an additional BA derivative, sarcosine cholic acid was included. From the group of steroid conjugates, three sulfo-conjugated steroids, namely E1S, DHEAS, and PREGS were analyzed, as well as the steroid glucuronides estrone-3β-D-glucuronide and estradiol-17β-D-glucuronide. Finally, the glucocorticoids cortisone and cortisol were used for transport experiments.
[image: Figure 1]FIGURE 1 | Comparative substrate screening for bile acids and sulfated steroids in NTCP-, ASBT-, and SOAT-HEK293 cells. Transport assays were performed with the indicated substrates in NTCP-HEK293, ABST-HEK293, SOAT-HEK293, and HEK293-FlpIn cells. Cells were washed and equilibrated with Na+-containing transport buffer (filled bars) or with Na+-free transport buffer (open bars) at 37°C. For uptake, cells were incubated with radiolabeled steroid compounds at a final concentration of 200 nM in Na+-containing or Na+-free transport buffer for 10 min. Radiolabeled bile acids were used at 1 µM concentrations and transport was analyzed over 30 min. HEK293-FlpIn cells served as additional controls. After the indicated time intervals, cells were washed with ice-cold PBS, lysed and subjected to liquid scintillation counting. Values represent means ± SD of combined data of two independent experiments, each with quadruplicate determinations (n = 8). *p < 0.01 (two-way ANOVA) indicating Na+-dependent uptake (Na+-containing vs. Na+-free transport buffer of the respective cell line). 3-OH, trihydroxylated BAs; 2-OH, dihydroxylated BAs; 1-OH, monohydroxylated BAs.
All primary transport data are presented in Figure 1. Additionally, the primary transport data were arranged in a graded manner in Table 1 for better overview and comparability. As expected, NTCP and ASBT showed significant and sodium-dependent transport activity for nearly all BAs analyzed. The transport rates of taurine- and glycine-conjugated BAs by ASBT and NTCP are obviously higher compared to the unconjugated forms. Among the group of unconjugated BAs, ursodeoxycholic acid was only transported by NTCP, but not by ASBT, and lithocholic acid was the only BA that was transported neither by NTCP nor by ASBT. Of note, also the BA derivative sarcosine cholic acid was significantly transported by NTCP and ASBT in a sodium-dependent manner. Apart from the group of BAs, NTCP showed also significant transport activity for the steroid conjugates DHEAS, E1S, PREGS, and estrone-3β-D-glucuronide, but not for estradiol-17β-D-glucuronide. The steroid sulfate carrier SOAT showed significant transport activity for DHEAS, E1S, and PREGS as expected, but was transport negative for the steroid glucuronides and for nearly all BAs. Surprisingly, SOAT showed significant sodium-dependent uptake of TLC and, therefore, TLC is the only common substrate of all three carriers NTCP, ASBT and SOAT, identified so far.
Comparative Transport Kinetics for NTCP, ASBT, and SOAT
To closer analyze the TLC transport via NTCP, ASBT, and SOAT, transport kinetics were comparatively analyzed for all three carriers. In addition, the transport kinetics for TC, DHEAS, E1S, and PREGS were determined. The primary transport data are presented in Figure 2 and the Michaelis–Menten parameters Km and Vmax are listed in Table 2. The apparent Km values for TLC were within the same range for all three carriers, being 18.4, 5.9, and 19.3 µM for NTCP, ASBT, and SOAT, respectively. The Vmax values ranged in the order NTCP > ASBT > SOAT. The transport kinetics for TC were well comparable between NTCP and ASBT with Km of 13.1 and 14.7 µM as well as Vmax of 2395 and 1821 pmol/mg protein/min, respectively. Also, the transport kinetics for the sulfated steroid hormones were comparable between NTCP and SOAT with Km of 56.1 and 28.7 µM for DHEAS, as well as 8.8 and 11.3 µM for PREGS, respectively. However, SOAT showed a much lower Km of 12.0 µM and Vmax of 585 pmol/mg protein/min compared to NTCP (Km = 57.6 µM and Vmax = 2367 pmol/mg protein/min) for the substrate E1S. Of note, the transport data of E1S, DHEAS, and PREGS for SOAT were taken from a previous study, that used however exactly the same SOAT-HEK293 cell lines and measuring methodology (Geyer et al., 2007).
[image: Figure 2]FIGURE 2 | NTCP, ASBT, and SOAT transport kinetics. Concentration-dependent uptake was analyzed in NTCP-HEK293, ASBT-HEK293, and SOAT-HEK293 cells for the indicated substrates at increasing substrate concentrations. Stably transfected HEK293 cells were pretreated with 1 μg/ml tetracycline to induce carrier expression. HEK293-FlpIn cells were used as control. Uptake was analyzed for 1 min at 37°C. Afterward, the medium was removed and each cell monolayer was washed and processed to determine the protein content and cell-associated radioactivity. Specific uptake was calculated by subtracting non-specific uptake of the HEK293-FlpIn control cells (open squares) from uptake into carrier-overexpressing HEK293 cells (filled squares) and is shown by broken lines. The values represent means ± SD of duplicate experiments, each with triplicate determinations (n = 6). Transport kinetic parameters are summarized in Table 2.
TABLE 2 | Transport kinetic parameters for TLC, TC, DHEAS, E1S, and PREGS uptake via NTCP, ASBT, and SOAT. Michaelis-Menten kinetic parameters (Km and Vmax) were calculated by nonlinear regression analysis from the primary transport data shown in Figure 2. Values represent means ± SD of combined data of two independent experiments, each with triplicate determinations (n = 6).
[image: Table 2]TLC, TC, and DHEAS as Inhibitors of NTCP, ASBT, and SOAT
As shown in Figure 3, TLC, TC, and DHEAS were used at increasing inhibitor concentrations to block the transport of the respective radiolabeled transport substrates [3H]TLC, [3H]TC, and [3H]DHEAS at all three carriers NTCP, ASBT, and SOAT. As expected, TLC inhibited the transport of [3H]TLC via NTCP, ASBT, and SOAT with comparable IC50 values of 1.4 µM, 4.0 µM, and 2.6 µM, respectively (Table 3). Very similar was also the inhibition of the [3H]TC transport by increasing concentrations of TC with IC50 values of 5.4 µM and 5.7 µM for NTCP and ASBT, respectively. A large difference occurred, however, when DHEAS was used as inhibitor of the [3H]DHEAS transport via NTCP and SOAT. While an IC50 value of 3.4 µM was measured for NTCP, this value was much higher (at 51.7 µM) for SOAT. This is most likely a result of the stimulatory effect of DHEAS on its own transport. This was observed at low micromolar concentrations several times before (data not shown). So, DHEAS can be classified as a mixed stimulator/inhibitor. When TLC was used as inhibitor of the [3H]TC or [3H]DHEAS transport via the respective carrier, the IC50 values were all within the same range between 1.7 and 3.9 µM, indicating that TLC is an equipotent inhibitor of NTCP, ASBT, and SOAT, irrespective of the substrate used for transport measurements. In contrast, DHEAS showed a very different pattern, when it was used as transport inhibitor. With the transport substrate [3H]TLC, DHEAS was a potent inhibitor with an IC50 of 15 µM for SOAT, but only a weak inhibitor (IC50 = 431.7 µM) for NTCP, while ASBT was only inhibited by DHEAS at very high inhibitory concentrations above 1000 µM. In the same line, the IC50 for DHEAS inhibition of the [3H]TC transport was much lower for NTCP (IC50 = 21.5 µM) than for ASBT (IC50 = 453.1 µM). This indicates that ASBT is not only transport negative for DHEAS, but seems to bind DHEAS as an inhibitor only at very high concentrations. In contrast, TC although not transported by SOAT, was a moderate inhibitor of SOAT when the transport of [3H]TLC (IC50 = 143 µM) or [3H]DHEAS (IC50 = 99.7 µM) was analyzed. Overall, this indicates that TLC, TC, and DHEAS are only good inhibitors at these carriers, which are also transport positive for the respective compound. Accordingly, TC is a weak inhibitor of SOAT, and DHEAS is a very weak inhibitor at ASBT. Another interesting observation was that the transport of [3H]TLC can only weakly be inhibited by TC and DHEAS, even if these compounds are transported by the respective carriers. This finding may point to the presence of separate or multiple binding sites for TLC and TC/DHEAS at the respective carriers.
[image: Figure 3]FIGURE 3 | Inhibition of NTCP, ASBT, and SOAT with substrate inhibitors. Transport of [3H]TC, [3H]TLC, and [3H]DHEAS was analyzed in NTCP-HEK293, ASBT-HEK293, and SOAT-HEK293 cells in the presence of the substrate inhibitors TC, TLC, and DHEAS at increasing concentrations ranging from 100 nM till 1000 µM. After 5 min of preincubation with the respective inhibitory compound, 200 nM [3H]TLC, [3H]TC or [3H]DHEAS were added for additional 1 min and the cell lysates were analyzed by liquid scintillation counting. Unspecific uptake of HEK293-FlpIn cells was set to 0%. Carrier-specific uptake without inhibitor was set to 100%. IC50 values were calculated by sigmoidal dose-response (variable slope) with a goodness of fit ≥0.95 (GraphPad Prism software, version 6.05). IC50 values are listed in Table 3.
TABLE 3 | Half-maximal inhibitory concentrations (IC50) for substrate inhibitors at NTCP, ASBT, and SOAT. [3H]TLC, [3H]TC, and [3H]DHEAS substrate uptake was analyzed in NTCP-HEK293, ASBT-HEK293, and SOAT-HEK293 cells in the presence of the indicated substrate inhibitors TC, TLC, and DHEAS at increasing concentrations. The primary transport data are presented in Figure 3.
[image: Table 3]Betulin-Based Inhibitors of NTCP, ASBT, and SOAT
As the next group of inhibitors, several betulin derivatives (structures see Figure 8) were analyzed at increasing concentrations as inhibitors of the [3H]TLC, [3H]TC, and [3H]DHEAS transport via the respective SLC10 carriers (Table 4). As shown in Figure 4, there is no common inhibition pattern and the half-maximal inhibitory concentrations showed a correlation neither for the individual carrier, nor for the betulin derivative used as inhibitor, nor for the substrate used for the transport measurements. While some of the betulin derivatives were quite potent inhibitors for NTCP and SOAT, this was not the case for ASBT. For this carrier, the only relevant inhibition was observed for 3-O-caffeoyl betulin when [3H]TLC was used as substrate with an IC50 of 99.7 µM. In contrast, betulinic acid potently inhibited NTCP and SOAT, in particular when [3H]DHEAS was used as substrate (IC50 = 0.3 and 1.2 µM, respectively). In a similar manner, lupenone and betulin are strong inhibitors at NTCP, when [3H]TLC was used as the substrate, while they lost their inhibitory potency, when [3H]DHEAS was used as substrate. This clearly indicates that the inhibitory potency of the individual betulins not only depends on the respective carrier, but also on the substrate that is used for the transport measurements. The fact that lupenone, 3-O-caffeoyl betulin and betulin had a generally higher inhibitory potency when [3H]TLC was used as the substrate additionally points to separated substrate binding sites for the substrates TLC and TC/DHEAS as already emphasized above. The only exception from this rule is betulinic acid that was much more potent as inhibitor at NTCP and SOAT when [3H]DHEAS was used as a substrate compared to [3H]TLC. However, it has to be noted that it cannot be completely excluded that betulinic acid is a transported substrate of these carrier as hypothesized before (Kirstgen et al., 2020). This could explain the differing inhibition pattern of this acidic derivative compared to the other non-acidic betulin derivatives.
TABLE 4 | Half-maximal inhibitory concentrations (IC50) for non-substrate triterpenoid inhibitors at NTCP, ASBT, and SOAT. [3H]TLC, [3H]TC, and [3H]DHEAS substrate uptake was analyzed in NTCP-HEK293, ASBT-HEK293, and SOAT-HEK293 cells in the presence of the indicated non-substrate inhibitors at increasing concentrations. The primary transport data are presented in Figure 4.
[image: Table 4][image: Figure 4]FIGURE 4 | Inhibition of NTCP, ASBT, and SOAT with non-substrate betulin-based inhibitors. Transport of [3H]TC, [3H]TLC, and [3H]DHEAS was analyzed in NTCP-HEK293, ASBT-HEK293, and SOAT-HEK293 cells in the presence of different supposed non-substrate triterpenoid inhibitors as indicated at increasing concentrations ranging from 100 nM till 1000 µM. After 5 min of preincubation with the respective inhibitory compound, 1 µM [3H]TLC, [3H]TC or [3H]DHEAS were added for additional 10 min at 37°C and the cell lysates were analyzed by liquid scintillation counting. Experiments performed without inhibitor were set to 100%. Means of negative controls were subtracted to calculate net transport rates (expressed as percentage of control). Data represent means ± SD of quadruplicate determinations of representative experiments. IC50 values were calculated by sigmoidal dose-response (variable slope) with a goodness of fit ≥0.95 (GraphPad Prism software, version 6.05). IC50 values are listed in Table 4.
Non-Steroidal Inhibitors of NTCP, ASBT, and SOAT
The inhibitor screening was also extended to compounds that previously were identified as non-steroidal inhibitors of NTCP or SOAT, including cyclosporine A, ezetimibe, bromosulfophthalein (BSP), irbesartan, losartan, troglitazone, erythrosine B, and ginkgolic acid 17:1 (Table 5, selected structures see Figure 8). All these compounds not only inhibited the transport function of NTCP, but also its role as HBV/HDV entry receptor in previous studies (Fukano et al., 2019). Therefore, these experiments also aimed to analyze the cross-reactivity of these antiviral drug candidates at the most NTCP-related proteins ASBT and SOAT. For these measurements, again all three potential transport substrates, [3H]TLC, [3H]TC, and [3H]DHEAS, were analyzed in the absence (positive control) and the presence of a fixed 100 µM inhibitor concentration. All inhibitors then were graded as strong, medium or weak inhibitor based on the residual transport activity of 0–19% (+++), 20–49% (++) and 50–79% (+), respectively, in the presence of inhibitor. Generally, these NTCP inhibitors showed significant cross-reactivity with SOAT and/or ASBT, at least with one of the investigated transport substrates. Therefore, compounds that were previously classified as specific NTCP inhibitors should rather be considered pan-SLC10 inhibitors. One exception was ezetimibe that only showed weak inhibitory potential at NTCP exclusively for TC as substrate. As previously shown for the betulin derivatives, the choice of the investigated SLC10 carrier substrate can affect the classification as inhibitor. As an example, losartan and ginkgolic acid 17:1 showed identical inhibitory classification for TLC and TC at NTCP, as well as for TLC and DHEAS at SOAT. However, their inhibitory potential for DHEAS as the transported substrate at NTCP revealed huge difference in classification. In contrast, irbesartan and cyclosporine A showed similar inhibition pattern at NTCP and SOAT, irrespective of the substrate used for transport measurements. However, irbesartan and cyclosporine A did not inhibit ASBT at all. This indicates that the transport of a particular substrate ([3H]TLC, [3H]TC, [3H]DHEAS) can be differentially addressed with a particular inhibitor, what would support the idea of different substrate binding sites in the SLC10 carriers.
TABLE 5 | Inhibitor screening for NTCP, ASBT and SOAT. [3H]TLC, [3H]TC, and [3H]DHEAS substrate uptake was analyzed in NTCP-HEK293, ASBT-HEK293, and SOAT-HEK293 cells in the presence of the indicated inhibitors at 100 µM inhibitory concentrations. Grading of the net uptake compared to the non-inhibited control was: “−” for 80–100% residual uptake of the respective substrate compared to positive control (w/o inhibitor), “+” for 50–79% residual uptake (weak inhibition), “++” for 20–49% residual uptake (medium inhibition) and “+++” for 0–19% residual uptake (strong inhibition). Experiments were performed in duplicate each with triplicate determinations (n = 6).
[image: Table 5]Cross-Inhibition of the HBV/HDV-Derived Myr-preS1 Peptide with TLC, TC, and DHEAS
We used two different assays to analyze the myr-preS1 peptide binding behavior in dependence of the substrate used. First, [3H]TC, [3H]TLC, and [3H]DHEAS transport was analyzed at increasing concentrations of myr-preS1 serving as inhibitor of transport (Figure 5A). Interestingly, myr-preS1 was quasi equipotent for the inhibition of the [3H]TC and [3H]DHEAS transport with IC50 values of 182 nM and 167 nM, respectively. In contrast, higher concentrations were needed for half-maximal inhibition of the [3H]TLC transport (IC50 = 316 nM). In a second assay, the binding of the myr-preS1 peptide to NTCP was analyzed in the presence of increasing concentrations of TLC, TC, and DHEAS serving as peptide binding inhibitors (Figure 5B). Again, TC and DHEAS were quasi equipotent in this assay with IC50 values of 70.4 µM and 52.0 µM, respectively, whereas an order of magnitude lower concentrations of TLC were needed to replace the myr-preS1 peptide from its binding sites at NTCP (IC50 = 4.3 µM). This again underlines the different behavior of TLC in its binding to NTCP compared with TC and DHEAS.
[image: Figure 5]FIGURE 5 | Binding (A) and inhibition (B) of the myr-preS1 peptide at NTCP-HEK293 cells. (A) Transport of [3H]TC, [3H]DHEAS, and [3H]TLC was analyzed in NTCP-HEK293 cells in the presence of increasing concentrations of the myr-preS1 peptide. Transport rates without myr-preS1 peptide were set to 100%. Graphs show combined data of at least two independent experiments and represent means ± SD. (B) Binding of the fluorescent myr-preS1-Al633 peptide was analyzed in NTCP-HEK293 cells in the presence of increasing concentrations of TC, DHEAS, or TLC. Graphs show combined data of at least two independent experiments and represent means ± SD. Fluorescence was quantified by a fluorescence reader and values are expressed as percentage of control. IC50 values were calculated by sigmoidal dose-response (variable slope) with a goodness of fit ≥0.95 (GraphPad Prism software, version 6.05).
Comparative Analysis of NTCP, ASBT, and SOAT Homology Models
In order to visualize the 3-dimensional structures of NTCP, ASBT and SOAT, homology models were generated as shown in Figure 6. The backbone structures (Figure 6A) of the three carriers are very similar and are composed of nine transmembrane domains (TMDs). Structurally, the proteins can be subdivided into a core domain, composed of TMDs 2-4 and 7-9, and a panel domain, composed of TMDs 1, 5 and 6, according to the structures of the bacterial proteins AsbtNm (PDB: 3ZUY.A) and AbstYf (PDB: 4N7X.A) (Hu et al., 2011; Zhou et al., 2014). For homology modeling, the outward-open AsbtYf model (PDB: 4N7X.1.A) was used that shows an outward-exposed substrate binding cavity between the panel and core domains as recently verified (Wang et al., 2021). The molecular surface of the NTCP, ASBT and SOAT homology models was colored according to Coulomb potential (Figure 6B) or by amino acid residue hydrophobicity (Figure 6C) and revealed significant differences for both physical parameters. Therefore, no common pattern can be recognized in the substrate binding cavities of NTCP, ASBT, and SOAT. In addition, the models were used for in silico docking with TLC as the ligand, using the docking module of SWISS-Dock. As shown in Figure 6D, TLC showed several potential docking/binding sites at the proposed substrate binding cavities and in this case showed partly overlapping orientation for the three carriers NTCP, ASBT, and SOAT (Figure 6D).
[image: Figure 6]FIGURE 6 | Comparative substrate docking to homology models of NTCP, ASBT, and SOAT in outward-open conformation. Based on the crystal structure of bacterial AsbtYf (4n7x.1.a) outward open homology models of the SLC10 transporters NTCP, ASBT and SOAT were generated with SWISS-MODEL. All models are shown in identical orientation in top view. The dotted line gives an orientation for the localization of the proposed substrate-binding cavity between the panel and core domains of the respective carrier. (A) Backbone structure colored in rainbow-mode to depict similar transmembrane structure. (B) Molecular surface colored due to Coulomb force calculation (electrostatic forces); starting from −10 (red), over 0 (white), up to +10 (blue). (C) Hydrophobicity surface coloring due to amino acid residue sequence hydrophobicity ranging from hydrophilic (blue) over neutral (white) to lipophilic (red). (D)In silico docking of TLC by SwissDock. Docked clusters were reduced to TLC molecules in reasonable proximity to the putative outward facing binding pocket. All models were visualized with the UCSF CHIMERA software.
Comparative Analysis of NTCP, ASBT, and SOAT Substrate Pharmacophore Models
Finally, the substrate recognition pattern of NTCP, ASBT, and SOAT was visualized by common substrate pharmacophore modeling based on the data shown in Table 1. The pharmacophores are presented for each transporter in the first line of Figure 7. In addition, the SLC10 substrates TLC, TC and DHEAS are fitted into all pharmacophore models. The NTCP and ASBT pharmacophores are quite similar and are characterized by one hydrogen bond donator, one hydrogen bond acceptor and three hydrophobic features that all are similarly oriented to each other. However, in comparison to NTCP, ASBT revealed much more excluding values. As consequence, DHEAS does not fit into the ASBT pharmacophore model due to steric overlap of the 3′ sulfate group with the excluded space. In contrast, TC and TLC fit quite well in both pharmacophores of NTCP and ASBT. The pharmacophore model of SOAT is significantly different from those of NTCP and ASBT and revealed two hydrogen bond acceptor groups and three hydrophobic features. In addition, the SOAT pharmacophore is significantly restricted by spacious excluding values. As consequence, TC does not fit into this pharmacophore model due to steric overlap of the 7′ and 12′ hydroxyl groups with the excluded space. In contrast, the flat DHEAS molecule fits perfectly into this pharmacophore. Interestingly, also TLC fits into the SOAT pharmacophore. While the terminal sulfate group of the taurine residue covers one of the hydrogen bond acceptor groups that is occupied by the 3′ sulfate group in the case of DHEAS, the bent steroid rings A and B stretch out into the free space of the pharmacophore. This suggests substrate recognition of DHEAS and TLC in an antiparallel manner (see Figure 8). However, this is only possible when the BA molecule is not additionally hydroxylated, as it is the case for TC.
[image: Figure 7]FIGURE 7 | TLC, TC and DHEAS fitted to substrate pharmacophore models for NTCP, ASBT, and SOAT. Pharmacophore models were generated via the MAESTRO Molecular Modeling Interface (Version 12.2) of SCHRÖDINGER software with all substrates listed in Table 1. For size comparison: steric excluded volume sphere radii 1 Å (little blue spheres). H-bond donators are depicted as spheres with a blue core and outward facing arrows. H-bond acceptors are depicted as spheres with a red core and inward facing arrows. Hydrophobic values are depicted as spheres with green cores. Top line shows the calculated empty pharmacophores. Lines below show best fitting of TLC, TC and DHEAS into the respective pharmacophores.
[image: Figure 8]FIGURE 8 | Structure of studied substrates and inhibitors. Selected compounds shown for structural comparison as 2D structure formula (PubChem ID - CID). Substrates: taurocholic acid - TC (CID 6675), taurolithocholic acid- TLC (CID 439763) and DHEAS (CID 12594). Inhibitors: ginkgolic acid 17:1 (CID 5469634), BSP (CID 5345), irbesartan (CID 3749), troglitazone (CID 5591) and erythrosine B (CID 3259). Betulin-derived inhibitors: betulin (CID 72326), betulinic acid (CID 64971), lupenone (CID 92158) and 3-O-caffeoyl betulin (CID 10153267). 3D overlays illustrate DHEAS (grey), TC (green), or TLC (blue). Colored circles indicate the orientation of the steroid backbone.
DISCUSSION
Physiological Relevance of NTCP, ASBT, and SOAT
The present study suggests overlapping substrate and inhibitor binding sites for the SLC10 carriers NTCP, ASBT, and SOAT. Nevertheless, each carrier has a unique substrate spectrum to fulfill its tissue-specific role for the cellular uptake of BAs and/or sulfated steroid hormones. Based on the current knowledge, BA transport via NTCP in the liver and via ASBT in the ileum is essential for the maintenance of the enterohepatic circulation of BAs (Geyer et al., 2006) and so the physiological role of both carriers in BA transport is quite clear. In addition, NTCP could be important for the hepatic excretion of sulfated steroid hormones, such as DHEAS (Geyer et al., 2017). In contrast, a transport function for sulfated steroids would not make sense physiologically for ASBT, because relevant levels of sulfated steroid hormones are not present in the lumen of the ileum. SOAT is more widespread in its expression and was detected in germ cells of the testis, skin, placenta, mammary gland and some other hormone-dependent tissues (Geyer et al., 2007; Fietz et al., 2013; Grosser et al., 2013; Karakus et al., 2018). By SOAT-mediated uptake of sulfated steroid hormones from the blood and subsequent cleavage by the steroid sulfatase (so-called intracrine steroid synthesis) seems to contribute to the steroid regulation of many hormone-dependent tissues (Geyer et al., 2017). Apart from steroid hormones, BAs gained increasing attention as signaling molecules with broad metabolic effects acting via membrane bound (TGR5) and nuclear (FXR) receptors (Di Ciaula et al., 2017). Against this background, the transport of TLC via SOAT could also be of physiological relevance in the periphery. TLC is formed in the liver by taurine conjugation of lithocholic acid that is absorbed from the gut as secondary BA independent from carrier-/ASBT-mediated uptake. However, TLC excreted into the duodenum via bile can also be reabsorbed via ASBT in the terminal ileum before this compound undergoes bacterial de-conjugation in more distal parts of the gut. TLC then can be taken up from the portal blood into hepatocytes by NTCP. In addition to this intestinal and hepatic transport of TLC, SOAT might play a role for TLC transport in peripheral organs. Of note, TLC is getting increasing attention as signaling and regulatory molecule and SOAT could be involved in its distribution. As an example, TLC recently showed to induce relaxation of human and mouse peripheral airways that were pre-contracted by acetylcholine stimulation (Urso et al., 2020). As SOAT is also expressed in the lung (Fietz et al., 2013), SOAT-mediated uptake of TLC might be of relevance there.
Phylogenetic Relationship and Substrate Recognition of NTCP, ASBT, and SOAT
Based on Bayesian phylogenetic analysis we previously reported that the genes coding for ASBT (SLC10A2) and SOAT (SLC10A6) emerged from a common ancestor by gene duplication (Geyer et al., 2006). This finding is supported by the very close homology of the gene structure of both genes with six coding exons and highly conserved sequences at the exon-intron boundaries. In the same way, the genes for NTCP (SLC10A1) and SLC10A4 emerged from a common ancestor gene, but both genes are less homologous as indicated by the number of five (SLC10A1) and three (SLC10A4) coding exons. Even earlier, both subclades (SLC10A2/SLC10A6 and SLC10A1/SLC10A4) have a common ancestor (see Supplementary Figure S1). Based on this, it is surprising that ASBT and SOAT show a contrary substrate spectrum. While ASBT is specific for BA transport, SOAT is a specific transporter for sulfate steroid hormones. NTCP, in contrast, has a much wider substrate spectrum and can transport both substrate groups and some additional compounds such as estradiol-3β-D-glucuronide that are not transported by ASBT and SOAT (Figure 1). The most likely explanation for this functional divergence is that the common ancestor of NTCP, ASBT and SOAT already incorporated all functions. While these functions for BA and steroid sulfate transport then were split into ASBT and SOAT, respectively, NTCP maintained the full substrate spectrum of the common ancestor. This hypothesis is supported by the fact that SOAT can still bind BAs even if they are not transported and the binding sites for BAs and steroid sulfates even seem to overlap. Accordingly, the transport of [3H]DHEAS via SOAT can be potently inhibited with TC (Figure 3) and several other BAs (Geyer et al., 2007). However, this does not fully apply for ASBT, which only can be inhibited with DHEAS at very high inhibitor concentrations. Therefore, ASBT seems to have lost the binding and transport function for sulfated steroids during emergence from the common SOAT/ASBT ancestor. For NTCP, an overlapping substrate-binding site for BAs (TC) and sulfated steroids (DHEAS) can be proposed. Both compounds are transported by NTCP and both are quite potent in inhibiting the transport of the respective other compound. The IC50 for inhibition of the [3H]TC transport via NTCP by DHEAS was determined to 21.5 µM, while inhibition of the [3H]DHEAS transport via NTCP by TC was at 14.0 µM and so within the same range. However, it has to be mentioned that the human NTCP*2 polymorphism, characterized by the amino acid substitution S267F, showed reduced transport activity for TC, but not for E1S, pointing to structural differences in the substrate recognition of these two substrates (Ruggiero et al., 2021).
NTCP, ASBT, and SOAT Share Different Overlapping Substrate/Inhibitor Binding Sites
Until now, it was considered that the substrate spectra of ASBT and SOAT have no overlap. Yet in the present study, we demonstrate that TLC can be transported by all three sodium-dependent SLC10 carriers, namely NTCP, ASBT and SOAT. Therefore, the present study established TLC as the first common substrate of these carriers. However, the question if TLC was also a substrate of the common NTCP/ASBT/SOAT ancestor or if all three carriers later acquired the TLC transport function cannot be finally answered. However, it seems likely that TLC is not only a common, but also an ancient substrate of the SLC10 carriers. Anyhow, the highly conserved transport activity of all three carriers for TLC raises some questions about the exact mode of substrate recognition of this unique substrate.
Substrate recognition of TLC might occur by chance in the substrate-binding site of DHEAS, as TLC shows some structural overlap with DHEAS when oriented in an antiparallel manner, as illustrated in Figure 8. In this scenario, the terminal sulfate group of TLC would be recognized instead of the 3′ sulfate group of DHEAS, while extensive overlapping hydrophobic interactions are possible via the unmodified steroid core structures of both molecules. Indeed, DHEAS and TLC showed an antiparallel fitting into the SOAT pharmacophore model as shown in Figure 7. This is, however, not possible when TLC is additionally hydroxylated at the 7′ and/or 12’ positions, as it is the case for the BAs TCA, TCDCA, or TDCA, which all are not transported by SOAT. According to this hypothesis, TLC would be recognized by the DHEAS substrate-binding site of SOAT, while it binds as a substrate to the BA binding site in NTCP and ASBT.
A second explanation could be a separate substrate-binding site for TLC that is conserved in all three carriers NTCP, ASBT and SOAT. Although this proposed TLC binding site seems to partly overlap with the binding sites for TC and DHEAS, it would allow TLC transport independent from the TC/DHEAS transport activity of the respective carrier. Several findings of the present study support this hypothesis: (I) TLC was found to be an equipotent inhibitor of all three carriers NTCP, ASBT, and SOAT irrespective of the substrate that was used to measure transport activity. This finding can be explained by common binding and transport of TLC for all three carriers and thereby unspecific inhibition of the transport of any other substrate. (II) As the transport of [3H]TLC can only weakly be inhibited by TC and DHEAS, even if these compounds are transported by the respective carriers, TLC transport seems to occur independent from TC/DHEAS binding and transport. (III) The non-substrate inhibitors lupenone, 3-O-caffeoyl betulin and betulin had much higher inhibitory potency when [3H]TLC was used as the transport substrate compared with [3H]TC and [3H]DHEAS, indicating that the inhibitor binding site of these betulin derivatives closer overlaps with the TLC binding site compared with the TC/DHEAS binding site.
A broader interpretation of this hypothesis would propose a larger substrate/inhibitor entry zone in the outward oriented space between the core and the panel domain that is characterized by multiple interaction domains for the different substrates (TLC, TC and DHEAS) and inhibitors. This would explain the large cross-inhibition pattern between the different substrate and inhibitor groups. From this entry zone, single or multiple pathways for substrate transport through the transporter protein might exist or only binding of a transport substrate might indeed induce conformational changes that open the substrate-binding zone to the intracellular compartment for substrate release. This scenario would also explain the existence of pan-SLC10 substrates (TLC) and inhibitors (e.g. erythrosine B, troglitazone, or BSP), while other substrates (TC, DHEAS) and inhibitors (e.g. irbesartan, cyclosporine A, ginkgolic acid 17:1) are specific for a subgroup of SLC10 carriers.
Interestingly, the myr-preS1 lipopeptide showed equipotent inhibition of all substrates (TC, TLC, and DHEAS) of NTCP, suggesting that this peptide completely blocks the access of any substrate to its respective binding site. However, TLC was much more potent in blocking the binding of the myr-preS1 peptide from NTCP compared with TC and DHEAS. This could also be explained by the particular trans-inhibitory potential of this compound at NTCP (Lowjaga et al., 2021). TLC, after carrier-mediated uptake or passive diffusion, can bind to an intracellular TLC binding site of NTCP and thereby trans-inhibits myr-preS1 peptide and HDV binding from the outside of the cell. Interestingly, this trans-inhibitory effect of TLC also inhibited in vitro HDV infection of NTCP expressing HepG2 hepatoma cells (Lowjaga et al., 2021). In contrast, such a trans-inhibitory effect is not known for the substrates TC and DHEAS, what could explain their lower potential to inhibit myr-preS1 binding to NTCP.
The existence of overlapping multiple substrate binding sites as proposed in the present study for NTCP, ASBT, and SOAT, was described for several other carrier proteins before. As an example, mutagenesis studies of the rat Organic cation transporter 1 (rOct1) revealed overlapping binding sites for different substrates and allosteric effectors (Koepsell, 2019). The multidrug efflux transporter MDR1 P-glycoprotein (syn. ABCB1) is another example of a carrier with multiple substrate binding sites. P-glycoprotein seems to have a large drug-binding pocket with different overlapping sites for binding of individual substrate groups. Thereby, P-glycoprotein can recognize and transport a vast variety of structurally unrelated drugs and toxins (Chufan et al., 2015).
Cross-Reactivity of Pharmacological Inhibitors of SLC10 Carriers and Clinical Implications
The discovery of NTCP as a high-affinity receptor for HBV and HDV opened the field for the development of HBV/HDV entry inhibitors, preferably based on small molecules with oral bioavailability (Yan et al., 2012; König et al., 2014). In a previous study, we could demonstrate that small molecules from the group of pentacyclic triterpenoids, including betulinic acid and lupenone, show anti-HDV activity in vitro making them attractive virus entry inhibitor candidates (Kirstgen et al., 2020). However, as demonstrated in the present study, both compounds show significant cross-reactivity with SOAT, while ASBT transport was not affected by these betulin derivatives. This exemplifies that inhibitors of NTCP, ASBT, and SOAT should principally tested for cross-reactivity against the other SLC10 carriers. In conclusion, NTCP, ASBT, and SOAT are interesting drug targets and several pharmacological inhibitors have already been established against these carriers. In the present study, overlapping substrate and inhibitor binding sites are proposed that are differently active in NTCP, ASBT, and SOAT. TLC was identified as the first common substrate for all three carriers and it was clearly shown that most of the SLC10 inhibitors are not carrier-specific, but rather cross-react at least with one of the other related SLC10 carriers. This should be considered when pharmacological inhibitors are developed against NTCP, ASBT, or SOAT.
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GLOSSARY
CA Cholic acid
CDCA Chenodeoxycholic acid
DCA Deoxycholic acid
UDCA Ursodeoxycholic acid
LCA Lithocholic acid
Sarcosine CA Sarcosine cholic acid
GCA Glycocholic acid
GDCA Glycodeoxycholic acid
GCDCA Glycochenodeoxycholic acid
GUDCA Glycoursodeoxycholic acid
TCA/TC Taurocholic acid
TDCA Taurodeoxycholic acid
TCDCA Taurochenodeoxycholic acid
TUDCA Tauroursodeoxycholic acid
TLCA/TLC Taurolithocholic acid
DHEAS Dehydroepiandrosterone sulfate
PREGS Pregnenolone sulfate
E1S Estrone-3-sulfate
E-3β-D-G Estrone-3β-D-glucuronide
E-17β-D-G Estradiol-17β-D-glucuronide
HBV Human Hepatitis B Virus
HDV Human Hepatitis D Virus
NTCP Na+/taurocholate cotransporting polypeptide (SLC10A1)
ASBT Apical sodium-dependent bile acid transporter (SLC10A2)
SOAT Sodium-dependent organic anion transporter (SLC10A6)
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