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Abstract

The human apical sodium-dependent bile acid transporter, hASBT/SLC10A2, plays a central role 

in cholesterol homeostasis via the efficient reabsorption of bile acids from the distal ileum. hASBT 

has been shown to self-associate in higher order complexes, but while the functional role of 

endogenous cysteines has been reported, their implication in the oligomerization of hASBT 

remains unresolved. Here, we determined the self-association architecture of hASBT by site-

directed mutagenesis combined with biochemical, immunological and functional approaches. We 

generated a cysteine-less form of hASBT by creating point mutations at all 13 endogenous 

cysteines in a stepwise manner. Although Cysless hASBT had significantly reduced function 

correlated with lowered surface expression, it featured an extra glycosylation site that facilitated its 

differentiation from wt-hASBT on immunoblots. Decreased protein expression was associated 

with instability and subsequent proteasome-dependent degradation of Cysless hASBT protein. 

Chemical cross-linking of wild-type and Cysless species revealed that hASBT exists as an active 

dimer and/or higher order oligomer with apparently no requirement for endogenous cysteine 

residues. This was further corroborated by co-immunoprecipitation of differentially tagged (HA-, 

Flag-) wild-type and Cysless hASBT. Finally, Cysless hASBT exhibited a dominant-negative 

effect when co-expressed with wild-type hASBT which validated heterodimerization/

oligomerization at the functional level. Combined, our data conclusively demonstrate the 

functional existence of hASBT dimers and higher order oligomers irrespective of cysteine-

mediated covalent bonds, thereby providing greater understanding of its topological assembly at 

the membrane surface.
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1.1 Introduction

Bile acids (BAs) are secreted, after a meal, from the gall bladder into the small intestine to 

aid in the absorption of lipids and fat-soluble nutrients [1, 2]. Whereas most BAs are 

reabsorbed as mixed micelles with dietary lipids, the human apical sodium-dependent bile 

acid transporter (hASBT, SLC10A2), predominantly expressed in the distal ileum, facilitates 

the reabsorption of up to 95% of the remaining BAs, thereby efficiently preventing their 

excretion in the feces. BAs are then returned to the liver via the portal circulation mediated 

by the basolateral bile acid exporter OSTα-OSTβ [1, 3]. Subsequently, the paralogous bile 

acid transporter NTCP (SLC10A1) enables bile acid reentry into the liver. Both ASBT and 

NTCP have been extensively studied in regards to their relevance to bile acid handling [1, 4], 

cholesterol homeostasis[5, 6], and drug delivery applications [7, 8]. The recent appreciation 

that BAs can function as complex signaling molecules that modulate glucose, lipid and 

energy metabolism [9, 10] further necessitates a deeper understanding of BA homeostasis 

and the physiological role that transporters play in this process.

Our previous work sought to delineate the membrane topology and understand the molecular 

transport mechanism of hASBT-mediated transport [11–14]. hASBT contains 348 amino 

acids including 13 cysteines, 12 of which are conserved across mammalian species (Fig. 1). 

The structural and functional contributions of cysteines in membrane proteins, including 

transporters, have been well described: they play a role in conformational stability [15, 16] 

through intramolecular disulfide bonds as well as in protein oligomerization [17–19] via 

intermolecular disulfide linkage. Moreover, cysteine residues engaged in disulfide linkages 

have shown to be critical for intracellular protein trafficking, stability and –ultimately– for 

protein function [20, 21]. Our previous work suggested that Cys51, Cys105 and Cys255 are 

critical for hASBT function, while Cys74 may be implicated in protein trafficking [22]. 

However, the overall contribution of endogenous cysteines in the oligomeric assembly of 

functional hASBT is unclear. Previous work had suggested that hASBT presumably 

functions as a monomer, but that it may also exist in dimeric and higher order oligomeric 

forms [23, 24]. In fact, early studies by Kramer and co-workers [24] using photoaffinity 

labelling in rabbit intestine correlated a 93 kDa integral membrane protein with sodium-

dependent bile acid uptake and this size is in line with a rabbit ASBT dimer. Other SLC10A 
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family members, i.e. SLC10A1, SLC10A5 and SLC10A7, are known to form dimers as well 

[25–27]. In fact, it has been suggested that membrane transporters with fewer than 12 

transmembrane domains may require oligomerization to be functional [28]. However, there 

is no direct evidence for hASBT to date to support this notion and the present study sought 

to close this gap in our understanding of its structure and function.

Given the important role of cysteine residues in maintaining protein structural integrity 

required for proper assembly and function, we aimed to investigate the relevance of native 

cysteines to the oligomerization of hASBT. In this report, we used mutational analysis 

combined with biochemical, immunological and functional approaches to examine the role 

of endogenous cysteines in the dimer and higher order oligomer formation of hASBT.

2.1. MATERIALS AND METHODS

2.2. Materials
3H]-Taurocholic acid (TCA) was procured from Radiolabeled Chemicals, Inc, (St. Louis, 

MO). Taurocholic acid, tunicamycin, cyclosporin A (CsA) and dithiothreitol (DTT) were 

from Sigma (St. Louis, MO). MG132 was from Cayman Chemical (Ann Arbor, MI). EZ 

Link Sulfo-NHS-SS-biotin, maleimide-PEG11-biotin, dithiobis[succinimidylpropionate] 

(DSP) and 3,3′-dithiobis[succinimidylpropionate] (DTSSP) were purchased from Pierce 

Biotechnology (Rockford, IL). Cell culture media and supplies were from Invitrogen 

(Rockville, MD). All other chemicals were of the highest purity available commercially. 

Goat polyclonal anti-hASBT antibody and Protein G PLUS-Agarose were from Santa Cruz 

Biotechnology Inc. (Santa Cruz CA). Mouse anti-Flag antibody was from LifeTein LLC 

(South Plainfield, NJ), mouse anti-HA and mouse anti-calnexin antibodies were from Sigma 

(St. Louis, MO).

2.3. Cell Culture and Transfection

COS-1 cells were cultured in Dulbecco’s modification of Eagle’s medium (DMEM) with 

10% FBS, penicillin (100 IU/ml) and streptomycin (100 μg/ml) (Life Technologies, Inc., 

Rockville, MD). Transient DNA transfection in COS-1 cells was carried out using Turbofect 

(Thermo Scientific) transfection reagent according to manufacturer’s directions. Briefly, 

COS-1 cells were seeded in 24-well plate at an initial density of 0.065 × 106 cells per well. 

After 24 h, cells were transfected with WT or Cysless hASBT with Turbofect transfection 

reagent (1:4). 48 h post-transfection, cells were used for either uptake measurements or 

surface biotinylation and Western blot analysis.

2.4. Site-directed Mutagenesis

hASBT cDNA in pCMV5 vector was used as a template. Site-specific mutations at 13 

cysteines to either alanine or threonine were introduced using a site-directed mutagenesis kit 

from Stratagene (La Jolla, CA). All mutant hASBT were confirmed by sequencing. Primers 

used for creating these mutations were obtained from our previous studies [22].
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2.5. Uptake Assay and Transport Kinetic Measurements

COS-1 cells transiently transfected with WT and Cysless ASBT (48 h post-transfection) 

were used for uptake studies. Uptake was carried out as described previously [29]. Briefly, 

cells were washed twice with Dulbecco’s Phosphate-Buffered Saline (containing calcium 

and magnesium) and then incubated at 37 °C for 12 min (TCA uptake is linear up to 15 min) 

[30] in Modified Hanks’ balanced salt solution (MHBSS), pH 7.4, containing 5 μM cold 

TCA spiked with 1 μCi/ml [3H]-TCA. Uptake was stopped by washing cells with ice-cold 

DPBS containing 0.2% BSA and 0.5 mM TCA. Cells were lysed in 350 μl of 1N NaOH, and 

radioactivity associated with cells was measured by liquid scintillation counting, using a 

LS6500 liquid scintillation counter (Beckmann Coulter, Inc., Fullerton, CA). Uptake rates 

were determined as nmoles per mg protein per 12 min. Protein was quantified using the 

Bradford assay.

To examine the effect of DTT on hASBT, COS-1 cells, transiently expressing hASBT, were 

pre-incubated with DTT (10 mM) for 20 min. Cells were then washed with uptake buffer 

twice followed by TCA uptake in the absence and presence of DTT.

Substrate kinetics for hASBT was analyzed by measuring the uptake with increasing 

concentrations of TCA (2.5 – 200 μM). The Michaelis-Menten-like constant (Kt) and 

maximal velocity (Vmax) were determined, using GraphPad 5.0 (San Diego, CA), by fitting 

the Michaelis-Menten equation describing a single saturable transport system to the data: v = 

Vmax·S/(Kt + S) where v is the uptake rate, S is the substrate concentration, Kt is the 

Michaelis-Menten-like constant, and Vmax is the maximal transport velocity.

2.6. Western Blot and Surface Biotinylation

Cells were washed twice with ice-cold PBS and then solubilized in NP-40 lysis buffer 

(50mM Tris-HCI pH 8.0, 150mM NaCl and 1% NP-40) containing 1× complete protease 

inhibitor mixture (Roche applied Science). Protein concentrations were measured with the 

Bradford method. 35 μg of protein lysate was loaded and resolved with 10% SDS-PAGE. 

Proteins were transferred to PVDF membrane at 100v for 1h. Membranes were blocked in 

2% non-fat dry milk in TBS followed by incubation with respective antibodies: goat anti-

hASBT, mouse anti-HA, anti-Flag (1:1000), rabbit anti-cadherin and mouse anti-calnexin 

(1:3000). An Odyssey imaging system (Licor, NE) was used for visualizing protein bands.

For surface biotinylation, COS-1 cells transiently transfected with WT and Cysless hASBT 

were labeled with EZ Link NHS-SS-biotin reagent. The procedure was followed as 

described previously [29]. Briefly, cells were washed with ice cold DPBS twice and then 

incubated with EZ Link NHS-SS-biotin (1 mg/ml) for 30 min at 4 °C. The reaction was 

quenched with 1M Tris pH 7.4. Cells were disrupted in NP-40 lysis buffer followed by 

overnight incubation with streptavidin agarose beads at 4 °C. Beads were washed with TBS 

twice and then with NP-40 lysis buffer twice. Beads were incubated with Laemmli buffer for 

40 min and then boiled for 10 min to release proteins from the beads. Finally, proteins were 

used for immunoblotting for the analysis of hASBT protein expression using goat anti-

hASBT (1:1000). Labeling specificity to the cell membrane proteins was confirmed by the 
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absence of ER protein calnexin (90 kDa) and presence of a cell surface marker pan cadherin 

(120 kDa).

2.7. Protein Stability of Cysless hASBT

To determine whether protein folding or stability played a role in the expression of Cysless 

hASBT, transiently transfected COS-1 cells were incubated with the proteasome inhibitor 

MG132 (10μM, 6h) and the chemical chaperone CsA (25μM, 18h). At the end of the 

treatment, cells were washed twice with ice-cold PBS and used for surface biotinylation and 

Western blot analysis.

2.8. Chemical cross-linking

The method for chemical cross-linking was adopted from a previous report [31]. Briefly, 

COS-1 cells were transiently transfected with hASBT. 48 h post-transfection, cells were 

washed with PBS twice and incubated with DSP (0.5 mM) and DTSSP (2.5 mM) for 30 min 

at room temperature. The cross-linking reaction was terminated by adding 1M Tris pH 7.4 to 

a final concentration of 20 mM for 15 min. Cells were then washed with PBS twice and 

disrupted with NP-40 lysis buffer. Cell lysates were used for Western blot analysis using 

goat anti-ASBT antibody (1:1000).

2.9. Construction of HA-hASBT, Flag-hASBT, HA-Cysless hASBT and Flag-Cysless hASBT

HA (YPYDVPDYA) and Flag (DYKDDDDK) epitopes were inserted between N318 and 

K319 residues near the C-terminal of WT and cysless hASBT as described previously [22] 

by inverted PCR mutagenesis. Briefly, WT and Cysless hASBT in a pCMV5 vector were 

used as a template for mutagenesis reactions. All oligonucleotides were 5′-phosporylated. 

Primers for WT hASBT with HA and Flag insertions were: forward, 5′-

GTGCCTGATTACGCCAAGGCAGAAATT CCAG-3′, reverse, 5′-

GTCGTAAGGGTAGTTTTTTCCATGACA TTTC-3′ and forward, 5′-

GATGACGACAAGAAGGCAGAAATTCCAG-3′, reverse, 5′-

GTCCTTGTAGTCGTTTTTTCCATGACATTTC-3′, respectively. Forward primers for 

Cysless ASBT were identical to those above while reverse primers with HA and Flag 

insertion were: 5′-GTCGTAAGGGTAGTTTTTTCCATGAGCTTTC-3′ and 5′-

GTCCTTGTAGTCGTTTTTTCCATGAGCTTTC-3′, respectively. The primers were 

designed so that half of the epitope sequence was incorporated into the 5′-end of each, the 

up- and downstream, primer. The PCR product was purified using a Qiagen kit (Chatsworth, 

CA) and resuspended in Tris-HCl (pH 8.5). The PCR product was then ligated using T4 

DNA ligase (NEB, Beverly, MA) for 2 h at room temperature followed by heat inactivation 

at 65 °C for 10 min. The resulting product was digested with Dpn1 for 4 h to remove 

unreacted template DNA. XL 1 blue supercompetent cells were transformed with Dpn1 

treated PCR product, plated on Luria-Bertani (LB) with ampicillin plates followed by 

incubation overnight at 37 °C. Plasmid minipreps were performed on selected colonies 

which were grown in LB broth. HA and Flag insertion was confirmed by DNA sequencing.
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2.10. Immunoprecipitation

COS-1 cells were transiently transfected with differentially tagged WT and Cysless-hASBT 

as follows: HA-WT, Flag-WT, HA-WT + Flag-WT, HA-cysless, Flag-Cysless, HA-WT + 

Flag-Cysless, and HA-Cysless + Flag-Cysless. 48 h post-transfection cells were washed 

twice with ice-cold PBS and solubilized in NP-40 lysis buffer. 500 μg Cell extracts were 

precleaned with Protein G PLUS-Agarose for 1 hour at 4 °C. Supernatants were separated 

and incubated with 1 μg of either mouse anti-HA or anti-Flag antibody for 4 h at 4 °C 

followed by incubation with Protein G PLUS-Agarose at 4 °C overnight. IPs were washed 

with NP-40 lysis buffer four times and used for immunoblotting with either mouse anti-Flag 

or anti-HA antibody. Membrane was stripped with Gn-HCl stripping buffer (6M guanidine, 

20mM Tris-HCl pH 7.5, 0.2% NP-40 and 0.1M β-mercaptoethanol) as previously described 

[32] and then probed with either mouse anti-Flag or anti-HA antibody for input analysis.

2.11. Data analysis

Statistical analysis was carried out using one-way analysis of variance (ANOVA) with 

Dunnett’s post-hoc test. P< 0.05 was taken as statistically significant. Experiments were 

performed at least three times, and measurements were made in triplicate for each 

experimental condition. Data are presented as means ± SE.

3.1. RESULTS

3.2. Generating a Cysless hASBT Mutant by Site-directed Mutagenesis

hASBT contains 13 endogenous cysteines. Cys51, Cys105, Cys132 and Cys270 are fully 

conserved in hASBT and its liver paralog hNTCP (Figure 1). 12 out of the 13 residues are 

conserved among ASBTs across other species (Fig. 1). Only Cys105 and Cys106 were 

found conserved in the bacterial putative homologues of Asbt from Neisseria meningitidis 
(nmAsbt), while only Cys255 was found to be conserved in the putative Asbt homologue 

from Yersinia frederiksenii (yfAsbt). Each cysteine in hASBT was consecutively mutated to 

either alanine or threonine by site-directed mutagenesis as described under ‘Materials and 

Methods’. The order of mutation and the choice of amino acid for replacement were based 

on our previous study [22]. The cysteines with lower impact on hASBT function were 

mutated first followed by residues previously shown to affect protein function or membrane 

expression.

3.3. Cysless hASBT Retains Membrane Expression, Loses Function, and Gains an N-
Glycosylation Site

WT and Cysless hASBT were transiently transfected in COS-1 cells and then evaluated for 

their transport function and surface expression by determining [3H]-TCA uptake and cell 

surface biotinylation, respectively. In parallel experiments, the protein levels of both ASBT 

species in whole (total) cell lysate was analyzed in order to determine the effect of cysteine 

mutations on stability, putative degradation and membrane insertion of the protein. Uptake 

rates of both WT and Cysless hASBT were normalized to their respective cell surface 

expression. Cysless hASBT completely lost function compared to WT (Fig. 2A). Since 

hASBT protein features one glycosylation site (Asn10) it is typically visualized as its core 
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glycosylated (~41 kDa) and non-glycosylated (~ 37 kDa) forms. Surprisingly, Cysless 

hASBT revealed an extra band (~45 kDa) just above the core glycosylated form (Figure 2B). 

The additional 3kDa molecular weight increase suggested that Cysless hASBT is 

glycosylated at more than one site. To test the hypothesis that the C7T mutation might have 

introduced an additional N-glycosylation epitope at Asn5 (based on the consensus sequence 

N-X-S/T), we treated COS-1 cells, expressing Cysless hASBT, with the N-linked 

glycosylation inhibitor tunicamycin (10μg/ml for 24 h) and analyzed the glycosylation status 

of WT and Cysless hASBT by Western blot. For WT hASBT, the core glycosylated band 

disappeared as expected, yielding only non-glycosylated hASBT protein (Figure 2C). 

Similarly, the putative extra-glycosylated and core glycosylated bands disappeared upon 

tunicamycin treatment of Cysless hASBT (Figure 2C), suggesting that this mutant is 

glycosylated at more than one asparagine site, likely Asn5 in addition to Asn10. Importantly, 

this mutant provided us with a valuable tool in our subsequent studies: visualization of the 

extra-glycosylated band can be used to differentiate Cysless hASBT when co-expressed with 

WT ASBT (Figs. 5 & 6).

3.4. Cysless hASBT is Properly Folded but Quickly Degraded by the Proteasome

Cysteines play a crucial role in proper folding, trafficking, membrane insertion and stability 

of a protein. Since mutation of all 13 endogenous cysteines caused a significant reduction in 

total as well as cell surface hASBT protein expression (Figure 2B), we investigated the 

effect of chemical chaperone cyclosporin A (assists in protein folding) [33, 34] and the 

proteasome inhibitor MG132 on total cellular and membrane surface protein expression of 

Cysless hASBT. CsA was unable to rescue Cysless hASBT expression, indicating that its 

decreased expression was likely not due to protein misfolding; however, MG132 

significantly increased surface and total expression of Cysless hASBT (Fig. 3), suggesting 

that proteosomal degradation plays a role in hASBT protein expression and stability.

3.5. Chemical Cross-linking Shows hASBT Dimeric and Higher Order Oligomeric 
Architecture

In order to assess whether hASBT can adopt an oligomeric structure we used a well-

established chemical cross-linking protocol using two thiol-cleavable, lipophilic and 

bifunctional cross-linkers: cell permeable DSP and cell impermeable DTSSP, both 

containing a cleavable disulfide bond in their 8 carbon (12Å) spacer arm. First, we 

determined the oligomerization status of hASBT under non-reducing (control) and reducing 

conditions with DTT, a compound known to cleave both intra- and inter-molecular disulfide 

bonds involved in sulfhydryl cross-linking. Under control conditions (no cross-linker 

present), hASBT was found predominantly in monomeric and dimeric forms with an 

apparent molecular weight of ~37 kDa and ~74 kDa respectively. Surprisingly, the dimer 

was intact even in the presence of DTT (Fig. 4A, lane 3), suggesting strong protein-protein 

interactions that could not be attributed to disulfide linkages. This is further corroborated by 

the observation that DTT treatment had a minimal, yet statistically significant inhibitory 

(~24%) effect on hASBT-mediated TCA uptake (Fig. 4B), suggesting that disulfide-linked 

residues do not play a role in hASBT transport function.
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After treatment with DSP, hASBT was detected in aggregated form at >250 kDa (Fig. 4A, 

lane 4); contrarily, upon DTSSP exposure hASBT was present in either dimeric or higher 

order oligomeric forms (Fig. 4A, lane 6). The total absence (lane 4) and minimally 

detectable level (lane 6) of hASBT monomer upon treatment with DSP and DTSSP, 

respectively, and the abundant presence of higher molecular weight species (lanes 5 and 7) 

under reducing conditions suggested successful cross-linking.

To establish the functional status of hASBT dimers/oligomers as a consequence of chemical 

cross-linking, substrate uptake was determined in the absence and presence of DSP and 

DTSSP. As shown in Fig. 4C, DSP but not DTSSP, significantly decreased (~75%) [3H]-

TCA uptake by hASBT. This suggests that the dimer and higher order oligomers resulting 

from DTSSP treatment are fully functional; in contrast, DSP treatment causes hASBT to 

form high molecular weight oligomers and aggregates while simultaneously significantly 

reducing hASBT transport function.

3.6. hASBT Forms Homodimers

To further delineate hASBT dimerization/oligomerization and the potential role (or lack 

thereof) of endogenous cysteines, we performed co-immunoprecipitation using differentially 

HA- and FLAG-tagged WT and Cysless hASBT (i.e. HA-WT, Flag-WT, HA-Cysless and 

Flag-Cysless hASBT). Although both HA and Flag-tagged proteins were functionally active, 

insertion of the Flag epitope had a more adverse effect on hASBT function compared to the 

HA epitope (Fig. 5A). This could be attributed to the highly charged nature of the FLAG 

epitope in contrast to the more neutral HA tag given that both were inserted at the C-

terminus which plays a role in membrane targeting and insertion of hASBT protein [25]. 

Next, the physical interaction between HA- and Flag-tagged WT-hASBT was assessed by 

transfecting COS-1 cells with either HA-WT and Flag-WT alone, or together. Upon 

immunoprecipitation with anti-Flag antibody followed by immunoblotting with anti-HA 

antibody we found that both HA- and Flag-hASBT interacted with each other (Fig. 5B, top 

panel). The blot was stripped and re-probed with anti-Flag antibody for input analysis (Fig. 

5B, bottom panel), showing antibody specificity (Full blots are shown in supplemental data 

S1). The presence of hASBT dimers and higher order oligomers was also observed in these 

blots (supplemental data). After demonstrating homodimerization of hASBT using 

differentially tagged forms of WT protein (Fig. 5B), we subsequently assessed the 

requirement of native cysteines in this process by determining the physical interaction 

between WT and Cysless hASBT and, between two Cysless hASBT species. Our data show 

that Flag-Cysless hASBT interacted with HA-WT hASBT (Figure 5C, lane 4) as well as 

HA-Cysless hASBT (Figure 5C, lane 5). The blot was stripped and then re-probed with anti-

Flag antibody for input analysis (Figure 5C, bottom panel). In parallel experiments, the same 

cell lysates used for Figs 5B and 5C were subjected to reverse immunoprecipitation using 

anti-HA antibody followed by Western blot analysis with anti-Flag antibody (Figure 5D, top 

panel), and for analyzing the combinations of HA-WT and Flag-Cysless as well as HA-

Cysless and Flag-Cysless (Figure 5E, top panel). For input and specificity analysis, blots 

were stripped and re-probed with anti-HA antibody (Figure 5D and E, bottom panel). 

Combined, these data convincingly demonstrate cysteine-independent homodimerization of 

hASBT.
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3.7. Functional Evidence for hASBT Dimer/Oligomerization upon Co-expression with its 
Cysless Mutant

To determine hASBT dimer/oligomerization at the functional level, we co-expressed HA-

WT along with Cysless hASBT in COS-1 cells anticipating that nonfunctional Cysless 

hASBT would have a dominant negative effect on functional HA-WT. We used HA-tagged 

WT hASBT to effectively differentiate it from Cysless hASBT when both forms are 

expressed and detected at the plasma membrane. Due to its lower surface expression, 

Cysless hASBT was transfected at relatively higher DNA amounts than HA-WT hASBT 

(ratio HA-WT:Cysless hASBT 2:3 and 1:4); however, total DNA content was kept constant 

during transfection. First, we determined the effect of co-expression of pCMV5 (vector 

control) and Cysless hASBT on the transport activity of HA-WT hASBT, showing a dose-

dependent reduction in [3H]-TCA uptake in the presence of Cysless hASBT but not pCMV5 

control (Fig. 6A). Simultaneously, we determined that membrane expression of HA-WT 

hASBT protein was not affected when co-expressed with Cysless hASBT (Fig. 6B). 

Interestingly, membrane expression of HA-WT hASBT was much lower when co-

transfected with Cysless hASBT at the 1:4 ratio (Fig. 6B, lane 3) in comparison to the 2:3 

ratio (lane 4), which can likely be attributed to the relatively lower DNA amounts of HA-WT 

hASBT (100 ng) in combination with a dominant-negative effect of Cysless hASBT on HA-

WT expression upon heteromerization.

To further confirm the functional heteromerization between WT and Cysless hASBT, COS-1 

cells expressing HA-WT hASBT and co-transfected with either pCMV5 vector or Cysless 

hASBT at a ratio of 2:3 HA-WT:Cysless/pCMV5 were used to assess TCA substrate 

kinetics (Fig. 6C). This ratio was selected since surface expression of HA-WT remains intact 

at detectable level in the presence of Cysless hABST (Figure 6B). The Kt values for HA-WT 

hASBT in the presence of pCMV5 and Cysless hASBT were 22.85 ± 1.47 μM and 25.01 

± 5.52 μM respectively while Vmax values were 7.38 ± 0.14 and 3.94 ± 0.17 nmol/mg 

protein/12 min respectively. The presence of Cysless hASBT severely affected the maximum 

velocity of HA-WT hASBT by 46% with apparently no effect on affinity (Figure 6C). These 

observations are consistent with the co-transfection of a non-functional and functional form 

of hASBT as this theoretically would affect its Vmax due to a decline in the number of 

functional transporter molecules available at the cell surface but not its Kt, which would vary 

only if conformational changes in the binding/transport domains of WT-hASBT occurred 

upon heteromerization with Cysless hASBT. These data not only highlight functional dimer/

oligomerization of HA-WT with Cysless hASBT but also that individual subunits of hASBT 

dimers are functional. Further, these results validate our previous observation that hASBT 

exists as an active dimer and/or oligomer that does not require endogenous cysteines [35].

4.1. DISCUSSION

There is increasing evidence that major facilitator superfamily proteins can self-assemble 

within the plasma membrane as functional homodimers or higher order oligomeric structures 

[36–40]. In the present study we explored the membrane assembly status of hASBT and 

demonstrated that this protein exists as a functional homodimer and higher order oligomer 

independent of endogenous cysteines (Figs. 4–6). The role of endogenous cysteines in the 
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oligomerization process was investigated by stepwise construction of a hASBT variant that 

had all 13 endogenous cysteine residues (Fig. 1) mutated to either alanine or threonine. The 

resulting Cysless protein was thoroughly evaluated with respect to its transport function, 

membrane expression, folding and stability (Figs. 2, 3). As expected from our previous work 

emphasizing the critical importance of several cysteine residues for hASBT function [22], 

Cysless hASBT completely lost function along with impaired membrane surface expression. 

To further assess the mechanism behind this severely lowered hASBT surface expression we 

found that the chemical chaperone cyclosporin A, commonly used to aid proper protein 

folding of mutants [33, 34] could not salvage protein expression of Cysless hASBT, thus 

signifying the importance of endogenous cysteines to the overall stability of hASBT protein. 

However, the proteasome inhibitor MG132 effectively rescued membrane and total protein 

expression of Cysless hASBT, suggesting that Cysless protein is quickly destined for 

proteasomal degradation. This observation was not surprising as recent work by our 

laboratory and others [41, 42] established that hASBT protein under basal levels has a short 

half-life due to rapid degradation via the ubiquitin-proteasome pathway.

During the process of generating a Cysless hASBT protein, we found that introduction of a 

threonine mutation at Cys7 introduced an extra N-linked glycosylation site at Asn5 (Fig. 2). 

The resulting extra-glycoslyated band for Cysless hASBT afforded us with the advantage of 

subsequently differentiating this species on Western blots from other engineered forms of 

the protein (e.g. WT or HA/Flag-tagged). Next, we used a multi-tiered approach to 

determine the oligomeric status of hASBT including crosslinking, co-immunoprecipitation 

and functional assays.

Chemical crosslinking with bifunctional crosslinking reagents has been used successfully to 

determine and characterize functional protein complexes of membrane transporters [25, 31]. 

We demonstrate that hASBT spontaneously adopts an active dimer and higher order 

oligomer structure (Fig. 4A) when incubated with the amine-reactive, homobifunctual 

crosslinker DSP and its water-soluble, membrane impermeable analog, DTSSP. The effect of 

the cell permeable cross-linker DSP on hASBT oligomerization appears to be non-specific 

as the protein is exclusively found in an aggregated form (molecular weight ≥250kDa) with 

significantly reduced function (Fig. 4C); the remaining activity is likely due to trace amounts 

present of either monomer, dimer or higher order oligomers (Fig. 4A, lane 4). In contrast, 

hASBT treated under the same conditions with the membrane impermeant cross-linker 

DTSSP retained activity (Figure 4C). To our surprise, hASBT appeared not only as a 

monomer but also as a dimer in control experiments (no cross-linkers) even under reducing 

conditions, suggesting that hASBT homodimerization (but not higher order oligomerization) 

may not require inter- and/or intra-molecular cross-linking. Analogously, we show that the 

reduction agent DTT had a minimal (yet, statistically significant) effect on hASBT function 

(Fig. 4B), which may explain the absence of inter- or intra-molecular disulfide linkage. 

Accordingly, we conclude that hASBT is likely functionally active as a monomer, dimer 

and/or higher order oligomers. These data further corroborate early in vivo studies by 

Kramer and colleagues [24] who detected a ~93kDa bile acid transporting protein (roughly 

comparable to an ASBT dimer) in rabbit intestine upon photoaffinity labeling with specific, 

photoreactive bile acid analogs. Analogously, Bijmans and co-workers [25] detected a band 
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at ~100kDa corresponding to NTCP dimer (ASBT’s hepatic paralog) upon treatment of rat 

liver membranes with chemical cross-linkers.

Though cross-linkers have been used successfully in determining protein oligomerization, 

data interpretation can be complicated by their relative lack of specificity for the target 

protein (as we encountered during DSP treatment). Therefore, we set to further validate 

cross-linking results by immunoprecipitation and co-expression of WT and Cysless hASBT 

both individually tagged with either HA or Flag epitopes. Co-immunoprecipitation data 

strongly suggest a physical association between differentially tagged WT hASBT and 

Cysless hASBT molecules (Fig. 5), thereby further substantiating the dimeric architecture of 

hASBT observed during crosslinking (Fig. 4A). Formation of hASBT heterodimers and/or 

hetero-oligomers does not require native cysteines, which suggests that it may rely on 

hydrophobic interactions between different regions of hASBT protein, such as 

transmembrane helices. The GXXXG (X=any amino acid) and GXXXA motifs are 

commonly found in α-helices of transmembrane proteins and have important implications in 

the association of adjacent helices [43–45] as well as protein-protein interactions [46–48]. 

Indeed, we have previously identified the presence of multiple GXXXG motifs in hASBT 

[49], in particular the regions between Gly197 to Gly212 and Gly237 to Ala248 that are rich in 

small hydrophobic residues spaced at intervals corresponding to one α-helical rise (Fig. 1). 

We found that Cys mutation of Gly197 and Ile208 abrogated function, whereas Gly201 and 

Gly212 retained less than 10% activity upon cysteine mutation. Accordingly, we speculated 

that these residues play an important role in protein stability; however, combined with our 

present finding that Cys residues do not play a role in hASBT dimerization, future studies 

will explore the role of the GXXXG motif in promoting hASBT self-association.

Finally, we confirmed functional activity of dimerized/oligomerized WT and Cysless 

hASBT (Fig. 6) and observed that non-functional Cysless hASBT exhibited a dominant-

negative effect on WT hASBT function. This effect was not due to compromised membrane 

expression but resulted from a specific physical interaction between the two protein species 

(Fig. 6A, B). This strategy has been used previously to understand the homodimerization of 

several transporter proteins [50]. Additionally, kinetic analysis unambiguously established 

the functional co-operation between WT and Cysless ASBT, since non-functional Cysless 

ASBT significantly reduced maximum transport velocity (Vmax) without affecting transport 

affinity (Kt) of WT ASBT. Absent of intra-molecular association via S-S linkages (which 

would require endogenous cysteines) we conclude that hydrophobic interactions between 

different transmembrane helices or intra/extracellular domains might serve as a driving force 

for the observed heterodimerization/oligomerization of hASBT, similar to previously 

reported interactions with BCRP (ABCG2) [51], DAT (SLC6A3) [50] and MRP1 (ABCC1) 

[31, 52]. Based on crystal packing data, the structures of putative bacterial hASBT 

homologues nmAsbt and yfAsbt were not suggested to form a dimer or higher order 

oligomers [53, 54], but this might be attributed to their vast evolutionary distance from 

hASBT as demonstrated by Lionarons and colleagues [55]. Further studies will address the 

participation of individual transmembrane helices and/or other structural domains in the 

dimerization/oligomerization of hASBT protein.
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In summary, the present study provides evidence for the homodimeric and/or homo-

oligomeric architecture of hASBT based on a dominant negative Cysless hASBT construct, 

chemical crosslinking, and co-immunoprecipitation. We conclusively show that endogenous 

cysteines are not involved in this process, even though they are critical for the membrane 

expression, stability and function of hASBT. Our study provides new support for Bijsman’s 

hypothesis that homodimerization could be a common phenomenon in the SLC10A protein 

family. Furthermore, we provide important new information on the functional mechanism 

and regulation of a key protein involved in cholesterol and energy metabolism.
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Research Highlights

• Formation of dimeric or higher order multimeric assemblies of hASBT is 

proposed

• Dimers and oligomers of hASBT are functionally active

• Self-association of this protein does not rely on cysteine residues

• Cysteine-free hASBT acts as a dominant negative construct, but associates 

with wild-type hASBT at the membrane surface
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Figure 1. 
Multiple protein sequence alignment of ASBT (SLC10A2). Protein sequences were 

retrieved from GenBank in FASTA format and aligned via ClustalW2 with manual 

adjustment. ASBT, apical sodium-dependent bile transporter; NTCP, Na+-taurocholate 

cotransporting polypeptide (SLC10A1).
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Figure 2. 
Transport activity and membrane expression of Cysless hASBT. (A) COS-1 cells were 

transfected with WT and Cysless hASBT followed by [3H]-TCA uptake as described under 

‘Materials and Methods’. Uptake activity for Cysless hASBT is represented as a percent of 

WT hASBT control. Initial uptake rates were normalized with respective membrane 

expression. (B) Total (whole cell) and surface (biotinylation) protein expression of WT and 

Cysless hASBT. Equal amount of protein was (20 μg) loaded for both WT and Cysless 

hASBT and separated on 10% SDS-PAGE. Cell surface protein labeling selectivity was 

confirmed by the absence of ER protein calnexin (~ 90 kDa, mouse anti-calnexin 1:1000) 

and the presence of cell surface marker pan-cadherin (~ 120 kDa, rabbit anti-cadherin 

1:2000). Mature glycosylated hASBT visualizes as the glycosylated (~41 kDa) and non-

glycosylated (~37 kDa) band. An extra glycosylated band was also observed for Cysless 

hASBT (~45 kDa). Blots are representative of two independent experiments. (C) COS-1 

cells were transiently transfected with WT and Cysless hASBT as described under 

‘Materials and Methods’. 48 h post-transfection cells were treated with tunicamycin 

(10μg/ml) for 24 h followed by Western blot analysis using goat anti-hASBT antibody. The 

blots shown in Figure 1B and C are from the same experiment. The actual blot needed to be 

cut to join the band representing Cysless hASBT protein with WT band. ***p<0.001, 

statistical significance.
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Figure 3. 
Effect of cyclosporin A and MG132 on membrane expression of Cysless hASBT. 

COS-1cells were transfected with Cysless hASBT as described under ‘Materials and 

Methods’. After 48 h, cells were treated with (A) cyclosporin A (25 μM) for 18 h and (B) 
MG132 (10 μM) for 6 h followed by surface biotinylation and Western blot analysis as 

described under ‘Materials and Methods’ using goat anti-hASBT antibody. Pan-cadherin 

was used as a cell surface marker while calnexin served as a control for whole cell lysate.
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Figure 4. 
Chemical cross-linking of wt-hASBT with DSP and DTSSP under reducing and non-

reducing conditions (DTT+/−). (A) COS-1 cells were transiently transfected with pCMV5 

vector control (lane 1) and wt-hASBT (lanes 2–7) as described under ‘Materials and 

Methods’. 48 h post-transfection, cells were incubated with and without DSP (0.5 mM) and 

DTSSP (2.5 mM) for 30 min at room temperature as indicated by + and − signs in the table 

underneath the blot. Cell lysates were prepared for separation by 4–15% SDS-PAGE in the 

absence and presence of 50 mM DTT followed by Western blot analysis using goat anti-

hASBT (1:1000) antibody. Upper and lower arrows shown in lane 3 (labeled 1 and 2) 

indicate the glycosylated and non-glycosylated forms of hASBT, respectively.

(B) hASBT transfected COS-1 cell were pre-incubated with DTT (10 mM) for 30 min 

followed by [3H]-TCA uptake. Initial uptake rates were calculated and presented as percent 

control (no treatment). (C) COS-1 cells overexpressing hASBT were treated with DSP (0.5 

mM) and DTSSP (2.5 mM) for 30 min followed by [3H]-TCA uptake analysis. Statistical 

analysis was done with ANOVA with Dunnett’s post hoc test to see the difference in the 
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uptake in the absence and presence of DSP and DTSSP. Data are represented as a percent of 

control (no treatment). *** P< 0.001 and **P< 0.01.
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Figure 5. 
Homodimerization of hASBT. (A) Functional analysis of HA and Flag tagged hASBT. 

COS-1 cells were transiently transfected with HA and Flag-hASBT and used for [3H]-TCA 

uptake as described in ‘Materials and Methods’. Data are represented as percent control 

(WT hASBT). (B) Co-immunoprecipitation of differentially tagged hASBT. COS-1 cells 

were transiently transfected with HA-hASBT (lane 2), Flag-hASBT (lane 3) alone and 

together (lane 4). (C) COS-1 cells were transiently transfected with HA-WT (lane 2), Flag-

Cysless (lane 3) alone or HA-WT with Flag-Cysless (lane 3) and HA-Cysless with Flag-

Cysless (lane 4). IgG served as a control (lane 1). Cells were harvested and lysates were 

prepared for immunoprecipitation by anti-Flag antibody as described under ‘Materials and 

Methods’. The immunoprecipitates were then separated on 10% SDS-PAGE followed by 

Western blot analysis using mouse anti-HA antibody (B and C, top panels). The blots were 

stripped as described under ‘Materials and Methods’ and then reprobed with mouse anti-

Flag antibody for input analysis (B and C, bottom panels). (D), (E) The lysates from 

previous experiment (B and C) were used for immunoprecipitation using mouse anti-HA 

antibody. Immunoprecipitates were separated by 10% SDS-PAGE followed Western blotting 

with mouse anti-Flag antibody (D and E, top panels). The blots were stripped and then 
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reprobed with mouse anti-HA antibody for input analysis (D and E, bottom panels). *p<0.05 

and **p<0.01.
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Fig. 6. 
Functional evidence for the oligomerization of HA-WT hASBT when co-expressed with 

Cysless hASBT. (A) COS-1 cells were co-transfected with either HA-WT and pCMV5 or 

HA-WT and Cysless hASBT at indicated concentrations. [3H]-TCA uptake was performed 

48 h post-transfection. The uptake rates were normalized with the HA-WT surface 

expression. Data is represented as a percent of control uptake (HA-WT and pCMV5). (B) 
Surface biotinylation of HA-WT co-expressed with either pCMV5 or Cysless hASBT. HA-

WT was co-expressed with either pCMV5 or Cysless hASBT followed by surface 

biotinylation and Western blot analysis as described under ‘Materials and Methods’. (C) 
Kinetic analysis of HA-WT in the presence of Cysless hASBT. COS-1 cells were co-

transfected with HA-WT along with either Cysless hASBT or pCMV5 at ratio of 200:300 

(HA-WT:pCMV5/Cysless). 48h post-transfection, [3H]-TCA uptake was measured for 12 

min in MHBSS buffer at increasing concentration of unlabeled TCA (2.5 – 200 μM). 

Radiolabeled [3H]-TCA was used as a tracer (1μCi/ml). Uptake rates were normalized with 

HA-WT surface expression as described in figure 6B. Kinetic parameters Kt and Vmax were 

determined as indicated in ‘Materials and Methods’. ***p < 0.001.
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