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The apical sodium-dependent bile acid transporter (ASBT, SLC10A2) is 

renowned as the major bile acid transporter in the intestine. It utilizes cellular sodium 

gradient to actively concentrate bile acids in the enterocytes, thereby playing a key role in 

the enterohepatic circulation of bile acids (EHC). ASBT is a promising target for prodrug 

approaches aiming at improving drug bioavailability, and for drugs to treat 

hypercholesterolaemia, since cholesterol metabolism is induced upon bile acid depletion. 

Moreover, its contributing role in drug-drug interactions is rapidly emerging. 

Topologically, the human (hASBT) is a glycoprotein that spans the membrane bilayer 

seven times, oriented with an extracellular N-terminus and a cytoplasmic C-terminus 

(Nexo/Ccyt). Despite its physiological and pharmacological relevance, ASBT remains to be 

fully characterized at the molecular level. Here, we summarize advances made by our 

group and others in the quest to understand ASBT’s structure-function relationships and 

its complex mechanism of bile acid transport. We also report our novel findings 



 

 
 

regarding protein regions relevant for function and protein stability in the hASBT. Our 

observations indicate that residues located at the transmembrane 1 (TM1) play a pivotal 

role in hASBT function, and that Gly50, placed at the interface of TM1 with the 

intracellular loop 1 (IL1), is critical for hASBT stability. Expanding our studies to IL1, 

we identified a cluster of amino acids comprising Cys51 – Lys57, which are likely 

involved in hASBT protein stability, whereas residues downstream Lys57 appear to be 

relevant for transport. We have demonstrated that successful mapping of regions 

implicated in hASBT’s transport cycle can be achieved with a combination of site-

directed mutagenesis, bile acid uptake and kinetics, sodium-activation assays and the 

substituted-cysteine accessibility method. Moreover, inhibition of the proteasome with 

MG132, and of prolyl-peptidyl isomerases with cyclosporine A and FK506, are valuable 

approaches to reveal the contribution of specific amino acids to hASBT stability. Finally, 

we integrate our data to propose an overall schematic of hASBT transport, which will 

contribute to a better understanding on ASBT physiology and, potentially, on other 

proteins in the SLC10 family. 
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Chapter 1 The Apical Sodium-Dependent Bile-Acid Transporter 

(SLC10A2; ASBT) 

1.1 Introduction and Brief History 

1.1.1 Membrane transporters 

Membrane transporters are integral proteins that facilitate the flux of molecules 

(nutrients, drugs) across the apical or basolateral poles of cells. This flux may occur down 

a substrate concentration gradient (facilitative diffusion), which is a passive process, or 

against the gradient, in which case energy is required. In the latter, transport is coupled to 

ATP hydrolysis, either primarily, i.e., energy from ATP hydrolysis is directly used for 

transport, or secondarily, whereby the electrochemical gradient of a co-transported ion 

such as sodium or proton, is employed. This ionic electrochemical gradient is maintained 

by primary transport, and the energy produced during the flux of ion down its 

electrochemical gradient is the driving force to transport the substrate, and therefore this 

process is called secondary transport. Typically, carriers involved in both nutrient and 

drug transport through the apical or basolateral cellular pole, are members of the ATP-

binding cassette (ABC) or the solute carrier (SLC) transporter family, which are, 

respectively, primary and secondary transporters. The sodium-dependent bile-acid 

transporter (ASBT) is the SLC10A2 member of the SLC family. 
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1.1.2 The sodium-dependent bile-acid transporter (ASBT)  

The sodium-dependent bile-acid transporter (ASBT, SLC10A2) is largely 

recognized as the major bile acid transporter in the intestine and plays a pivotal role in the 

enterohepatic circulation (EHC) of bile acids [4]. Its relevance goes beyond the EHC, as 

ASBT is also a promising a prodrug target [5-11] and its contributing role in drug-drug 

interactions is rapidly emerging [4, 5, 12-14]. Numerous reviews compile extensive 

studies on the role of membrane transporters in the EHC and in pharmacokinetics [15-

18], and a particularly noteworthy anthology, focusing on intestinal bile acid transporters, 

was recently published by Paul Dawson [4]. While the majority of publications mention 

the putative structure-activity relationships and overall 3D structure for ASBT, a detailed 

account on the techniques employed to achieve the current progress has not been 

published in nearly a decade [3]. The current report attempts to fill this gap. Here, we 

summarize advances made by our group and others in the quest to understand ASBT 

structure-function relationships and its complex mechanism of bile acid transport. A 

thorough discussion on the clinical aspects of EHC and its interruption is beyond the 

scope of this manuscript, and can be found in the aforementioned publications as well as 

elsewhere [1, 19-25]. 

1.2 ASBT and the Enterohepatic Circulation Of Bile Acids 

The enterohepatic circulation of bile acid (EHC) is a highly efficient mechanism 

of bile acid (BA) conservation, which relies primarily on the liver, the gallbladder and the 

intestine to maintain precise levels of circulating BA. Essentially, BAs are taken up from 

the portal circulation into the liver via the basolateral transporter proteins sodium 

taurocholate cotransporting polypeptide (NTCP; SLC10A1) and the organic anion 
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transporting polypeptides (OATP) OATP1B1 (SLCO1B1) and OATP1B3 (SLCO1B3). 

In the liver, the majority of BAs are conjugated to taurine or glycine, and secreted into 

bile by the canalicular bile salt export pump (BSEP; ABCB11), for storage in the 

gallbladder. Similarly, the canalicular multidrug resistance-associated protein-2 (MRP2; 

ABCC2) and possibly P-glycoprotein (MDR1; ABCB1A) are involved in the efflux of a 

variety of conjugated and unconjugated BAs into the gallbladder.  

In response to a meal, BAs are secreted through the bile duct into the intestine, 

where they facilitate digestion and absorption of dietary fat-soluble nutrients and 

vitamins. From the intestinal lumen, BAs return to the portal circulation via passive or 

active reabsorption. Passive reabsorption occurs throughout the length of the small 

intestine (primary bile acids) and colon (bacteria-modified, secondary bile acids). In 

contrast, the active component of BA reabsorption is mostly restricted to the terminal 

ileum, where ASBT concentrates BAs into the enterocytes using active sodium-coupled 

secondary transport. ASBT has a much higher affinity for the water-soluble taurine and 

glycine conjugates, but it can transport unconjugated BAs as well [26, 27]. In the ileum, 

active uptake is responsible for the vast majority of BA ileal reabsorption [28-30], which 

underscores the efficiency of ASBT-mediated transport, and the role of ASBT as chief 

bile acid transporter in the gut. Next, BAs are shuttled to the basolateral membrane of the 

enterocyte by the Ileal Bile Acid Binding Protein (IBABP; FABP6), a member of the 

fatty acid binding protein family of protein chaperones, and effluxed into the portal 

circulation via the heterodimeric organic solute transporter complex Ostα/Ostβ. Finally, 

BAs return to the liver, thereby completing one cycle of EHC.  
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The EHC ensures that less than 10% of the recirculating BA pool is lost via 

excretion routes [27], and that lost BAs are replaced by de novo synthesis from 

cholesterol in the liver [27, 31]. Considering the importance of bile acids, not only as 

lipid solubilizers, but as complex signaling molecules [32], it is not surprising that the 

body invests so much effort in maintaining BA homeostasis. As an additional effort to 

prevent BA loss, ASBT is also expressed in renal proximal tubule cells, where it actively 

reabsorbs BA from the urine. In cholangiocytes, ASBT’s role remains undefined, but it 

allegedly participates in cholehepatic shunt [4], i.e., when biliary bile acids return to the 

liver for re-secretion into bile [33]. It has been suggested that the cholehepatic shunt may 

be a physiological adaptation to secure circulating BA levels, especially in pathological 

conditions such as bile duct obstruction [34].  

Defective ASBT function or expression is associated with numerous conditions 

including gallstone formation, primary bile acid malabsorption (PBAM), idiopathic 

chronic diarrhea and other diseases [4, 26, 35, 36]. The recent finding that deoxycholic 

acid (DOC) may induce colorectal carcinogenesis [37] implicitly highlights the 

importance of ASBT in the prevention of this type of cancer, i.e., since DOC is a 

secondary bile acid produced by colonic bacteria from cholic acid (CA) de-

hydroxylation, efficient CA uptake by ASBT should prevent excessive CA from reaching 

the colon and being metabolized into DOC.  

ASBT pharmacological relevance is evidenced by its potential as a drug and 

prodrug target and its emerging role in drug-drug interactions [12, 14]. The fact that BA 

are the major cholesterol catabolites in the body renders ASBT inhibition an attractive 

approach to treat hypercholesterolemia [38, 39]. Notably, new clinical indications are 
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emerging in this arena, and the ASBT inhibitor A3309, presently on phase II trial, is 

currently being considered for the treatment of chronic idiopathic constipation [40]. On 

the other hand, unwanted inhibition by commercially available drugs such as statins, 

calcium channel blockers and others [12, 14], may result in drug-drug interactions and 

may potentially underlie some of the side effects exhibited by these drugs. Lastly, ASBT 

substrates can be used to improve drug bioavailability via BA-conjugated prodrugs [5, 6, 

9, 10, 41]. In fact, oral administration of a chenodeoxycholate conjugate with acyclovir 

increased acyclovir bioavailability by two-fold in rats, compared to acyclovir alone [9]. 

In view of the clinical and pharmacological significance of ASBT, studies at 

several fronts (clinical, molecular, computational, etc.) are underway to fully characterize 

this pivotal transporter and obtain insight on its complex mechanism of BA transport. In 

the first chapter of this dissertation, we describe the discovery of ASBT and how it 

guided the initial experiments that lead into a deeper understanding of this transporter’s 

physiology. In the second part, we focus primarily on structural studies performed in our 

laboratory – but we also recognize the contribution of other authors - in our effort to 

characterize the ASBT protein and its transport mechanism at the molecular level.  

1.2.1 ASBT: Discovery and Initial Studies 

1.2.1.1 Active component of bile acid transport occurs in the ileum 

By 1960, bile acid absorption throughout the intestinal length and its impact on 

the EHC had already been well established [42, 43]. It was in that year, however, that a 

more profound appreciation of the complexity of bile acid absorption in the intestine 

began to flourish. Baker and Searle demonstrated that bile acid absorption occurred 

majorly in the small intestine [44], followed by Lack and Weiner who described 
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taurocholic and glycocholic acid transport as energy dependent and confined to the distal 

ileum [45]. These landmark discoveries shed new light on this pivotal transport process, 

and prompted various researchers to pursue the identification of the protein responsible 

for it. 

One of the major approaches employed by Baker and Searle at that time was 

everted gut sacs (from rat and guinea pig). This method involves surgically removing 

fresh segments of intestinal tissue, gently everting and suturing them in the form of sacs, 

and placing the sacs in a suitable medium, with the mucosal side facing the outside 

environment and the serosal side facing the lumen of the sac. In this “inside-out” 

intestinal model, vectorial absorption is measured by substrate accumulation inside the 

serosal compartment, i.e., inside the sacs. Everted gut sacs remains, to date, a valuable 

method to study intestinal transport [46, 47]. 

Bile duct cannulation also proved instrumental in revealing the participation of 

specific regions of the distal ileum in active bile acid transport. As the name suggests, 

this technique consists in surgically obstructing the cystic duct of intact animals and 

collecting bile flow from a cannula attached to the common bile duct. Lack and Weiner 

injected taurocholate (TCA), glycocholate and cholate (CA) salts on isolated regions of 

the small intestine of guinea pigs, and collected the absorbed bile acids from bile, thereby 

demonstrating the efficient bile acid transport through the distal ileum, and confirming 

participation of the distal ileum in the EHC [48]. Curiously, the authors did not employ 

specifically labeled bile acids, rather, they used the Pettenkofer reaction to identify the 

injected bile acids. The Pettenkofer reaction occurs between bile acids, sugar and sulfuric 

acid, resulting in a violet product. According to the authors, this reaction cannot identify 



 

7 
 

the natural bile acids in guinea pigs, and therefore a distinction between the natural and 

the injected bile acids could be made [48]. Similarly to guinea pigs, the authors also 

demonstrated ileal bile acid absorption in mice, hamsters, puppies, monkeys, chickens 

and pigeons [49], and also inferred a correlation between inhibition of ileal bile salt 

transport and bile acid diarrhea [50], as well as in vitro and in vivo decreases in blood 

cholesterol [51]. Other authors also reported similar observations [19, 20, 52-55], 

including Henry Buchwald, the pioneer of partial ileal bypass surgery to treat 

hyperlipidemia [53]. 

In 1990, Lewis and Root injected radiolabeled TCA in rat jejunum and ileum in 

vivo, and incubated ileal and jejunal tissue with [75Se]-homocholic acid taurine (Se-

HCAT), a selenium-conjugated taurocholic acid. That way, the authors determined the 

tissue distribution of TCA binding proteins, and confirmed that the majority of TCA 

binding occurs in the ileum compared to the jejunum [29].  

According to Dietschy, passive ionic and micellar diffusion had a minor 

participation in bile acid absorption from the gastrointestinal (GI) tract, while active 

transport and passive non-anionic diffusion are the major contributors [28]. The author 

also demonstrated that passive permeability decreased for glycine- and taurine- 

conjugated (at C-24) bile acids, and also with the increased number of hydroxyl groups 

conjugated at the steroid nucleus (Schiff et al) [56].  

1.2.1.2 The active bile acid transporter is Na+-dependent, obeys Michaelis-
Menten kinetics and is electrogenic 

In 1964, Holt used everted gut sacs to demonstrate the sodium-dependent nature 

of active bile acid absorption in rats, as well as its Michaelis-Menten kinetics [54]. Later, 
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in 1966, he also showed that the transporter could be competitively inhibited by 

conjugated and unconjugated bile salts [55]. 

Approximately a decade later, in 1978, Lücke and collaborators reported the need 

of sodium gradient as prerequisite for optimal TCA transport. The authors measured TCA 

uptake in brush-border membrane vesicles (BBMV), which are prepared by scraping the 

mucosal layer of freshly excised ileal segments and treating them under various 

conditions to afford transport-competent vesicles. Vectorial transport is then measured by 

substrate accumulation, e.g., radiolabeled bile acid, inside or outside the vesicles. Using 

this system, the authors also showed that TCA uptake was temperature-dependent, and 

that replacement of sodium with Li+, Rb+ and Cs+ failed to stimulate transport [57]. 

The sodium-dependence of bile acid transport raised the question as to whether 

sodium and bile acid flux were coupled through the same transporter, and if so, if their 

fluxes would be electrogenic. Electrogenic transport involves the movement of charge 

from one side of the membrane to the other, thereby generating electric current and 

altering the transmembrane electrical potential. In secondary active transport, this 

movement of charge generates the driving force for substrate translocation. 

When Lücke et al employed this method to measure TCA transport in BBMVs, 

they observed that sodium-dependent transport decreased in presence of the electrogenic 

ionophore monactin (selective for monovalent cations), but increased with valinomycin, a 

potassium-selective ionophore. These results suggested that sodium-dependent TCA 

transport was responsive to changes in membrane potential and was directly coupled to 

sodium in the same transporter. The authors also concluded that TCA transport was 

electrogenic, with a possible 2:1 cation:taurocholate stoichiometry, and at least one of the 
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cations being sodium [57]. However, this method has generated incongruent results at 

different laboratories. For instance, Barnard et al [58] and Wilson et al [59] indicated that 

sodium-dependent TCA uptake was electroneutral in BBMVs from rat ileum and rat renal 

cortex, respectively. In contrast, Wilson and Treanor suggested an electrogenic TCA 

transport in rat ileum BBMV [60]. Therefore, measurements of substrate flux as a 

function of the voltage applied has not yielded unambiguous results for sodium-

dependent bile acid transport. An alternative method, i.e., electrophysiological 

measurement of electric current, was technically challenging due to severe background 

and to the possibility of bile acids altering membrane fluidity due to their detergent 

properties [61]. Using a third method, whereby TCA uptake was measured at various 

sodium concentrations in ASBT-expressing COS cells, Paul Dawson and colleagues 

(Craddock et al; [62]) reported a potentially electrogenic transport, with a sodium : bile 

acid stoichiometry greater than 1 : 1. Finally, Weinman, Carruth and Dawson measured 

the voltage-dependent changes in accumulation of fluorescent bile acid analogues, and 

their results suggested that bile acid transport was electrogenic and had a 2:1 sodium : 

bile acid stoichiometry [63]. To the best of our knowledge, however, no direct 

measurement of native bile acid transport for the ultimate definition of ASBT 

stoichiometry has been performed. 

Analogously, Lidofsky et al showed that active bile acid transport was 

electrogenic and had sodium : bile acid stoichiometry greater than 1:1 for NTCP [64], the 

hepatic counterpart of ASBT. NTCP was cloned in 1991 by Hagenbuch and collaborators 

[65], and is currently known to exhibit striking functional and structural similarities with 

ASBT. Both proteins share with high amino acid identity and topological similarities 
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[18], as well as a high affinity for glycine- and taurine-conjugated bile acids [27, 66]. 

These findings provided additional (indirect) evidence for the electrogenic nature of bile 

acid transport in the ileum. 

1.2.1.3 Sodium gradient is maintained by the Na+-K+-ATPase 

The large body of evidence supporting the active, sodium-dependent bile acid 

transport in the ileum, prompted researches to ask another question: by which mechanism 

is the sodium gradient maintained, in order to impart the driving force for active bile acid 

transport? Wilson and Treanor attempted to answer this question by treating viable rat 

ileal cells with the Na+-K+-ATPase inhibitor ouabain, and with the inducer 

methylprednisolone. They observed a comparable decrease (with ouabain) and increase 

(with methylprednisolone) in bile acid uptake, thereby supporting a role for the Na+-K+-

ATPase in the sodium-dependent bile acid uptake in the ileum [67]. Simon and 

collaborators further corroborated this hypothesis with the observation that orally 

administered trihydroxy bile salts induced Na+-K+-ATPase activity in rat ileum and liver 

homogenates. Moreover, this induction was proportional to the sodium demand for bile 

acid transport and was absent on the jejunum, where bile acid absorption occurs passively 

[68]. It is presently well recognized that the Na+-K+-ATPase is responsible for sustaining 

the Na+ electrochemical gradient required for active bile acid transport in the ileum [4]. 

1.2.2 ASBT identification and cloning 

Without unambiguous identification of the ileal bile acid transporter at the 

molecular level, information on its mechanism of binding and transport was limited. The 
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following section describes early efforts to identify, isolate and characterize the 

transporter 

1.2.2.1 Several bile acid binding proteins present in the ileum  

In 1990, Lin, Kramer and Wilson reported for the first time the use of 

photoaffinity labeling to detect the ileal bile acid transporter, as well as other proteins 

involved in bile acid absorption. Photoaffinity labeling exploits the ability of a probe, 

usually a high affinity photolabeled substrate, to specifically and irreversibly bind the 

active site of a protein of interest [69]. While substrate binding is typically reversible, in 

photoaffinity labeling the highly reactive photosensitive moiety attached to the probe 

ensures covalent binding to surrounding amino acids, by photolysis, before the substrate 

dissociates from the active site [70]. Typically, the probe is radiolabeled to permit 

quantification of the amount reacted by radioactive counting. Inhibition of protein 

function implies successful labeling, and the labeled protein can be identified by 

immunoblotting. Using enterocytes from ileal brush border and [3H]-7,7-azo-taurocholate 

as a probe, followed by subcellular fractionation, Lin et al detected a 14-kDa protein in 

the soluble fraction (consistent with the ileal bile acid binding protein, i.e., IBABP or 

ILBP [71, 72]) and a 99-kDa protein at the brush-border membrane fraction [69]. Later, 

when Wong et al cloned ASBT and showed its molecular mass to be around 38-kDa, they 

theorized that this 99-kDa protein may possibly be a dimerized or post-translationally 

modified form of ASBT [73]. Similarly to Lin et al, Kramer and colleagues identified a 

14-kDa soluble protein, this time in rabbit ileum, which they conjectured to form the 

Na+-bile acid transport system alongside with a 93-kDa membrane protein – an alleged 

ASBT dimer [4] - also detected in the same tissue. Additionally, Kramer et al identified a 
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84 kDa membrane protein in the jejunum, which they inferred to possibly be involved in 

jejunal passive bile acid uptake [74]. 

1.2.2.2 Xenopus oocytes and Caco-2 cells are suitable models to study the 
Na+-dependent bile acid transport 

Several experimental methods were established to study and characterize the ileal 

bile acid transporter. Mullins et al used BBMV, as well as expression in Xenopus laevis 

oocytes, to investigate mRNA expression and function of the Na+-dependent bile salt co-

transporter. The authors measured TCA transport in BBMV prepared from pig proximal, 

mid and distal small intestine, from which mRNA was isolated and injected into Xenopus 

oocytes. To their surprise, TCA uptake could be detected from proximal, mid and distal 

intestine regions in oocytes with comparable kinetics, while in BBMV it was restricted to 

the distal region, indicating that although the transporter’s mRNA was expressed in 

various regions of the intestine, it was likely regulated to restrict protein expression to the 

distal segment [75]. 

Chandler and collaborators showed that Caco-2 cells were a feasible model to 

study the ileal active Na+-dependent transporter, as [3H]-TCA transport across 

differentiated (i.e., with brush border expression on the apical surface) Caco-2 

monolayers had transport features similar to previously employed techniques such as ileal 

BBMVs and isolated ileal enterocytes. In this system, Chandler et al evidenced the need 

for apically applied extracellular sodium, since sodium addition to the basolateral side 

only, failed to significantly stimulate TCA transport [76]. Additional significant 

contributions from the authors include the modified Hank’s balanced salt solution 

(MHBSS) and the use of tetraethylammonium (TEA) and choline chloride (ChCl) in the 

buffers used to disrupt sodium-dependent transport. MHBSS is an adaptation of the 
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Hank’s balanced salt solution (HBSS) whereby sodium and KCl are removed to facilitate 

replacement with other cations. MHBSS became the buffer of choice to investigate ileal 

bile acid uptake in various laboratories, including ours (vide infra). The observation that 

TEA and ChCl failed to promote TCA transport, which was later confirmed by Wong et 

al, rendered these salts excellent sodium replacement for experiments that evaluate the 

impact of sodium removal on active bile acid transport. 

1.2.2.3 ASBT cloning 

Studies aiming to understand the ileal Na+-dependent bile acid transport were 

clearly advancing. However, until the transporter was identified and sequenced, deeper 

insights on conjectural pharmacophore models, protein structure and mechanism of 

transport would be curtailed. The breakthrough finally came in 1994, when Dawson and 

collaborators (Wong et al; [73]) cloned, sequenced, and performed the preliminary 

characterization of the Na+-dependent bile acid transporter. The authors generated a 

cDNA library from the size-fractionated mRNA isolated from hamster ileum, and 

screened clone pools for [3H]-TCA uptake upon cDNA insertion into pCMV vector and 

transfection into COS-1 cells. Sequencing and characterization of positive clones showed 

that the ileal Na+/bile acid cotransporter (IBAT; also ASBT, ISBT and ABAT) was 

comprised of 348 amino acids and had approximately 38 kDa. In addition to hamster 

ileum, colony hybridization and Northern blot analysis indicated that the same protein 

was present in hamster kidney and faintly in the jejunum, but was absent in hamster 

duodenum and liver. Notably, IBAT shared high amino acid sequence identity (35%), 

similarity (63%), and hydropathy profile with its hepatic counterpart, the liver Na+/bile 

acid cotransporter (LBAT; also NTCP), formerly identified by Hagenbuch and 
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collaborators [65]. In the same, highly productive year, Gong and collaborators cloned 

the 14-kDa ileal bile acid binding protein (I-BABP, ILBP) from rat ileum [77], and 

Oelker and Dawson cloned ILBP in humans [71]. 

1.2.3 ASBT Regulation 

Bile acid accumulation in cellular compartments is citotoxic, and is prevented by 

numerous mechanisms at the transcriptional and post-translational levels, which assist 

ASBT in its quick response to changes in bile acid demand. In 1993, Lilienau and 

collaborators reported the bile acid negative feedback inhibition of the bile acid 

transporter in rodents [78]. This feedback is currently known to be mediated by ASBT 

inhibition by the  farnesoid X receptor (FXR). ASBT expression is tightly regulated at the 

transcriptional level by nuclear receptors, to which bile acids, cytokines, hormones, and 

sterols are natural substrates. For example, bile acid binding to the farnesoid X receptor 

(FXR) leads to FXR association with the retinoid X receptor (RXR), and subsequent 

activation of the small heterodimer partner (SHP), a repression protein that will inhibit 

the ASBT positive regulator retinoic acid nuclear receptor, thereby suppressing ASBT 

transcription. In contrast, the peroxisome proliferator-activated receptor α (PPARα), the 

hepatocyte nuclear factor 1α (HNF1α) and the vitamin D nuclear receptor (VDR) bind 

the ASBT promoter and positively regulates expression of the transporter [27, 79, 80].  

At the post-translational level, short-term adaptive responses seek to adjust 

transporter density on the cell surface. Among these responses are modulation of ASBT 

degradation, insertion in the plasma membrane and turnover. By inhibiting the ubiquitin-

proteasome system (UPS) with the selective inhibitors lactacystin and MG132, Xia et al 



 

15 
 

[81] showed that the UPS is the main posttranslational regulator of ASBT availability in 

the cholangiocytes.  

1.2.3.1 ASBT Kinetics: Discrete Parameters in Distinct Systems 

ASBT is a high capacity of ASBT bile acid transport, as first demonstrated by 

Lewis and Root. The authors observed that 82% of TCA injected in rat ileum was 

absorbed with Michaelis-Menten constant (KT; i.e., substrate concentration to achieve 

half the maximum reaction rate or Vmax) values for TCA transport in the ileum 

comparable to TCA concentrations in the intestinal lumen [29]. The authors also reported 

a KT of 5.6 mM, however, this value was not a consensus, due to interspecies or 

experimental differences in vivo and in vitro, as shown in Table 1. For example, Lewis 

and Root observed much higher TCA KT in rat ileum in vivo [29] than Schiff and 

colleagues for in vitro perfusion of rat intestinal mucosa [56]. According to Lewis and 

Root, this discrepancy may possibly be due to bile acid accumulation in the basolateral 

membrane (trans inhibition) in vitro, whereas in vivo, absorbed bile acids are rapidly 

effluxed into the portal circulation, become tightly bound to plasma proteins and are 

removed from the blood into the liver. That way, bile acid levels in the enterocytes are 

kept low and transport is stimulated down a concentration gradient (sink effect). 

Moreover, as noted by Luxon et al, albumin binding enhances taurocholate uptake in the 

liver (while only the albumin-free form of taurocholate is transported through the ileum 

mucosa) [82], which contributes to an even further decay in bile acid levels in the 

bloodstream. Lewis and Root as well as Wong et al, also proposed an alternative 

explanation for the in vivo vs. in vitro disparity, based on the unstirred water layer. This 

mucous layer is predicted to be thicker in vivo than in vitro [29] and may serve as a 
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diffusion barrier in the intact intestine [73], thereby interfering with absorption and 

affecting kinetics. Using an in vitro system, namely, Madin-Darby canine kidney 

(MDCK) stably expressing ASBT, Balakrishnan and collaborators showed that the 

aqueous boundary layer may influence KT and the inhibition constant (Ki; i.e., inhibitor 

concentration to achieve half the maximum inhibition) estimates and should therefore be 

considered in the analysis of kinetics data [83]. Notably, kinetics parameters may also 

vary in the same model, as illustrated by Candler and Hidalgo’s work with Caco-2 cells 

[76, 84]. These cells are morphologically heterogeneous, and different clones may exhibit 

distinct features for TCA uptake [85]. These differences should be considered when 

comparing data obtained from different systems/models (Table 1). 

Table 1. Reported TCA ([3H] or [14C]) Uptake Kinetics 
Ref. KT Vmax System tested 
[29] 5.6 mM 65.5 nmol.min-1.cm-1 Rat ileum (in vivo) 
[56] 0.23 ± 0.07 mM 1629 ± 236 pmoles/min per cm Perfused rat ileum  

(distal segment; in vitro) 
[86] 36 µM  BBMV from rabbit ileum 
[87] 37 µM  BBMV from human ileum 
[75] 40 ± 3 µM 46 ± 1.2 pmol/s per mg protein BBMV from pig ileum 
[77] 16 pmol/h per 

oocyte 
48 µM (Xenopus) Xenopus laevis oocytes  

(pig ileum mRNA) 
[78] ≈ 65 µM ≈ 800 pmol/min/mg protein Caco-2 cells 

[82] 49.7 µM 13.7 pmol/mg protein/min Caco-2 cells 
[75] 33 µM 396 pmol.min-1.mg of protein-1 COS-1 cells transiently transfected with 

hamster ASBT 
[86] 
 

11.1 ± 0.4 300.23 ± 8.3 pmol.min-1.mg of 
protein-1 

COS-1 cells transiently transfected with 
human ASBT 

[87] 55.6 ± 5.5 µM 547 ± 48 pmol/mg protein/min COS-1 cells transiently transfected with 
mouse Asbt 

[64] 18 µM 48 pmol.min-1.mg cell protein-1 COS cells transiently transfected with 
human ASBT 

[64] 18 µM ≈ 2,200 pmol.min-1.mg cell 
protein-1 

CHO cells stably transfected with human 
ASBT 

[88] 4.39 µM 0.000065 - 0.001 nmol.s-1.cm-2 MDCK cells stably transfected with human 
ASBT 

[89] 8.3 µM n/a HEK293 cells transiently transfected with 
human ASBT 

[90] 9.4 ± 1.2 µM n/a HEK293 cells transiently transfected with 
human ASBT 

[90] 
 

13 ± 4.3 µM n/a HEK293 cells transiently transfected with 
mouse ASBT 
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1.3 Bile Acid Structural Features For ASBT Recognition 

1.3.1 Pharmacophore features of substrates and inhibitors: initial studies 

Prior to ASBT cloning, the vast majority of studies aiming to understand 

structure-function attributes of the ileal bile acid transporter, derived mainly from 

chemical bile acid modifications and their effect on transport. Starting in 1966, Leon 

Lack and several collaborators began to define some of the main structural requirements 

for substrate recognition by the ileal transporter. They measured transport of a variety of 

bile salts and analogues using everted gut sacs (vide supra), bile duct cannulation (vide 

supra) and ileal perfusion. In the latter technique, a flow of bile acid solution is infused in 

the initial segments of the intestine and the outflow is collected at the distal end of the 

same organ. The authors’ results indicated that the following pharmacophoric features 

were essential for binding: 1) a single negative charge on the non-steroidal moiety (C-

24); 2) the number of hydroxyl groups would determine inhibition potency, in the order 

dihydroxy > trihydroxy > triketo; and 3) conjugated are preferred over unconjugated bile 

salts [91-93]. Subsequently, Lack published a state-of-the art report where he used the 

contemporary bile acid structure-activity studies to design a theoretical model of the 

transporter’s binding pocket. His model predicted cooperation among various 

components of the binding pocket, which was formed by: 1) an interaction site for the 

bile salt steroidal group; 2) a positively charged moiety that would interact with the 

negatively charged non-steroidal side chain of the bile salt; and 3) a closely positioned 

negatively charged region that would interact with sodium. Besides corroborating Lücke 

and collaborators’ findings that Na+ was irreplaceable [59], Lack also showed that anion 

replacement was not as critical, since Na2SO4 and NaCNS were capable of stimulating 
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TCA uptake in levels equivalent to NaCl [20]. Additionally, Lack and colleagues 

investigated the effect of charge on bile acid transport, based on the observation that 

positively charged or zwiterionic bile acids were inhibitors, but not substrates of the ileal 

bile acid transporter. The authors replaced the sulfonate (SO4
-2) group in 

taurochenodeoxycholate with a sulfate (SO3
-) at the C-24 or the 3α positions, and showed 

that 3α-conjugation was detrimental for transport and increased urinary excretion of the 

conjugate, while sulfate replacement did not affect transport [94]. Later, Kihira and 

colleagues reported that when a C-24 sulfonate conjugate of chenodeoxycholic acid was 

orally administrated to hamsters, it was transported through the ileum, underwent EHC 

and resisted degradation by colonic bacteria [95]. Additional studies with sulfonated bile 

acid analogues was published by Miki et al, who tested sulfonation as well as the effect 

of side chain size on chenodeoxycholic analogues, and showed that from the C23-C26 

(natural bile acids are C24) tested in hamster ileum in vitro, only C23 and C26 were 

absorbed at rates similar to taurochenodeoxycholic acid [96]. Lillienau and colleagues 

corroborated these observations with the C23 bile acid norursocholic acid (“nor” bile acids 

have 4 carbons on the side chain, i.e., are C23, rather than the 5 carbons present in C24) 

and its glycine and taurine conjugates, which showed to be transported by the ileal 

transporter [97]. The effect of addition of a tyrosine or a glycyltyrosine conjugation at the 

side chain of 3α,12α-dihydroxy bile acids was investigated by Mills and colleagues. The 

authors measured biliary recovery after injection of 125[I] or 14[C]-labeled taurocholate or 

conjugated bile acids in the ileal lumen of Winstar rats, and showed that tyrosine 

conjugates were absorbed in the ileum, albeit with lower affinity than the taurocholate 

control. Addition of the longer glycyl-tyrosyl- group to the side chain of cholic acid 
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noticeably decreased absorption, compared to the shorter tyrosyl- analogue, however the 

authors did not discard the possibility of rapid degradation of the glycyl-tyrosyl- analogue 

at the intestinal lumen as responsible for this result [98]. Overall, the bile acid transporter 

accepted sulfonation as well as a variety of lengths at the bile acid non-steroidal side 

chain.  

Walker and collaborators’ observation that the absorption rate of 7-

ketolithocholate in the ileum and jejunum was comparable to ursodeoxycholate (UDCA) 

and chenodeoxycholate (CDCA), led the authors to postulate that the 7-OH moiety was 

not critical for transport [99]. Recently, results from Polli’s laboratory (non published 

data; submitted) indicate that bile acid analogues with a ketone group at the C-7 position 

were transported by ASBT, but not the ones with an aromatic group. These findings point 

out to the importance of the moiety size in C-7, but still agree on Walker’s findings that a 

7-OH group is not essential for ASBT transport. 

Schmassmann et al showed that cholylsarcosine, a bile acid resistant to bacterial 

deconjugation, was well absorbed from the ileum of intact rabbits, hamsters and rats, 

after oral administration. Cholylsarcosine underwent enterohepatic cycling with little 

biotransformation, and was minimally absorbed from the jejunum or colon [100]. Later, 

Lillienau and collaborators supported a potential use of cholylsarcosine as a bile acid 

replacement for the treatment of bile acid deficiency [101]. 

In 1999, Kramer, Baringhaus and collaborators published a comprehensive map 

of structure-activity relationships for both ASBT and NTCP, and also demonstrated a 

rigorous substrate/inhibitor profile for ASBT compared to NTCP [102, 103]. 

Interestingly, despite ASBT strict substrate requirements, a benzothiazepine molecule, 
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namely, 2164U90 ((3R,5R)-3-butyl-3-ethyl-5-phenyl-2,3,4,5- tetrahydro-1,4-

benzothiazepine 1,1-dioxide), which is structurally distinct from bile acids, was an 

inhibitor of the mouse, but not human, ASBT, as reported by Hallén et al. Remarkably, 

the authors identified the exact transporter region where this interaction occurred; they 

showed that replacement of the mouse Thr294 and Val295 with the human equivalents 

Ser294 and Ile295, respectively, all located in the C-terminal region, abrogated this 

interaction [90]. 

1.3.2 Pharmacophore Features from prodrug studies 

Targeting the ileal bile acid transporter for drug delivery is an attractive approach 

to increase drug absorption, and has been subject of a series of studies. Preponderantly, 

these studies investigate the effect of conjugation of a variety of drugs to bile acid 

molecules, from which information on bile acid pharmacophore features can be derived. 

For instance, by coupling the anti-lymphoma drug chlorambucil to the 3α-OH position in 

TCA, and demonstrating that the conjugates were inhibitors of the ileal and hepatic bile 

acid transporters, Kramer and collaborators showed that absence of a hydroxyl group at 

the C-3 position does not preclude interaction with the transporter. The tested 

chlorambucil-TCA compounds were conjugated or not with a glycine, taurine or methoxy 

(OMe) group at the non-steroidal side chain. In rabbit ileum BBMV’s and freshly isolated 

rat liver hepatocytes, the conjugates inhibited the transporter dose-dependently [104]. 

Chlorambucil coupling to the 7α and 12α positions also inhibited the transporter in rabbit 

ileal BBMV [104]. 

Cholic acid conjugation at the 3α-OH and C-17 positions with HMG-CoA 

reductase inhibitors [3], and at the C-3 position with small peptides [105] or renin-
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inhibitory peptides [106], afforded inhibitors of the ileal and hepatic bile acid 

transporters. The conjugates with renin-inhibitory peptides were inhibitors, but were not 

substrates of the ileal transporter [106]. In Øie’s laboratory, the ability of several bile acid 

compounds to inhibit TCA uptake was tested in Caco-2 cells. Swaan and colleagues 

coupled cholic acid with peptide molecules at the C-24 position [40, 107] or replaced one 

or all three hydroxyl groups in the steroidal skeleton with an amine, keto or formyloxy 

group, or simply a hydrogen atom [107], and Kågedahl et al generated cholic acid-amino 

acid conjugates with potential inhibitory activity against HIV-protease [108]. Integrated, 

the main observations reported by the authors include: i) peptide conjugates with 4 amino 

acids are substrates for the intestinal bile acid transporter; ii) a negative charge at position 

24, as well as hydroxyl groups at positions 3, 7 and 12, are critical for affinity with the 

transporter; iii) conjugates with a single negative charge at C24 – C29 are strong 

inhibitors of the transporter, but a second negative charge at this region is detrimental to 

affinity; iv) bulky chains are well tolerated at position 24, but showed reduced affinity 

when attached to the steroid nucleus. Several of these results were corroborated by 

Balakrishnan and colleagues, who also indicated that binding may be the rate-limiting 

step of hASBT-mediated transport [88, 109]. 

James E. Polli and collaborators have been remarkably active in studying ASBT-

targeting bile acid conjugates for prodrug approaches [1, 2, 5, 6, 9, 11] as well as ligand-

based drug-design models of this transporter [81, 88, 110-114]. The authors conjugated 

the antiviral drug acyclovir to chenodeoxycholic acid via a valine linker, and showed a 

two-fold increase in acyclovir bioavailability, compared to acyclovir alone, upon oral 

administration in rats [5]. Using a combination of transport and inhibition measurements 



 

22 
 

and in silico simulations, Polli’s group and collaborators have recently shown that: i) the 

prodrug candidate valylchenodeoxycholate is a substrate for ASBT; ii) CDCA-glutamyl-

pyridine or CDCA-glutamyl-phenol conjugates are potent ASBT inhibitors, with 

monoanionic conjugates being more potent inhibitors than neutral ones [109]; iii) 

dianionic CDCA-glutamyl-anilinyl conjugates are strong inhibitors of hASBT, and 

intramolecular hydrogen bonding between the anylyl aromatic ring and the 3α and 7α 

hydroxyl groups favored binding affinity [114]; iv) a single negative charge around C-24 

but not dianions and zwitterions, hinder activity [113]; v) monoanionic bile acid 

conjugates with gabapentin are hASBT substrates – and hence, are promising prodrug 

candidates [2]; vi) dianionic gabapentin conjugates inhibit the transporter but are not 

translocated [2]; vii) several commercially available drugs are hASBT inhibitors and 

could potentially be involved in drug-drug interactions [11, 115]. 

1.4 Conclusion 

The sodium-dependent bile-acid transporter is critical for the EHC and for 

cholesterol homeostasis, and is a promising target for therapeutical approaches. In this 

chapter, we have briefly reviewed ligand-based studies that shed light in pharmacophore 

requirements for ligand recognition by the transporter, as well as the initial efforts to 

identify and characterize ASBT that culminated with its cloning in 1994 [75]. In Figure 1, 

we highlight the increasing complexity of information obtained for ASBT throughout the 

years. Similarly to many authors, we have also benefited from ASBT sequencing as a 

starting point for our protein-based studies, which we will discuss in the next chapter. 
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Chapter 2 The Post-ASBT Cloning Era: Structural Studies and the 

Swaan Laboratory 

To gain insight on the physiology of the apical sodium-dependent bile-acid 

transporter (ASBT) and to take full advantage of its potential as a pharmacological target, 

a better understanding of this transporter at the molecular level is a prerequisite. ASBT 

cloning and sequencing by Paul Dawson and collaborators [75] paved the way to a more 

profound examination of ASBT structure-function and transport mechanism, as well as to 

the development of mechanistic models that will potentially serve as paradigm to 

comprehend ASBT and other SLC10 proteins. Despite considerable progress, ASBT 

remains to be fully characterized at the molecular level.  

For most polytopic proteins, crystal structures are notoriously difficult to obtain, 

partly because of their heterogeneous biological environments, i.e., the hydrophobic 

membrane bilayer, hydrophilic cytoplasm and extracellular milieu. Publication of high 

resolution structures are expected to accelerate structural and mechanistic knowledge 

about a particular protein. However, from the over 50,000 proteins of known structure 

deposited at the Protein Data Bank (PDB), less than 1 % are membrane spanning proteins 

[117]. Not surprisingly, at the time of this writing, there was no crystal structure available 

for ASBT. Fortunately, biochemical, computational and molecular biological approaches 

are valuable alternatives to unveil critical protein features. In our laboratory, we have 

developed in silico models for ASBT that served as topological framework for 

simulations of substrate binding domains, mutation analysis and numerous in vitro and in 
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silico studies [86, 116, 118-124]. These studies assisted us in understanding ASBT 

structure-activity requirements and the contribution of specific amino acids to function 

and overall mechanism of transport. In 2002, Eric Zhang et al [16] and Sean Ekins et al 

[125] published comprehensive accounts on experimental and computational methods, 

respectively, used to study ASBT. Since then, we [81, 86, 116, 118-124, 126, 127] and 

others [87, 128-131] have made considerable progress in this regard, which we discuss in 

this chapter, focusing on the work performed in our laboratory.  

2.1 In Silico ASBT Studies 

2.1.1 ASBT Pharmacophore Models 

Ligand-based pharmacophore modeling is a valuable tool to define structural 

features in a ligand that may be relevant for interaction with a target protein. Because the 

model is derived from a correlation between the ligand’s physicochemical properties 

(molecular descriptors) such as lipophilicity, polarizability, steric parameters, substituent 

moieties, etc, and its biologic activity, this approach is particularly useful when 

information about the target protein is limited. The method consists in aligning various 

ligands in virtual space and submitting them to molecular dynamic simulations to yield 

their low energy conformations. A similarity index is obtained thereof, and represents a 

snapshop of common structural features shared by the tested ligands, and that are 

expected to be involved in interactions with the target protein. Tested ligands should 

presumably bind to the same protein, putatively in the same manner and with same 

relative geometry [132]. In our laboratory, we have employed Comparative Molecular 

Field Analysis (CoMFA), a 3D-quantitative structure-activity relationship (3D-QSAR) 

method that maps electrostatic and steric fields around the ligand’s molecule, to identify 
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regions in bile acids and analogues that may putatively interact with ASBT. We have also 

employed comparative molecular similarity indices analysis (CoMSIA), in collaboration 

with Polli’s laboratory [109]. While also a 3D-QSAR model, this method differs from 

CoMFA on the statistical methods to predict binding, and is also expected to have better 

predictive power, as it accommodates additional molecular descriptors [133].  

Ligand-based in silico methods have assisted us and others [102, 109, 134] in 

predicting potential ASBT ligands, as well as in rationally designing drug and prodrug 

candidates that target ASBT [1, 2, 5, 6, 9, 11, 81, 88, 107, 110-113, 135]. With 3D-

QSAR methods, we have unveiled critical aspects of pharmacophore requirements for 

ASBT ligands, and corroborated major findings from the joint laboratories of Kramer and 

Baringhaus [102], such as the need for: i) one hydrogen bond donor [102], which could 

possibly be a negative group, either a carboxylate or a sulfate moiety around position C-

24, as identified by Swaan et al [107]; ii) one hydrogen bond acceptor [102], perhaps one 

of the hydroxyl groups in steroid nucleus. These hydroxyl groups should be oriented in 

the same direction, thereby forming a hydrophilic region relevant for binding [107]; iii) 

three hydrophobic features [102], possibly with participation of the methyl moieties 

opposite to the hydroxyl groups, forming a well-defined lipophilic region [107]. 

Ligand-based models are indisputably useful in the absence of target protein 

information. However, they are also limited in that they are indirect measures of 

structure-activity relationships, and should therefore, be complemented with other 

methods, such as protein-based in silico and in vitro experimental approaches, in order to 

produce a more comprehensive picture of ASBT transport.  
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2.1.2 Protein-based ASBT Simulations: Homology Model 

Protein-based in silico models rely on available information about the three-

dimentional (3D) structure of the target protein or its binding pocket. This information is 

typically obtained from X-ray crystallography, NMR or, in the absence of those, 

homology or topology modeling. As mentioned above, the dismal number of PDB entries 

for membrane proteins illustrates the challenges encountered in obtaining high resolution 

structures for this class of proteins. Fortunately, collaborative efforts such as the Protein 

Structure Initiative [136-138], have ensured that newly solved structures are easily 

accessed from online protein libraries such as the PDB, thereby increasing the chances of 

finding proteins that are similar in sequence and topology. In our search, ASBT did not 

show sequence homology with any of the proteins of known structure, but it did exhibit 

topological homology with bacteriorhodopsin (BR) [116], a seven-transmembrane 

protein that had been recently crystallized [139]. Additionally, remote-threading revealed 

that the 3D structure of the pheromone ER-2 from Euplotes Raikovi (1ERD) and the 

diphteria toxin repressor (1DTR) were appropriate scaffolds for ASBT flexible regions, 

and in addition to BR, these proteins were used as templates to develop the ASBT 

homology model [75, 116]. The advantage of using remote threading here is that it 

employs statistical methods to relate the amino acid sequence of the query protein with 

the folding pattern of the known protein, and therefore does not require homology 

between the two proteins. It uncovers folding similarities between a protein of unknown 

structure (query) and other proteins deposited in the PDB. Finally, we tested the quality 

of the model using PROCHECK, an algorithm that aligns an input sequence with related 

available structures and calculates an all-atom model, i.e., where protein backbone and 
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side chains are included. The model was validated by in silico mutagenesis with the 

P290S polymorphism, which corroborated the loss of activity observed in carriers of the 

P290S mutation, as well as in vitro site-directed mutagenesis, which confirmed Glu282 

critical role in ASBT function. Remarkably, our model also predicts a β-turn in the C-

terminus (Asn340-Phe343), consistent with the same structure reported by Suchy and 

collaborators (Sun et al; [129]), shown to be required for ASBT sorting to the apical 

membrane. Suchy et al examined this protein region with NMR and site-directed 

mutagenesis, and their results provided further experimental and inter-laboratory 

validation of our in silico model.   

2.1.3 ASBT-Bile Acid Docking 

Our validated homology model empowered us to predict the putative hASBT 

binding pocket. We probed the protein space with the natural substrate cholic acid, using 

docking; a molecular modeling technique that predicts three-dimensional structural 

interactions between the target protein and its ligand. In this method, the chemical space 

in the protein is probed with the ligand and submitted to molecular dynamics simulations 

and energy minimizations, to ultimately indicate regions in both the ligand molecule and 

the protein that may participate in protein-ligand binding. 

In addition to using cholic acid as the probe, we utilized the NMR structure of the 

cytosolic bile acid binding protein ILBP as the positive control, since it also binds bile 

acids specifically, during the EHC [140]. Using this approach, we identified binding sites 

in the extracellular loop 3 (EL3), the N-terminus and a binding pocket formed by an 

opening (or “cleft area”) between the N-terminus and EL3. According to our model: i) 

Glu282 and Leu283, located in EL3, form dynamic hydrogen bonds (H-bond) with the bile 
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acid 12α-hydroxyl moiety; ii) Leu283 engages in additional H-bond with the 7α-hydroxyl 

group; iii) hydrophobic residues in EL3 putatively stabilize the methyl groups at positions 

18 and 19 of the bile acid steroidal backbone; iv) the negatively charged carboxylic acid 

in the bile acid could possibly interact with Arg254 and Arg256 or alternatively, with Val21 

and Asn27 in the N-terminus; v) Asn2, Ala11 or vicinal residues in the N-terminus would 

form dynamic H-bonds with either the 3α- or 7α-hydroxyl group in the ligand [116].  

2.1.4 ASBT In Silico Models: Conclusion 

As illustrated above, protein-based in silico models can be validated by 

experimental methods, and vice versa. Identification of disease-associated mutations such 

as L243P, T262M and P290S [15, 141-144] served as a framework for mutagenesis 

studies and in silico models. In turn, in vitro and in silico studies indicated defects in 

protein structure or stability that may underlie such disease conditions. For instance, our 

in silico model suggests a mechanism for the bile acid malabsorption observed in carriers 

of the P290S mutation, whereby a serine at position 290 would close a cleft area between 

the N-terminus and EL3. This area should reputedly be opened to allow cholic acid 

binding [116]. We have also shown that Cys replacement of Ala171 did not affect ASBT 

function [123], consistent with the functionally silent nature of the A171S polymorphism, 

found in high frequency among several ethnic populations in the United States [144].  

Despite strong evidence for the robustness of our model, it is worth remembering 

that it remains a model and as such, requires constant inspection, optimization and 

validation with experimental data. A crystal structure would be the ultimate corroboration 

of our model, if and whenever it becomes available. In the meantime, we continue 

working towards a better ASBT representation, with a combination of biochemical and 
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molecular biological methods to identify residues crucial for ASBT structure, function 

and stability. The following part of this manuscript briefly describes our main findings. 

2.2 ASBT Topology: Experimental Methodologies 

2.2.1 ASBT Topology: Divergent Views 

Due to the physiological and pharmacological relevance of ASBT, understanding 

this pivotal protein at the molecular level became one of the major interests in our 

laboratory. One of the first challenges was to define ASBT topology, which at the time 

was controversial, i.e., two divergent transmembrane models were recognized based on 

experimental evidence as well as hydropathy analysis [75, 89, 90, 145]. One model 

supported the presence of seven membrane-spanning domains, while the other predicted 

nine transmembrane domains (TM)1. Although both models agreed on an uneven number 

of transmembrane domains and in the location of the extracellular N-terminus and the 

cytoplasmic C-terminus (Nexo/Ccyt), a definitive conclusion on ASBT transmembrane 

topology was yet to be reached.  

For Hallén and collaborators, hydropathy analysis and membrane insertion 

scanning supported the nine TM model (9TMm)2. Their model predicted a short 

extracellular loop 1 (2 amino acids long) connecting the second (TM2) and third (TM3) 

segments, and TM3 and TM4 comprised of 9 – 10 amino acids [90, 145].  

Notwithstanding, in order to adhere to this prediction, TM3 and TM4 would have to 

assume a β-sheet conformation, resulting in a combination of α-helices and β-sheet at the 

membrane-spanning regions, which is unusual in eukaryotic polytopic membrane 

                                                
1 TM = transmembrane domain 
2 TMm = transmembrane domain model 
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proteins, as indicated by careful inspection of available protein folds at the scop database 

(scop@mrc-lmb.cam.ac.uk). In contrast, the 7 TM model (7TMm) predicted a typical 

alpha helical arrangement, with 21-23 amino acids per TM, and loops comprised of least 

12 amino acids [75, 146]. To determine ASBT topology unambiguously, we examined 

protein regions that were controversial in each model, namely, the extracellular loop 

(EL)1, TM3 and TM4, using a variety of experimental and computational approaches 

(described below). Our results indicated that ASBT obeys the 7TM model and adheres to 

the “positive-inside” rule. 

2.2.2  N-glycosylation scanning mutagenesis 

N-glycosylation of integral membrane proteins in eukaryotes is confined to the 

endoplasmic reticulum (ER) compartment, hence it can be used as a tool to define the 

position of amino acid segments relative to the membrane bilayer. During co-translational 

translocation, polytopic proteins are inserted into the ER membrane in the same 

orientation that they will assume at the plasma membrane, i.e., segments facing the ER 

lumen will later face the extracellular environment in the plasma membrane. Thus, 

protein topology is defined at the ER level [147]. N-glycosylation occurs concomitantly 

to this co-translational process, with the enzyme oligosaccharyl transferase (OST) 

attaching oligosaccharide chains to asparagine residues in the consensus sequence, or 

sequon, Asn-X-Ser/Thr (X can be any amino acid except proline). Since the OST 

catalytic side faces the ER lumen, N-glycosylation is restricted to extracellular segments 

in polytopic proteins [147, 148]. Its compartmentalized nature, combined to the fact that 

efficient N-glycosylation is only achieved when the sequon is located about 12-14 amino 

acids away from the ER membrane [148], renders N-glycosylation an attractive cellular 
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process to be exploited in topologic studies. Detection of N-linked oligosaccharides in a 

protein segment is a strong indication that the segment being examined is located 

extracellularly. 

In N-glycosylation scanning mutagenesis, engineered sequons are introduced by 

site-directed mutagenesis at specific locations in the protein, followed by determination 

of protein expression at the cell surface. Notably, before introduction of glycosylation 

motifs, all endogenous sequons should be removed to prevent interpretation issues. In the 

human ASBT (hASBT), we have identified Asn10 as the sole native glycosylation site 

[116]. Next, we generated the aglyco, functional, N10D mutant, and used it as template 

for insertion of the glycosylation motifs. Finally, we investigated the protein regions that 

were controversial in the 7TM versus the 9TM topology models (vide supra). We 

introduced the sequons at positions 113-118 and 266-272, which had been assigned, 

respectively, as part of EL1 and EL3 (7TMm) or IL2 and TM8 (9TMm). While in the 

7TMm these regions would face the extracellular environment, in the 9TMm they would 

either face the cytoplasm or be located within TM8, and would therefore be unavailable 

to the glycosylation machinery. Surface labeling with the membrane-impermeable NHS-

SS-biotin detected the glycosylated protein in the mutants, but not in the aglyco control, 

thereby supporting the 7TMm [116].  

2.2.3 Dual Label Epitope Insertion Scanning 

Detection of the glycosylated protein in N-glycosylation scanning mutagenesis 

supported the extracellular location for amino acid segments associated with the 7TMm. 

Nonetheless, lack of detection in regions predicted in the 9TMm was not enough 

evidence to irrefutably reject this model. The nature of the amino acid sequence flanking 
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the introduced sequon, or steric hindrance due to proximity to the ER membrane, may 

affect the efficiency of, or even prevent, glycosylation. Moreover, the possibility of long 

loops such as EL1 and EL3 reentering the membrane, as occurs with the glutamate 

transporters GLT1 [149, 150] and EAAT1 [151] and the Na+/Ca+2 exchanger NCX1 

[152], could hypothetically permit both the 7TMm and the 9TMm to co-exist. Thus, 

unambiguous topological information by N-glycosylation scanning is restricted to 

positive results, and is limited to extracellular regions [116].  

Membrane insertion scanning (vide supra) was another widely used approach that 

proved instrumental in uncovering important aspects of ASBT structure [145]. However, 

results from this method are deducted from the truncated protein, and as such, may incur 

interpretation issues and contradictory models, as reported by Kast and colleagues for P-

glycoprotein [153].  

In an effort to achieve a more comprehensive depiction of ASBT structural 

determinants and circumvent the aforementioned limitations, we complemented our 

investigations with epitope insertion mutagenesis. This method allows examination of 

intracellular and extracellular regions using the full-length, active protein, followed by 

detection of strategically inserted epitope tags with specific antibodies. Additionally, it 

capitalizes on the impermeability of intact plasma membrane to antibodies, to reveal 

intra/extracellular orientation of introduced tags, i.e., by treating cells under membrane 

permeabilizing (e.g., detergents) versus nonpermeabilizing conditions. To increase the 

chances of obtaining functional mutant proteins that are properly inserted in the 

membrane, we have employed dual label epitope insertion mutagenesis, whereby distinct 

tags, varying in physicochemical characteristics, are added to the protein. Accordingly, 
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we introduced the negatively charged FLAG (DYKDDDDK) and the relatively neutral 

hemagglutinin (HA; YPYDVPDYA) into regions predicted as IL, EL and N- and C-

terminal in each model. After verifying that protein stability, trafficking and function 

were preserved in the tagged mutants, we detected the inserted epitopes under 

permeabilized (saponin) vs. nonpermeabilized conditions. More specifically, this 

approach empowered us to confirm extracellular location for insertion sites III-92, IV-

116, V-120, VII-186, X-270 and XI-284; intracellular placement for II-56, VI-156 and 

VIII-221, and the N-terminal orientation with I-16 as well as C-terminal with XII-319 

(Figure 2) [118]. Calculated charge distribution of protein segments indicated an (-4/+4) 

out/in charge ratio, and that the 7TM model strictly adheres to the “positive-inside” rule. 

Globally, we provided compelling evidence that hASBT topology conforms with a seven-

transmembrane topology, has extracellular N-terminus and cytosolic C-terminus, and its 

charge distribution adheres to the “positive-inside” rule.  

 
Figure 2. Comparison of the putative 7TM versus 9TM membrane topology model for hASBT 
Reproduced with permission from [118] (Copyright 2006 American Chemical Society). Strategically 
inserted FLAG and HA epitopes are illustrated by roman numerals followed by the amino acid position 
immediately preceding the epitope insert. Transmembrane helices are represented as cylinders, and 
numbers indicate the amino acids at the interface of the TMD (transmembrane domain) and the 
extramembranous environment. *Asn10 represents the sole glycosylation site on hASBT. Hashed gray 
boxes indicate epitope sites that are conserved between both topologies. NT, N-terminus; CT, C-terminus. 
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2.2.4 Cysteine-scanning mutagenesis 

After successfully establishing the hASBT reputed protein topology, we set out to 

elucidate the contribution of specific protein regions to transporter structure and function. 

Our validated topology model provided a framework for mutation of specific amino 

acids, located at putative extracellular, intracellular and membrane-spanning regions. A 

variety of conservative and non-conservative mutations, as well as cysteine (Cys) 

replacement, empowered us to identify relevant amino acid segments (Appendix A). The 

advantage of using Cys replacement of endogenous residues is the relatively nonbulky 

nature of cysteines, alongside with their concomitantly hydrophilic and hydrophobic 

characters at physiologic pH (side chain pKa 8.02). Thus, Cys are likely to be well 

tolerated in most insertion positions in the membrane [148] as well as in protein loops, 

without causing significant changes in protein structure. Cysteines are also versatile, in 

that they can be used as scaffold for further studies such as the substituted-cysteine 

accessibility method (SCAM). 

2.2.5 Substituted-Cysteine Accessibility Method (SCAM)  

Membrane protein topology and the placement of specific amino acid residues, 

potentially located in ligand binding pockets or the substrate translocation pathway, can 

be revealed using SCAM. This approach relies on the specific reactivity of sulfhydryl-

modifying reagents towards cysteine thiols, especially the ionized thiolate (S-), which 

reacts 5 x 109 times faster than the unionized form (SH) [154]. A key assumption in 

SCAM is that the ionized form will only occur when the Cys is accessible to water-filled 

(the “solvent”) compartments such as the extracellular environment or within a 

hydrophilic pocket or translocation pathway. Conversely, when the Cys side chain faces 
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the membrane bilayer or other regions of low dieletric constant, its thiol group is 

inaccessible to the solvent; it assumes the unionized (SH) form, and cannot efficiently 

react with the labeling reagent. Consequently, Cys locality relative to the membrane 

bilayer or hydrophilic environments will dictate Cys “accessibility” to the reagent, and its 

consequent “labeling” (disulfide formation). Because in most cases, Cys replacement 

alone is unlikely to perturb the local or global protein conformation [148], solvent-

accessibility of introduced cysteines can generally be extrapolated to the original/mutated 

residue. Notably, the use of functional Cys mutants is critical in SCAM, due to the 

conceivable notion that structural abnormalities might underlie functional defects, and 

conclusions derived from dysfunctional mutants may not reflect the physiological 

scenario. 

Thiosulfonates are a class of extensively employed thiol-modifying reagents that 

provide a wide range of labeling possibilities, due to the distinct charges (e.g., MTSES, 

MTSET) and functional head groups (e.g., fluorescent, radioactive, biotin groups) that 

can be attached to their side chains. Typically, cells expressing the protein of interest are 

incubated with thiosulfonates, washed with buffer to remove the reagent, and finally 

submitted to functional assays to appraise labeling. The use of functional assays relies on 

the well-accepted notion that introduction of bulky/charged groups from the thiosulfonate 

side chain is expected to alter protein structure and activity, and is therefore likely to 

result in decreased function. Nonetheless, it is worth noting that while successful thiol 

modification can be clearly detected by altered function, lack of functional changes may 

not unequivocally signify absence of reactivity (i.e., due to inaccessibility). In such case, 

the possibility of functionally silent reactions should be considered, and therefore, 
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negative results should be interpreted with caution. Biotinylated thiosulfonates are a 

convenient alternative – or complement - to functional assays, especially when negative 

results are involved. It permits “visual” (rather than “functional”) identification of labeled 

proteins by immunobloting, after their pulled-down with streptavidin.  

SCAM has been instrumental in providing structural insight for several membrane 

transporters and receptors, including the Glut1 glucose transporter [155], the dopamine 

D2 receptor [156], the glutamate transporter GltT [157] and others [158-160]. It also has 

uncovered protein segments that form the substrate pathway for the human anion 

exchanger 1 (AE1) [158], the voltage-gated Na+ channel[159] and the Na+/dicarboxylate 

cotransporter 1 (NaDC1) [160], as well as for hASBT [119-124, 127]. In the most 

comprehensive SCAM study performed to date, Kaback and collaborators replaced each 

individual amino acid in the protein sequence of the Escherichia coli lactose permease 

(LacY) with cysteines, and used SCAM to successfully define key aspects of LacY 

structure-activity relationships and putative transport mechanism [161, 162]. Several of 

their observations were subsequently confirmed on a LacY high-resolution structure, 

which further validated their SCAM results [163, 164]. 

2.2.5.1 C270A as Background for hASBT SCAM Studies 

Kaback and collaborators observed that none of the eight cysteines in LacY was 

essential for function. Since removal of all endogenous cysteines was well tolerated, Cys 

mutations were introduced on an ideal Cys-less template [165]. In many cases, however, 

a functional Cys-less background is unachievable or unnecessary. As shown for NaDC1 

[160], the dipeptide transporter hPepT1 [166, 167], the CB2 Cannabinoid Receptor [168] 

and others [166, 169, 170], as long as some or all of the endogenous cysteines are 
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insensitive to MTS modification, and mutation of the sensitive ones preserves activity, 

the use of a Cys-less template is redundant. Likewise, in our laboratory, a functional Cys-

less hASBT mutant was unattainable. Nonetheless, we, as well as Hallén et al [89], 

observed that Cys270 is responsible for wt-hASBT sensitivity to thiol modification, and its 

replacement with alanine conferred resistance to thiol labeling, while retaining full wild-

type function and virtually unaltered kinetics [86]. Also as shown by us [86, 119] and 

Hallén et al [89, 90], Cys270 is not essential for ASBT function, despite its high level of 

inter-species conservation and alleged location within the substrate-binding region. It 

became evident that C270A was an excellent scaffold for Cys scanning mutagenesis and 

that mutation of most native Cys residues was not critical for our SCAM studies. 

Inaccessibility to thiol-modifiers was further evidenced by C270A treatment with the 

cysteine-specific reagent MTSEA-biotin, which labeled the wt-hASBT but not C270A, 

whereas the lysine-specific reagent NHS-SS-biotin detected both proteins [119]. It is 

worth noting that C270A is resistant to charged, membrane impermeable MTS reagents 

such as MTSET and MTSES, but not to membrane semi/permeable thiosulfonates such 

as Allyl-MTS, which can cross the plasma membrane and modify membrane-bound or 

intracellular cysteines from the trans side [86].  

2.2.5.2 Substrate Effect on Thiol-labeling: Mapping hASBT Binding Pocket 
and Translocation Pathway 

In SCAM studies, successful thiol labeling implies solvent-accessibility of the 

introduced cysteine. While suggestive of a potential role in substrate interactions for the 

probed amino acid, solvent-accessibility is not irrefutable proof that a residue interacts 

with the substrate or lines the translocation pathway. The ability of substrates to interfere 

with MTS labeling can be useful as a tool to disclose this possibility. To that end, we 
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employed labeling with MTS-bile acid conjugates, or thiosulfonate in presence vs. 

absence of bile acid or sodium, which we discuss next. In both approaches, COS-1 cells 

transiently expressing hASBT or mutants were pre-incubated with the MTS 

reagent/conjugate, and protein function was subsequently assessed with [3H]-TCA 

uptake.  

2.2.5.3 Bile Acid-MTS Conjugates to Map the Binding Pocket 

Loo and collaborators have successfully mapped the P-glycoprotein (Pgp) binding 

site with MTS-verapamil and MTS-rhodamine [171, 172]. Similarly, we have shown that 

MTS-bile acid conjugates react specifically and dose-dependently with cysteines 

introduced at the bile acid binding site [86, 126]. In agreement with previous findings 

[86, 89, 90], we corroborated Cys270 location in a region sensitive to bile acid 

interactions, and demonstrated that bile acid conjugation with MTS is a promising tool to 

map ligand binding and translocation regions in hASBT, that can potentially be applied to 

other bile acid carriers, such as BSEP and NTCP. 

2.2.5.4 Substrate Protection/Interference Assays 

For specific hASBT mutants, the presence of bile acid in the thiosulfonate pre-

incubation buffer or the removal of sodium from it, prevented labeling and restored 

substrate uptake, often times to the same levels of untreated controls [121-124, 127]. We 

have thereby, disclosed protein regions in hASBT that are putatively involved, either 

directly or indirectly, with substrate interactions. We were careful in our results 

interpretation, as substrate protection may at first suggest that the substrate is competing 

with the thiosulfonate reagent for the introduced cysteine, however, the mechanism 

underlying function restoration may vary. For instance, while the substrate itself may 
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directly block access of the thiosulfonate to the introduced cysteine (and thereby confer 

“protection”), long-range conformational changes elicited by substrate binding and 

translocation may alter Cys accessibility, and “hide”/“expose” the Cys side chain from/to 

the solvent. Hence, the substrate may either “protect” or “unprotect” the Cys from thiol 

modification, and restored uptake may simply mean that the introduced Cys is placed in a 

conformationally sensitive region, rather than being directly involved in substrate 

interactions. For instance, Cys270 (wt-hASBT) reactivity with MTSET increases in 

presence of sodium, whereas removal of this co-transported cation prevents reaction and 

restores wt-hASBT uptake. This “protection” in absence of sodium clearly denotes the 

involvement of conformational events, since there is no substrate to physically “block” 

access of the MTS reagent to the cysteine. In contrast, co-incubation with the natural 

substrate glycodeoxycholic acid (GDCA) prevents wt-hASBT labeling by MTSET, 

suggesting a more direct implication of the substrate in the mechanism of protection, as 

well as Cys270 location in a region involved in bile acid binding or translocation. 

Interestingly, MTSET accessibility alternates upon co-incubation with GDCA in presence 

vs. absence of sodium, which further corroborates location of this residue in a 

conformationally-sensitive region that is involved in bile acid interactions [120].  

It is possible to distinguish between these two mechanisms, i.e., protection 

conferred by direct occlusion of the Cys or by long-range conformational effects, 

experimentally, by exploiting the temperature-dependence of transport [151, 173-175]. 

Molecular motions have to overcome large energy barriers and tend to slow down at 4°C, 

whereas substrate binding should remain unaffected under these conditions. For instance, 

at the sodium-dependent glutamate transporter EEAT1, L-Glu transport was significantly 
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reduced at temperatures approaching 0 °C, without severely affecting substrate binding, 

as reported by Seal and colleagues [151]. By pre-incubating the thiosulfonate reagent, 

with or without substrate, at 4 °C versus higher temperatures (typically 22°C), we 

identified a conformationally sensitive region in TM1 encompassing Leu34 and Leu38. 

Remarkably, while both L34C and L38C mutants were significantly protected by GDCA, 

protection levels at 4°C increased for L38C, but decreased for L34C, suggesting that 

these residues may possibly sense opposite forces during bile acid translocation, and that 

they are placed in a TM region of intense conformational activity.  

To ensure that pre-incubation at low temperature would not interfere with 

thiosulfonate labeling itself, we tested this protocol with wt-hASBT, using MTSET as the 

labeling agent. Our preliminary experiments indicated that temperature did not affect wt-

hASBT labeling (Figure 3), and that no changes in MTSET pre-incubation would be 

necessary at the tested temperatures [127]. Since there are reports of increased MTSET 

concentration [174] or incubation time [173] at low temperatures, or equivalent 

conditions [175] at both low and high temperatures, this result suggests that the effect of 

temperature in thiol labeling may be protein-specific. Globally, our observations illustrate 

the value of the SCAM approach in providing insight on static as well as dynamic 

processes during the transporter cycle. 
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Figure 3. MTSET Labeling of the wt-hASBT is Time and Concentration-dependent in Transiently 
Transfected COS-1 Cells. 
COS-1 cells transiently transfected with the wt-hASBT were pre-incubated at 4 °C or r. t. with A) 1 mM 
MTSET for various time points or B) 10 min at various MTSET concentrations, followed by washes, and 
[3H]-TCA uptake. 

2.2.6 Sodium Activation Experiments: Uncovering Residues Involved in Sodium 
Transport 

As a secondary active transporter, ASBT harnesses energy from the inward ion 

(sodium) gradient to concentrate bile acids within the cell interior. Sodium translocation 

is coupled to bile acid through the same transporter, and active transport does not occur in 

absence of sodium. While ASBT-mediated transport is optimal under a sodium gradient, 

i.e., [Na+]out > [Na+]in (out = extracellular; in = intracellular), lack of a gradient does not 

preclude transport. In fact, Lücke and colleagues reported bile acid transport under 

equilibrative sodium concentrations, i.e., [Na+]out ≈ [Na+]in, albeit with reduced efficiency 

[59]. TCA transport was 11-fold higher at [Na+]out > [Na+]in, and 4-fold higher at [Na+]out 

≈ [Na+]in, compared to absence of sodium. Likewise, we observed that the wt-hASBT 

retained approximately 30 % of its function under 12 mM (equilibrative) extracellularly 

applied sodium, relative to 137 mM (the “physiological” sodium gradient), in transiently 

transfected COS-1 cells (Figure 4). This protocol has proven valuable to uncover amino 

acid residues that are highly implicated in sodium transport. Mutation of such residues 

will incur functional defects that may not be immediately evident under the high 
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extracellular sodium concentrations (≈ 137 – 140 mM) applied in a typical functional 

assay (“initial rates” of uptake). In contrast, under equilibrative conditions uptake will 

likely be deficient, and the relevance of the mutated residues will be revealed. The 

reduced function observed for wt-hASBT under this protocol suggested that mutations on 

the wt-hASBT background may be further detrimental for activity, and uptake for sodium 

sensitive mutants may not be measurable. This limitation was circumvented by the use of 

C270A, which retained approximately 80% of its activity under equilibrative [Na+] 

(Figure 4 and [119]). The minimal sodium-sensitivity exhibited by C270A, combined to 

the fact that Cys270 is not essential for function [89, 120], rendered C270A an attractive 

background for our sodium dependence (also called “sodium activation”) experiments 

[119, 120, 122, 123, 127]. We provide a list of sodium-sensitive residues in Appendix A.  

 

 

Figure 4. Sodium Activation/Dependence of the wt-hASBT and C270A in Transiently Transfected 
COS-1 Cells.  
COS-1 cells transfected with wt-hASBT or C270A plasmid, were incubated with 5µM TCA (spiked with 
[3H]-TCA) in buffer containing 12 mM or 137 mM sodium. Uptake is expressed in pmoles [3H]-TCA 
internalized per minute per milligram of protein. Bars represent the S.E.M. of three independent 
experiments, each performed in triplicates.  
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2.3 Summary of hASBT Topology 

We have demonstrated that successful mapping of regions implicated in hASBT 

transport cycle can be achieved with a combination of SCAM, kinetics evaluation, 

sodium activation experiments, and a continuous cross-validation between experimental 

and in silico results. In SCAM, we have systematic mutated individual amino acids 

comprising entire putative protein segments and evaluated their solvent accessibility with 

a variety of MTS reagents (MTSET, MTSES, MTSEA, MTSEA-biotin or TS-biotin) and 

protocols. 

Integrated, our observations suggest: i) a potential cooperativity between TM6, 

EL3 and TM7 during bile acid translocation. The TM7 exofacial side and the EL3 

transversing segment (where Cys270 is located), exhibited strinking solvent accessibility 

and substrate protection [120]; ii) the proline- and glycine- enriched TM6 may possibly 

function as a conformational switch that facilitates local and global conformational 

changes in EL3 and TM7, during translocation [122] (Figure 5A); iii) hydrophilic cavities 

in TM3 and TM7, and the presumed presence of proline-induced distortions in their 

respective helices, also support a collaborative motion between these helices during 

substrate exit into the cytoplasm [124] (Figure 5B); iv) TM1 is involved in translocation 

of one of the two allegedly transported sodium ions [127], and may potentially 

collaborate with TM7 and EL1 during this process. v) also based on the reputed 2:1 

sodium : bile acid stoichiometry, sodium sensors Asp122 (EL1) and Glu261 (EL3), as well 

as Phe278 (TM7) and Glu261 (EL3), which are putatively responsible for sodium 

stabilization via cation π interactions, are reputed participants in sodium transport. In 

summary, we revealed participation of EL1 and EL3 in sodium and bile acid binding; 
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TM1, TM6 and TM7 in lining the sodium and bile acid pathways and finally, TM3 and 

possibly TM4 in participating in the substrate exit route into the cytoplasm [119-124, 

127]. We present an overview of our observations and a schematic representation of the 

ASBT transport cycle in Appendix A and Figure 6, respectively. Investigations on the 

role of TM2 and TM5 in hASBT transport are underway.  

 

 

Figure 5. Accessibility profile and cooperation among several hASBT regions.  
Reprinted with permission from [124] (Copyright 2009 American Chemical Society) and [120]. A, Solvent 
accessible regions at TM6, EL3 and TM7. Black circles represent amino acids that exhibit functional loss 
upon cysteine substitution; light grey circles denote MTS-sensitive mutants. * represent Na+ -sensitive 
mutants. B, Relative orientation of TM7 and TM3, based on their solvent-accessibility profiles, with the 
putative translocation pathway formed between TM7 and TM3. Arrows indicate putative distortions 
induced by Pro142 and Pro290, and the space-filled format depicts amino acids. 
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Figure 6. Putative ASBT transport cycle 
This research was originally published in [127]. Reprinted with permission. Proposed mechanism based on 
the established 7 transmembrane domain topology [116] and putative 2:1 sodium : bile acid stoichiometry 
[65], as well as current and previous publications. Direct interaction of sodium (orange) or bile acid (blue) 
with amino acid residues is denoted as dotted lines, while translocation through reputed substrate pathways 
is shown as full arrows. Transmembrane domains (TM1-7) and extracellular loops (EL1-3) are shown in 
gray, and amino acid residues involved in substrate interactions or that line the substrate pathway are 
visualized. Intracellular loops were omitted for clarity. Circled numbers describe each proposed step: (1) 
Stabilization of the 1st Na+ ion within EL3 via the negatively charged sodium sensor Glu261 [120, 121, 
130] and cation-π forces with the Phe278 aromatic ring [120]; (2) Na+ binding triggers conformational 
changes that will facilitate its own permeation and (3) simultaneously favor binding of the sodium sensor 
Asn122 [121, 130] to the 2nd Na+ ion, which is further stabilized by amino-aromatic/cation- π interactions 
with Phe287 and the amide proton in Asn27. (4) Structural changes induced by binding/stabilization of the 
2nd Na+ will render the binding pocket formed by Glu282, Leu283 and Asn2 [116], and possibly Asp124, 
available to interact with the bile acid (BA-), leading to coupled Na+ and BA- translocation through 
translocation pathways in TM1 (current manuscript), TM6 [122] and TM7 [119], and exit into the 
cytoplasm through TM3 [124] and TM4 [123](5). Participation of TM2 and TM5 in substrate/ion binding 
or translocation is currently under investigation. 
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Chapter 3 Transmembrane Helix I Contributes to Substrate 

Translocation and Protein Stability Of Bile Acid Transporter 

SLC10A23 

3.1 Introduction 

Enterohepatic recirculation is a highly efficient mechanism for conserving the 

body’s total bile acid pool. Whereas the majority of bile acids are reabsorbed passively 

throughout the small intestine, active reabsorption occurs in the distal ileum by the apical 

sodium-dependent bile acid transporter (ASBT; SLC10A2). As a high-capacity, high-

affinity co-transporter, ASBT effectively reclaims the vast majority of bile acids, such 

that less than 5% of the circulating bile acid pool is lost through fecal elimination [26]. 

Defective ASBT transport is associated with various disease conditions [25, 34, 35]. 

Further, ASBT constitutes a pharmacologic target for improving oral drug bioavailability 

[5, 6, 108] as well as hypocholesterolemic agents, since cholesterol metabolism is 

induced upon bile acid depletion [37, 38]. To elucidate the structure-function relationship 

of ASBT, our laboratory has previously employed cysteine scanning mutagenesis and 

site-directed alkylation techniques [116, 118] to determine structural requirements for 

substrates and their turnover [116, 119, 120, 122, 176, 177]. We demonstrate that 

residues lining TM6 [122] and TM7 [119] participate in substrate recognition and protein 

                                                
3 This research was originally published in the Journal of Biological Chemistry. Authors: T Claro da Silva, 
N Hussainzada, CM Khantwal, JE Polli, P Swaan. Title: "Transmembrane helix I contributes to substrate 
translocation and protein stability of bile acid transporter SLC10A2". Journal of Biological Chemistry. 
2011; Vol: 286 (31), 27322 - 27332. © the American Society for Biochemistry and Molecular Biology. 
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entry from the exofacial matrix, while the cytosolic half of TM3 mediates substrate 

release into the cytosolic milieu [124], putatively in conjunction with TM4 [123]. 

Moreover, the extracellular loop (EL) 1 [121] and EL3 [120] regions mediate initial 

substrate and sodium recognition and binding and may facilitate movement of ligands in 

solvent accessible pockets situated deeper into the protein core, for ultimate translocation 

along membrane spanning domains. A number of groups have corroborated the 

functional importance of key residues identified in ASBT transport and function [130, 

131]. 

The present study extends our analysis to TM1 based on: (i) its high degree of 

amino acid conservation among a wide range of ASBT orthologs (3) (Fig. 7B), in 

particular the sodium-dependent organic anion transporter (SOAT; SLC10A6) [178], and 

NTCP (SLC10A1) [15]; (ii) the relatively amphipathic nature of TM1, which would 

facilitate passage of charged substrates during permeation events; and (iii) the spatial 

proximity of TM1 to other regions of functional importance, specifically EL1 and TM7 

[116, 118]. Based on these facts, we hypothesized that TM1 plays a pivotal role in 

ASBT’s substrate translocation process. 
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Figure 7. ASBT (SLC10A2) protein secondary structure and sequence conservation across species.  
A, Secondary structure of ASBT based on our validated topology model [126]. Circles represent single 
amino acid residues; dotted lines indicate the lipid-aqueous interface, with large-scale protein features (i.e. 
extracellular loop (EL), intracellular loop (IL) and transmembrane (TM) regions); dark-shaded circles 
indicate residues previously submitted to Cys-scanning mutagenesis and thiol modification. Residues 
comprising the TM1 region are encircled by a light gray square and contain their single-letter amino acid 
designation in black. B, TM1 (Ile29-Gly50) is indicated by a box. Sequences were aligned with ClustalW 
[179], and the levels of conservation are highlighted, with asterisks (*) representing identical residues, 
colons (:) demonstrating strongly similar residues, and a period (.) denoting weakly similar residues. 

3.2 Experimental Procedures 

3.2.1 Materials 

[3H]-Taurocholic acid (0.2 Ci/mmol) was purchased from American Radiolabeled 

Chemicals, Inc, (St. Louis, MO); taurocholic acid (TCA) and glychodeoxycholic acid 

(GDCA) from Sigma (St. Louis, MO); MTS reagents from Toronto Research Chemicals, 

Inc, (North York, ON, Canada); immobilized streptavidin from Pierce Biotechnology, 

Inc. (Rockford, IL); pepstatin from Research Products International Corp. (Mt. Prospect, 

IL); MG132 from Cayman Chemical (Ann Harbor, MI); WST-1 reagent from Roche 
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Diagnostics GmbH (Mannheim, Germany); cell culture media and supplies were obtained 

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

commercially. 

3.2.2 Site-directed mutagenesis, transfection, cell culture and protein expression 

The MTS-insensitive hASBT C270A construct was used as a scaffold for cysteine 

point mutations as described previously [86, 119], while the wt-ASBT was the template 

for Ala mutations, as well as N27D and N27Q. Mutants were verified by sequencing and 

transiently transfected in COS-1 cells as described [177]. Protein expression at the cell 

surface was determined by biotinylation with the membrane impermeable EZ Link NHS-

SS-Biotin (Pierce, Rockford, IL) followed by Western blot as previously described [177] 

and detailed in the figure legends. An Odyssey imaging system (Licor, NE) was used to 

visualize protein bands. This approach permits comparative measurement of expression 

levels for both the glycosylated (41 kDa) and unglycosylated (38 kDa) ASBT protein 

species, with a custom-designed rabbit polyclonal anti-hASBT antibody (1:1,000) [116]. 

Labeling selectivity to cell surface proteins was confirmed by the absence of a 90 KDa 

band for the ER protein calnexin (mouse anti-calnexin; Sigma;1:1,000), and presence of a 

140 KDa band for the cell surface marker pan-cadherin (mouse anti-cadherin; 1:1000; 

Abcam). Blots are representative of two independent experiments.  

3.2.3 Substrate transport and sodium activation of TM1 mutants 

Transiently transfected COS-1 cells were incubated at 37 °C for 12 min in 

Modified Hanks’ balanced salt solution (MHBSS), pH 7.4, containing 5.0 µM cold TCA 

spiked with 1 µCi/mL [3H]-TCA. Uptake was halted by washing cells with ice-cold 
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DPBS containing 0.2% fatty acid-free BSA and 0.5 mM TCA. Cells were lysed in 350 

µL 1N NaOH, and substrate incorporation was measured by liquid scintillation counting, 

using a LS6500 liquid scintillation counter. Rates of uptake were calculated as pmols of 

[3H]-TCA internalized per min per mg of protein using the Bradford assay for total 

protein quantification. The influence of sodium on transport function was determined by 

[3H]-TCA uptake under equilibrating (12 mM) versus physiological (137 mM) sodium 

concentrations, as described previously [177]. Choline chloride (ChCl) is used as a 

replacement for sodium and added to the 12 mM sodium solution to maintain osmolarity. 

The ratio of uptake at 12 mM Na+ versus 137 mM Na+ was calculated for each mutant 

transporter and normalized to the C270A control ratio. An uptake ratio equal to one 

implies minimal participation of that residue during sodium interaction or binding events, 

while fractions above or below one suggest a putative role during sodium co-transport 

events.  

3.2.4 Substrate and sodium kinetics of select TM1 mutants  

Substrate kinetics were determined for a select group of TM1 cysteine mutants 

using a wide range of bile acid (0 – 200  µM TCA) and sodium (0 – 200 mM NaCl) 

concentrations as described previously [121]. Kinetic parameters were derived by 

nonlinear regression using GraphPad 5.0 software (San Diego, CA) as described [121].  

MTSET inhibition and substrate protection studies– Transiently transfected COS-

1 cells were pre-treated with 1 mM MTSET for 10 min at room temperature (r.t.), and 

evaluated for [3H]-TCA uptake, as previously described [121, 177]. Control cells 

(without MTSET) were treated identically and run in parallel. For each mutant, MTSET 

inhibition of transport activity was calculated as the ratio of uptake for the MTSET-
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treated cells versus the control cells. Each ratio was then normalized to the C270A ratio. 

Additionally, the influence of sodium or the endogenous substrate glycodeoxycholic acid 

(GDCA; 200 µM) on MTSET (1mM) labeling rates was evaluated as described [177]. 

Briefly, cells were pre-treated with 1 mM MTSET in the absence or presence of GDCA 

or Na+ for 10 min at r.t. and incubated in MHBSS buffer at 37 °C for 15 min, followed 

by [3H]-TCA uptake as described above. To evaluate the effect of temperature on 

substrate protection, pre-incubations with 1 mM MTSET in the absence or presence of 

GDCA or Na+ were performed for 10 min at r.t. vs. 4 °C. Inhibition was determined for 

each mutant by calculating the ratio of mutant uptake at each experimental condition 

versus its respective unmodified control. Mutant ratios were then normalized to the 

C270A ratio calculated in the same manner. 

3.2.5 Assessment of proteasomal or lysosomal degradation and hASBT folding 

Transiently transfected COS-1 cells were treated 24 – 48 hrs post-transfection 

with the following inhibitors (final concentrations in antibiotic-free, 10% FBS DMEM, 

i.e., AB-free DMEM): NH4Cl, leupeptin/pepstatin, MG132, cyclosporine A (CsA), and 

cholic acid (CA), at concentrations listed in the figure legend. After 8h (MG132, NH4Cl 

and leupeptin/pepstatin) or 24h (CsA and CA), cells were washed twice in ice-cold PBS, 

lysed and processed as described above, or reagents were replaced with AB-free DMEM 

for 30 min prior to experiment, followed by biotinylation as described above. Protein 

concentrations were determined by the Bradford assay, with equal gel protein loading (7 

µg/lane), except for G50C samples, which were loaded at a slightly higher concentration 

(8.5 µg/lane), to permit band visualization. Densitometric analysis later accounted for this 

difference, since both the loading control cadherin, as well as the protein bands were 
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normalized to the amount loaded per well. This method allowed us to make comparisons 

of different treatments for the same mutant, as well as between mutants. To ensure that 

the treatments did not cause cytotoxicity, cell viability was examined with the WST-1 

reagent (Roche Applied Sci, IN) per manufacturer’s instructions.  

3.2.6 Data Analysis 

One-way analysis of variance (ANOVA) with Dunnett’s post-hoc test, or the two-

tailed unpaired Student’s t-test was employed when appropriate, using GraphPad 5.0 or 

Kaleidagraph 4.0. Differences were considered statistically significant (*) at p≤0.05. Bars 

represent the standard error of the mean (SEM) for n≥3.  

3.3 Results 

3.3.1 Transport activity and membrane expression of TM1 cysteine mutants 

Individual cysteine substitutions were incorporated along the TM1 helix (Ile29-

Gly50; Fig. 7A) using our previously validated C270A scaffold as the mutagenic template 

[86, 119]. The polar residues Asn27 and Asn28 were included since they are positioned at 

the putative exofacial membrane-aqueous boundary. Each mutant was transiently 

transfected in COS-1 cells and evaluated for functional activity and protein cell surface 

expression. Parallel measurements of total protein levels in whole cell lysates were 

performed to distinguish between mutants with alterations in protein synthesis or 

degradation rate versus membrane targeting defects due to cysteine substitution. 

After normalizing uptake rates to membrane expression, the majority of TM1 

cysteine mutants (71%; 18 of 24 mutants; Figure 8), demonstrated significantly altered 

uptake rates for the prototypical substrate taurocholic acid (TCA) compared to C270A 
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control. Activity for mutant G50C was severely diminished (<10% control activity) as 

was its overall expression, suggesting that mutation caused protein misfolding or 

instability leading to rapid degradation. The other TM1 cysteine mutants demonstrated 

measurable expression levels both in whole cell lysate fractions as well as at the cell 

surface (Figure 8). Interestingly, N27C had ~20% residual transport activity whereas 

neighboring N28C remained largely unaffected. In contrast, mutant L38C exhibited 

increased uptake rates. degradation rate versus membrane targeting defects due to 

cysteine substitution. 
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Figure 8. [3H]-TCA uptake and protein expression of TM1 cysteine mutants.  
A, COS-1 cells were transfected with C270A or mutant plasmids as described in Methods. Rates of uptake 
were expressed as a percentage of the parental transporter, C270A, in pmoles [3H]-TCA internalized per 
minute per milligram of protein. Bars represent the S.E.M. of three independent experiments, each 
performed in triplicate. ANOVA with p < 0.05 (*) indicates significant mean differences. B, Total (whole 
cell) and cell surface (biotinylation) protein expression of Cys mutants. Equal amounts of protein (7 
µg/lane) were loaded on a 12.5% denaturing polyacrylamide gel, and hASBT protein was identified using a 
custom anti-hASBT antibody (1:1,000). Labeling selectivity to cell surface proteins was confirmed by the 
absence of a 90 KDa band for the ER protein calnexin (mouse anti-calnexin; 1:1,000), and presence of a 
140 KDa band for the cell surface marker pan-cadherin (mouse anti-cadherin; 1:1,000). Mature 
glycosylated hASBT visualizes as the 41kDa band while the lower, 38kDa band (not indicated) represents 
the unglycosylated species. Blots are representative of two independent experiments. C, Rate of uptake 
expressed as a percentage of the parental transporter, C270A, normalized to ASBT cell surface expression 
(from B, lower panel). Since levels of glycosylated (41 KDa) and unglycosylated (38 KDa) protein were 
tightly correlated, only glycosylated protein bands were considered for densitometric analysis. 

3.3.2 Sodium Activation 

ASBT actively concentrates bile acids within the cell interior by harnessing 

energy from the inward sodium gradient [65]. To investigate the involvement of TM1 in 

sodium translocation, we assayed each mutant for TCA transport at physiological and 

equilibrating extracellular [Na+] (12 mM), i.e. [Na+]out ≈ [Na+]in. Theoretically, this 

strategy can identify residues that are sensitive to extracellular levels of sodium and that 
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may participate, either directly or indirectly, during sodium transport steps. For each 

mutant, we calculated the ratio of transport at 12 mM vs. 137 mM [Na+] and then 

normalized values to the C270A ratio. Our previous studies confirm minimal sodium 

sensitivity of the C270A parental template under equilibrative extracellular Na+ 

conditions [119]. N27C, L30C, L38C, T39C and M46C demonstrated significant 

differences in sodium sensitivity (Fig. 9 and Table 2) compared to C270A control. 

 

Figure 9. [3H]-TCA uptake ratio under equilibrating (12 mM) vs. saturating (137 mM) sodium 
concentrations.  
Uptake of 5µM TCA (spiked with [3H]-TCA) in COS-1 cells transfected with C270A or mutant plasmid, in 
pmoles [3H]-TCA internalized per minute per milligram of protein, calculated as the ratio of uptake at 12 
mM/137 mM sodium concentrations, and further normalized as a percentage of the parental C270A ratio. 
Bars represent the S.E.M. of three independent experiments, each performed in triplicates. ANOVA with p 
< 0.05 (*) indicate significant mean differences. 
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Table 2. Substrate kinetic parameters for select TM1 mutantsa. 

 

3.3.3 Solvent accessibility of cysteine mutants 

Membrane-impermeant MTSET is highly selective for ionized sulfhydryl groups, 

which predominantly occur on Cys residues exposed to an aqueous environment [154, 

180]. Thus, pre-incubation with MTSET followed by evaluation of functional activity can 

theoretically identify residues that lie within binding pockets or translocation pathways. 

Our data reveal significant decreases in functional activity upon MTSET treatment for 

mutants L30C, V33C, L34C, S35C, L38C and T39C (Figure 10). These sites are situated 

predominantly along the exofacial half of the helix. Interestingly, L30C, L34C, and L38C 

are most affected by MTSET modification and roughly display a-helical periodicity. 

While we expect inhibition of [3H]-TCA uptake for residues that line an aqueous 

substrate permeation pathway, functionally silent modifications may occur that cannot be 

identified under these experimental conditions.  
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Figure 10. MTSET labeling of TM1 Mutants.  
Transiently transfected COS-1 cells were pre-incubated with 1 mM MTSET for 10 min, at r.t., followed by 
washes, and [3H]-TCA uptake. The ratio of uptake in absence vs. presence of MTSET (i.e. MTSET/Initial 
rates of uptake) was expressed as a percentage of MTSET/Initial ratio of the parental C270A. Bars 
represent the S.E.M. of three independent experiments, each performed in triplicates. ANOVA with p < 
0.05 (*) indicate significant mean differences. 

3.3.4 Substrate Protection Assays 

To determine whether ASBT substrates interact with solvent accessible residues 

identified above, MTSET was co-incubated with glycodeoxycholic acid (GDCA, KT ~2.0 

µM). “Substrate protection” afforded under these conditions was calculated as a 

percentage of the uptake under untreated conditions. Only residues affected under these 

conditions are shown (Figure 11). Native wt-ASBT protein was included as a positive 

control, since it displays significant substrate protection from MTSET modification in 

presence of GDCA (Figure 11A). Substrate protection was observed only for mutants 

L34C, T36C and L38C (Figure 11A); complete restoration of transport activity suggests 

that these residues may interact with substrate directly or modulate translocation steps.  
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Figure 11. Effect of GDCA or sodium on uptake recovery from MTSET modification. 
Transiently transfected COS-1 cells were pre-incubated with buffer alone or 1 mM MTSET +/- GDCA or 
+/- Na+, for 10 min, followed by washes, 15 min incubation in buffer alone, and [3H]-TCA uptake. A, 
MTSET +/- 200  µM GDCA. For each mutant, results were expressed as a percentage of the uptake in 
buffer alone (Initial rates of uptake). B, Effect of temperature on GDCA protection from MTSET labeling. 
Pre-incubation with MTSET + GDCA at r.t. vs. 4 °C for 10 min. For each mutant, results were expressed 
as a percentage of the uptake after pre-incubation in MTSEt alone. C, MTSET +/- Na+. ChCl was used an 
equimolar replacement for NaCl. For each mutant, results were expressed as a percentage of the uptake in 
buffer alone (Initial rates of uptake). D, Effect of temperature on sodium protection from MTSET labeling. 
MTSET - Na+ at r.t. vs. 4 °C for 10 min. For each mutant, results were expressed as a percentage of the 
uptake after pre-incubation in MTSET alone. Bars represent the S.E.M. of three independent experiments, 
each performed in triplicates. Student’s t test of significant mean differences with p < 0.05 (*) are 
indicated. 

 

In addition to bile acid, binding of sodium may alter protein conformation to 

occlude previously accessible sites or reveal previously inaccessible residues. MTSET 

pretreatment in the absence of sodium significantly protected L38C against MTSET 

modification (Figure 11B) compared to parallel experiments in the presence of sodium. 

These data suggest that accessibility for this residue is altered by sodium interaction 

events. Combined, both bile acid and sodium binding modulate solvent accessibility for 

Leu38. 
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To discriminate between direct and indirect occlusion of L34C, T36C and L38C 

by sodium and bile acid, we determined the temperature-dependence of substrate 

protection for these mutants. While MTSET access to a residue should not vary with 

temperature, residues located at conformationally sensitive regions will exhibit different 

protection patterns at 4 °C, where molecular motions are expected to be slower. GDCA 

prevents MTSET access to L34C and L38C, but not to T36C, in a temperature-dependent 

fashion (Figure 11), whereas protection increases at low temperatures for L38C. These 

results suggest that L34C is placed in a region sensitive to conformational changes 

caused by bile acid, but not sodium, translocation. GDCA protection for T36C was 

independent of temperature, suggesting that T36C is not governed by dynamic changes in 

protein conformation. Instead, it is possible that T36C is located near the bile acid 

binding pocket or translocation pathway. L38C may be placed in a flexible region of 

TM1 modulated by translocation of both sodium and bile acid. Interestingly, GDCA 

protection at 4 °C decreases for L34C and increases for L38C, which tempts speculation 

that Leu34 and Leu38 sense distinct, possibly opposite forces during bile acid 

translocation, alternating solvent accessibility.  

3.3.5 Kinetic Analysis of Select TM1 Mutants 

To further analyze the role of TM1 residues affected above, we performed kinetic 

evaluation on a subset of mutants affording their Michaelis-Menten constant (KT). N27C, 

L30C, L38C, T39C and M46C exhibited significantly altered sodium affinity (KNa), 

whereas only L30C concomitantly displayed significant changes in substrate affinity (KT) 

(Table 2). Mutation at Leu38 significantly increases Jmax without affecting KT. Despite 

significant solvent accessibility and substrate protection, mutants L34C and T36C had 
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analogous KT and KNa values compared to C270A control, consistent with placement of 

these residues within solvent accessible pockets that are indirectly modulated by substrate 

binding and translocation, e.g. via global changes in protein conformation. 

3.3.6 Analysis of select TM1 Mutants against wt-ASBT background 

The results above for C270A scaffold mutants prompted us to further investigate 

functional relevance of these residues in wt-hASBT. Accordingly, we generated N27A, 

L30A, L38A and M46A on the wt-hASBT background, and assessed mutant function by 

[3H]-TCA uptake (Figure 12A). T39A could not be generated. We evaluated the impact 

of side chain size and charge for Asn27, via additional N27D and N27Q mutants. All 

Asn27 mutants had minimal activity compared to the wt-ASBT control, underscoring the 

specific need of an asparagine in this position. Approximately 25% activity was observed 

for L30A. L38A and M46A showed about 80% of wt-ASBT activity, and were further 

inspected for their sodium sensitivity. Consistent with the previous results L38C/C270A 

and M46C/C270A double mutants, sodium sensitivity for L38A increased while M46A 

was less sensitive compared to wt-ASBT control. These results support a central role for 

Leu38 and Met46 during sodium translocation events. 
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Figure 12. Effect of mutation on wt-hASBT Function and Sodium Dependence of Select Mutants.  
A, [3H]-TCA uptake of COS-1 cells transfected with the wt-ASBT or mutant proteins. Rates of uptake were 
expressed as a percentage of the parental transporter, wt-ASBT, in pmoles [3H]-TCA internalized per 
minute per milligram of protein. Bars represent the S.E.M. of two independent experiments, each 
performed in triplicates. ANOVA with p < 0.05 (*) indicate significant mean differences. B, Ratios of [3H]-
TCA uptake under saturating (137 mM) vs. equilibrating (12 mM) sodium concentrations. Uptake levels in 
COS-1 cells transfected with wt-ASBT or mutant plasmid, in pmoles [3H]-TCA internalized per minute per 
milligram of protein, calculated as the ratio of 12 mM/137 mM sodium concentrations, and further 
normalized as a percentage of the parental wt-ASBT sensitivity (12 mM/137 mM). Bars represent the 
S.E.M. of two independent experiments, each performed in triplicates. ANOVA with p < 0.05 (*) indicate 
significant mean differences. 

3.3.7 Residue Gly50 is critical for ASBT folding 

Total protein expression of G50C is dramatically decreased (Figure 13B). Since 

[3H]-TCA transport could be measured, this suggests that mutation at Gly50 produces a 

functional transporter. Based on these observations, we hypothesized that mutation 

resulted in rapid protein degradation via either proteasomal or lysosomal pathways. 

Treatment with increasing concentrations of proteasomal inhibitor MG132 [181] resulted 

in a dose-dependent increase in G50C protein levels in cell lysates (Figure 13C), 

confirming that proteosomal degradation constitutes a major degradation pathway for this 

mutant. Treatment with MG132 also resulted in increased G50C uptake compared to 

untreated cells (buffer only) (Figure 13D). Most notably, MG132 treatment led to 

increased transport function (Figure 13D) and cell surface expression (Fig. 13E) of 

G50C. Treatment with lysosomal pathway inhibitors NH4Cl and leupeptin/pepstatin [181] 

did not significantly affect G50C protein expression, thus suggesting minimal lysosomal 
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degradation of mutant and control proteins (Fig. 13A, B and D). The ubiquitin-

proteasome system (UPS) plays a crucial role in endoplasmic reticulum (ER) quality 

control by eliminating defective proteins from the cell. We hypothesized that mutations at 

Gly50 caused folding abnormalities that culminate in the mutant’s rapid degradation by 

the UPS. “Substrate-assisted folding” may rescue protein levels when substrate is present 

during protein folding by interacting with the active site, and stabilize its conformation, 

thereby aiding the mutant protein in passing ER quality control [182]. We chose the 

hASBT substrate cholic acid (CA); its relatively high lipophilicity would facilitate 

permeation through the plasma membrane to reach the ER. However, treatment with CA 

(Figure 13E) did not significantly restore G50C protein levels. Other common ASBT 

substrates, such as CDCA and LCA, rendered identical results (data not shown). 
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Figure 13. Mechanism of G50C Instability.  
COS-1 cells transiently transfected with C270A or G50C were treated with appropriate reagents for 
specified amounts of time. For the protein expression experiments, equal amounts of protein were loaded 
on a 12.5 % Tris.HCl polyacrylamide gel (7 µg/lane for C270A and 8.5 µg/lane for G50C). Protein bands 
were visualized with the primary antibodies rabbit anti-hASBT (1:1,000) and mouse anti-cadherin 
(1:1,000), and the secondary antibodies anti-mouse IRDye 680 (1:10,000) and anti-rabbit DyLight 800 
(1:10,000). Blots are representative of two independent experiments. A, Effect of degradation Inhibitors on 
G50C Expression. Cells were treated with 20 µM MG132, 15 mM NH4Cl, and leupepsin/pepstatin (100 
µg/mL of each). After 8h, which corresponds to the ASBT protein degradation half-life as determined after 
cyclohexamine treatment (data not shown), cells were harvested and submitted to Western blotting. B, 
Densitometric analysis of the Western blot bands, normalized to loading amounts and the loading control 
cadherin. Bars represent the S.E.M. of two independent experiments, relative to untreated control. C, Dose-
dependent inhibition of G50C proteasomal degradation with MG132 and densitometric analysis of Western 
blot bands. Cells were treated with various MG132 concentrations (5 - 50 µM) for 8h, after which cells 
were harvested and submitted to Western blot. Denstitometric analysis included normalization to loading 
amounts and the loading control cadherin. Bars represent the S.E.M. of two independent experiments, 
relative to untreated control. D, [3H]-TCA uptake of G50C treated with degradation inhibitors. Transfected 
COS-1 cells were treated with the appropriate reagents (20 µM MG132, 15 mM NH4Cl, and 
leupepsin/pepstatin 100 µg/mL of each) for 8h, followed by TCA uptake as described in methods. Rates of 
uptake were expressed as a percentage of untreated control (buffer), normalized for negative control 
(mock), in pmoles [3H]-TCA internalized per minute per milligram of protein. Bars represent the S.E.M. of 
two independent experiments, each performed in triplicate. E, G50C Cell surface expression after treatment 
with degradation inhibitors/chaperones. Cells were treated with CsA (10 and 100 µM), FK506 (100 µM), 
and CA (100 and 500 µM) for 24h and MG132 (2.5, 10 and 40 µM) for 8h followed by biotinylation of cell 
surface proteins as described in Methods.  
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Cis-trans isomerization of proline-linked peptide bonds is a rate-limiting step in 

protein folding, catalyzed by peptidyl-prolyl isomerases (PPIs) including cyclophilin A 

(CyPA) and FK506-binding protein (FKBP) [183, 184]. PPI inhibition will likely affect 

protein levels and potentially reveal the mechanism involved in protein (mis)folding of 

PPI substrates. We employed the CyPA inhibitor cyclosporine A (CsA) and the FKBP 

inhibitor FK506, in order to evaluate the effect of PPI inhibition on G50C levels (Figure 

13E). Treatment with 100 µM CsA, but not FK506, clearly increased G50C levels at the 

cell surface, suggesting a specific role for CyPA on G50C stability, and a possible role 

for Gly50 in ASBT folding.  

To confirm that the observed effects were not specific to the G50C mutant, we 

constructed a wt-G50A mutant. Similarly to G50C, G50A displayed negligible protein 

levels, both in whole cell lysate and in biotinylated samples (Figure 14A), as well as low 

[3H]-TCA transport (Figure 14B). While the lysosomal inhibitors leupeptin/pepstatin and 

NH4Cl failed to rescue G50A surface expression levels, MG132 increased protein surface 

expression in a dose-dependent fashion, thus confirming the major role of the proteasome 

in G50A degradation. Treatment with 100 µM CsA, but not FK506, recovered cell-

surface-resident G50A, thus corroborating the G50C data. The chemical chaperone 4-

PBA did not rescue G50A expression (Figure 14C), but 4-PBA activity may be highly 

mutant specific [185, 186]. Taken together, our data suggest that mutation at Gly50 

produces a functionally intact transporter that undergoes accelerated degradation by the 

proteasome, partly due to folding defects induced by cyclophilin A. 

  

 



 

66 
 

 
 

 

Figure 14. Mechanism of G50A Instability.  
A, G50A total (whole cell) and cell surface (biotinylation) expression. COS-1 cells transfected with G50A 
or wt-ASBT were biotinylated 24 – 48 h post-transfection. Cells were lysed and total protein content was 
determined with Bradford assay, after which protein concentrations were equalized, a small aliquot was 
separated for total protein measurements, from which 7 µg/lane of wt-ASBT samples and 8.5 µg/lane of 
G50A were loaded onto a 12.5% denaturing polyacrylamide gel. Streptavidin beads were added to the 
remaining lysate, and samples were prepared in reducing buffer were loaded on the gel, with G50A always 
loaded on the same gel as the wt-ASBT control for the corresponding experiment (whole cell or 
biotinylation). Blots are representative of two independent experiments. B, [3H]-TCA uptake of COS-1 
cells transfected with G50A or the wt-ASBT control. Rates of uptake were expressed as a percentage of the 
parental transporter, wt-ASBT, in pmoles [3H]-TCA internalized per minute per milligram of protein. Bars 
represent the S.E.M. of at least three independent experiments, each performed in triplicates. ANOVA with 
p < 0.05 (*) indicate significant mean differences. C, G50A cell surface expression after treatment with 
inhibitors, substrates, or chaperones. Cells were treated with CsA (10 and 100 µM), FK506 (100 µM), CA 
(100 and 500 µM) and 4-PBA (1 mM) for 24h and MG132 (2.5, 10 and 40 µM), leupepsin/pepstatin (50 
µg/mL) NH4Cl (15 mM) for 8h followed by biotinylation of cell surface proteins as described above. 
Below the protein bands is the densitometric analysis normalized to the loading control cadherin. Bars 
represent the S.E.M. of two independent experiments, relative to untreated control. ANOVA with p < 0.05 
(*) indicate significant mean differences. 
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3.4 Discussion 

We determined the contributions of TM1 residues during substrate turnover and 

degradation processes of the bile acid transporter, SLC10A2. We show that the TM1 

helix comprises a moderately solvent-accessible membrane-spanning domain, with 

accessible sites discretely spaced along one side of the exofacial half of the helix (Fig 

10A). TM1 likely plays a role in both sodium and bile acid handling, as suggested by 

kinetic evaluation of select mutants (Table 2) and substrate protection studies in which 

bile acid and/or sodium influences MTSET modification rates (Figure 11). Furthermore, 

an intriguing role for Gly50 is suggested during folding of the native transporter, since 

both G50A and G50C mutants demonstrate accelerated degradation, likely due to 

improper folding.  

Cysteine-scanning mutagenesis of the TM1 helix and its two adjacent Asn 

residues demonstrates that ~70% of mutants were significantly affected by Cys mutation 

relative to C270A control (Fig. 2A). However, compared to our previous analysis of TM7 

[119], which exhibited severe intolerance to mutation, TM1 mutants are moderately 

functional. Of note are residues Asn27 and Gly50, which were severely hampered (≤20% 

residual activity) by mutation. Loss of function for the G50C mutant was directly linked 

to a substantial increase in protein degradation, both within whole cell lysates and at the 

plasma membrane. In contrast, expression of the N27C mutant at the cell surface was not 

affected, suggesting a role for this residue in substrate interaction events.  

We next examined the effects on transport of removing the electromotive force of 

the sodium gradient. Transport function for each mutant was evaluated at equilibrating 

extracellular sodium concentrations (i.e. [Na+]out ~ [Na+]in) and found that five mutants 



 

68 
 

(N27C, L30C, L38C, T39C, M46C) were affected by altered [Na+] (Figure 9). 

Subsequent kinetic evaluation corroborated a significant change in sodium affinity (KNa) 

(Table 2). Bile acid affinity (KT) was unaltered for these residues (except L30C), 

signifying their involvement during sodium binding events. In contrast, equilibrative 

[Na+] resulted in increased transport function for M46C (Figure 9), suggesting that loss 

of the sodium gradient restored M46C function. Subsequent kinetic analysis of M46C 

revealed a significantly higher affinity for sodium (KNa) but not for bile acid, which 

validates the proposed role of M46C in sodium binding events. This decrease in sodium 

sensitivity was reproducible for the M46A mutant generated on the wt-ASBT background 

(Figure 12). Similar results were observed for Leu38 mutants L38C and L38A. Because 

both Leu38 and Met46 are uncharged residues, but nonetheless appear to affect sodium 

transport, we posit that these residues may form part of a highly sodium sensitive region 

that cooperates to modulate sodium permeability.  

Our next set of functional studies exploited the thiol reactivity of cysteine groups 

introduced along the TM1 helix, and measured transport inhibition upon pre-incubation 

with MTSET reagent. Significant inhibition of TCA transport was observed 

predominantly for residues lining the exofacial half of the TM1 helix (Figure 10), 

specifically Leu30–Thr39. The inhibition pattern of these residues forms a roughly a-

helical pattern, especially Leu residues (L30, L34, L38) flanked by hydrophilic amino 

acids (S/T); further, discrete partitioning is observed toward one face of the TM1 helix 

when mapped to a helical wheel representation (Figure 15A). Kinetic analysis supports 

sodium and bile acid interactions for Leu30 and sodium interactions for Asn27, Leu38, 

Thr39, and Met46 (Table 2). Subsequently, substrate protection studies were conducted to 
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determine whether the presence of bile acids or removal of sodium ions imparted 

conformational changes that would influence MTSET accessibility to these residues 

(Figure 11). Significant protection from MTSET alkylation by bile acids was observed 

for mutants L34C, T36C and L38C, while removal of sodium during MTSET 

preincubation only restored transport function for L38C. GDCA protection from MTSET 

labeling was clearly temperature dependent for L34C and L38C. For the latter, protection 

in the absence of sodium was also temperature dependent. These results are consistent 

with conformational changes governing MTSET access to the aforementioned residues, 

and support the hypothesis that Leu38 is located in a flexible and dynamic region of the 

protein, sensing both sodium and bile acid translocation. 

  

 

Figure 15. In silico representation of residues relevant for sodium transport.  
A, helical wheel representation of TM1 as viewed from the exofacial side of the plasma membrane 
(Lasergene 6.0; DNAstar, Inc., Madison, WI). Amino acids are represented by their single-letter codes and 
corresponding placement within the protein. B, solvent accessibility analysis of hASBT. The grid method 
within SiteID (Sybyl-X, Tripos Associates, St. Louis, MO) was used to determine accessible regions of a 
previously developed homology model of hASBT protein [116]. Major clusters are visualized by colored 
spheres. For clarity, only clusters surrounding TM1-3 and TM6-7 were visualized. C, Proposed model for 
stabilizing amino-aromatic/cation-p interactions in ASBT: Phe287 (magenta) is sandwiched between Na+ 
(yellow), and the Asn27 amide proton. The white VDW representation highlights sodium sensitive residues 
Ile103 and Gly104, in EL1, as well as Val127 in EL3. The dotted line represents the 2Å distance between 
the Asp27 proton and the centroid of the Phe287 aromatic ring. Generated using VMD 1.8.6 software. 
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Our ASBT homology model [116] predicts proximity of Asn27 to the highly 

solvent accessible exofacial half of TM7 (Fig. 15B,C), particularly Phe287 and Thr288 

which are both located in the vicinity of a structural anchor comprising residues Phe289, 

Tyr293, Asp297, Ala301, Phe307 and Tyr308 [119]. Because neither conservative nor non-

conservative mutations of Asn27 restored activity (Figure 12A), we conclude that this 

residue is essential at this particular position, perhaps by forming cation-π point 

interactions with Phe287 and Na+ to stabilize an optimal three-dimensional conformation 

required for ASBT function (Figure 13C). Since cation-π interactions can accept a third 

electron-deficient group [187] and our model indicates that Asp27 and Phe287 are located 

in the vicinity of Ile103, Gly104, Thr110, Leu115, Ala116, and Val119 in EL1 [121], and Val127 

and Ser128 in TM3 [124], all of which are sodium sensitive, we propose an arrangement 

where Phe287 is sandwiched between the Asn27 amide proton and the sodium ion (Figure 

15C), which may serve to stabilize conformations that promote bile acid transport. 

Finally, we report accelerated hASBT degradation rates upon mutation of highly 

conserved Gly50 and conclude that this residue may be critical for hASBT folding 

(Figures 8, 13, 14). We demonstrate that mutations at Gly50 produced functionally intact 

proteins, and that G50A and G50C expression could be rescued by the proteosomal 

degradation inhibitor MG132 but not by lysosomal inhibitors. Moreover, G50A (Figure 

14C) and G50C (Figure 13E) proteins that escaped from the ER (due to MG132 

treatment) could be properly inserted into the plasma membrane. Data with CsA and 

FK506 support a partial role for Gly50 on cis-trans isomerization of hASBT prolines by 

CyPA, but not FKBP. The definitive mechanism involved in CsA rescue of G50A and 

G50C expression is presently unclear. CyPA does not require a specific recognition motif 
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in its substrates in order to execute its proline isomerization activity [188]. We speculate 

that Gly50 resides next to a critical hASBT region for CyPA recognition, and mutation at 

this residue may affect the final catalysis product, potentially leading to excessive protein 

isomerization and improper folding.  

In summary, we demonstrate that the TM1 helix is important for both sodium and 

bile acid transport events, with residues situated along the exofacial helix likely 

participating during substrate permeation. Residues Asn27, Leu30, Leu38, Thr39 and Met46 

play a crucial role in sodium affinity, while only residue Leu30 appears to be essential for 

bile acid affinity. We also report an intriguingly and possibly regulatory role of Gly50 on 

hASBT folding. Overall, these data in combination with our previous studies reveal 

interactions at the molecular level of ASBT that provide a deeper insight into its 

functional transport cycle (Figure 6). 
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Chapter 4 Charged Residues At The First Half Of The 

Intracellular Loop I Are Critical For Protein Stability Of The 

Apical Sodium-Dependent Bile Acid Transporter (ASBT; 

SLC10A2), And Respond Specifically To Cyclosporine A 

4.1 Introduction 

The human apical sodium-dependent bile acid transporter (hASBT, SLC10A2) is 

the chief intestinal bile acid transporter and is key to the enterohepatic circulation of bile 

acids (EHC). Topologically, hASBT is a glycoprotein that spans the membrane bilayer 

seven times, oriented with an extracellular N-terminus and cytoplasmic C-terminus 

(Nexo/Ccyt) [75, 89, 90, 145]. It utilizes cellular sodium gradient to actively concentrate 

bile acids in the enterocytes. We and others [189] have indicated transmembrane domain 

(TM) 1, 3, 4, 6 and 7; extracellular loop (EL) 1 and 3 [119-124, 127]; and the C-terminus 

[189] as participants on this concerted translocation process. Yet, the relevance of 

intracellular regions on hASBT function or stability is unclear. In NTCP, Asp115, located 

in the intracellular loop (IL) III, was shown to be essential for taurocholic acid (TCA) 

transport [190]. Charged residues in the IL connecting the TM6 and TM7 of the human 

intestinal di-/tripeptide transporter (hPEPT1), are critical for glycylsarcosine uptake 

[191]. In the multidrug resistance protein 1 (MRP1/ ABCC1), mutation at the 

cytoplasmic loops (CL) 3 and 7 affect MRP1 surface expression or function [192]. Here, 

we report our investigations on the highly conserved (Figure 16) hASBT IL1, and its 
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contribution to hASBT function and protein expression. Alanine replacement of 

individual amino acids along IL1 (Cys51-Phe72) was detrimental for function in 

approximately 70% of mutants, as measured by [3H]-taurocholate uptake. For a cluster of 

amino acids in the first half of the loop, namely, Cys51 – Lys57, Ala mutation resulted in 

hampered activity, with corresponding deficient protein expression (except N52A, I55A 

and K56A) (Figure 17). In contrast, for the majority of residues following Lys57, reduced 

activity was unrelated to protein levels. As reported for hPEPT1 [191], charged residues 

may play an important role in substrate transport events. Moreover, positively charged 

amino acids located in cytoplasmic regions of membrane proteins may function as 

topogenic signals [193], and influence protein orientation and stability. There are six 

highly (Glu54, Lys57, His61 and Arg64) or moderately (Lys56 and Lys63) conserved charged 

residues in IL1. Along the entire loop, only one of these residues is acidic (Glu54), while 

the vast majority of charged residues is basic. To gain insight on the role of charged 

residues in IL1, we further examined them with conservative and non-conservative 

mutations. We included Cys51 in our investigations due to their high levels of inter-

species conservation and their proximity to Gly50, previously shown to be critical for 

hASBT stability [127]. Recovery of cell surface expression upon MG132 and 

cyclosporine A (CsA) treatment for C51A, C51S, E54A, E54L, K57A and K57E, support 

a role for Gly51, Glu54 and Lys57 in hASBT stability and possibly folding. CsA is 

employed in protein folding studies primarily due to its ability to inhibit proline 

isomerization catalized by cyclophilin A (CyPA), a rate-limiting step in protein folding. 

Intriguingly, we observed a striking increase in cell surface expression for the tested 

mutants, as well as for the wt-hASBT, compared to non-treated control (Figures 19 and 
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22) suggesting that the mechanism of augmented protein expression observed may or 

may not involve CyPA inhibition. Instead, because CsA is an inhibitor of ASBT 

transport, we hypothesize that this effect may be due to ligand-induced folding of poorly 

expressed mutants, or improved wt-hASBT folding. Further investigations in this regard 

are underway. Conservative and non-conservative mutations at His61, Lys63 and Pro65 

also suggest that these residues are important for hASBT function. Overall, our results 

support a role for the first half of IL1 in hASBT stability, and for the remaining IL1 

amino acids in transport function. 

 
Figure 16. ASBT (SLC10A2) protein sequence conservation across species. 
Amino acids comprising IL1 (Gly50-Phe72) are indicated by a box. Sequences were aligned with ClustalW 
[179], and the levels of conservation are highlighted, with asterisks (*) representing identical residues, 
colons (:) demonstrating strongly similar residues, and a period (.) denoting weakly similar residues. 

4.2 Materials and Methods 

4.2.1 Materials 

[3H]-Taurocholic acid (0.2 Ci/mmol) was purchased from American Radiolabeled 

Chemicals, Inc, (St. Louis, MO); taurocholic acid (TCA) from Sigma (St. Louis, MO); 

immobilized streptavidin from Pierce Biotechnology, Inc. (Rockford, IL); MG132 from 

Cayman Chemical (Ann Harbor, MI); cell culture media and supplies were obtained from 

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

commercially.  
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4.2.2 Site-directed mutagenesis, transfection, cell culture and protein expression 

Mutations were introduced at the pCMV5-hASBT vector (a kind gift from Dr. 

Paul Dawson), by site-directed mutagenesis using a QuickChange kit from Stratagene (La 

Jolla, CA). After sequencing confirmation, mutants were transiently transfected in COS-1 

cells as described [177]. Protein total and cell surface expression was measured by 

biotinylation with the membrane impermeable EZ Link NHS-SS-Biotin (Pierce, 

Rockford, IL), followed by Western blot of the whole cell lysate (total) or streptavidin-

pulled biotinylated samples (cell surface). Before streptavidin addition, concentrations 

were determined by the Bradford assay, and equalized with PBS. A small aliquot (30 µL) 

was removed for total protein measurements, from which equal amounts (8.5 µg/lane for 

low expression mutants, or 7 µg/lane for the wt-hASBT), were loaded in a 12.5% Tris-

HCl acrylamide gel. Protein bands were identified with a custom-designed rabbit 

polyclonal anti-hASBT antibody (1:1,000) [116] and visualized on an Odyssey imaging 

system (Licor, NE). Selectivity of cell surface labeling was confirmed by the absence of a 

90 KDa band for the ER protein calnexin (mouse anti-calnexin; Sigma;1:1,000), and 

presence of a 140 KDa band for the cell surface marker pan-cadherin (mouse anti-

cadherin; 1:1000; Abcam). Protein bands were normalized to the amount loaded per well, 

and to the loading control cadherin. Blots are representative of two independent 

experiments.  

4.2.3 Substrate transport of IL1 mutants 

COS-1 cells transiently transfected with pCMV5-hASBT or mutants were 

incubated with 5.0 µM cold TCA spiked with 1 µCi/mL [3H]-TCA in modified Hanks’ 
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balanced salt solution (MHBSS), pH 7.4, at 37 °C for 12 min. To halt uptake, cells were 

washed with ice-cold DPBS containing 0.2% fatty acid-free BSA and 0.5 mM TCA, 

lysed in 350 µL 1N NaOH, and substrate incorporation was measured by liquid 

scintillation counting, using a LS6500 liquid scintillation counter. Rates of uptake were 

calculated as pmols of [3H]-TCA internalized per min per mg of protein, using the 

Bradford assay for total protein quantification.  

4.2.4 Bile acid kinetics of IL1 charged mutants  

Charged residues in IL1 that exhibited impaired uptake despite normal protein 

levels, were selected and their TCA kinetics measured with a variety of TCA 

concentrations. Transiently transfected COS-1 cells were incubated with a wide range of 

cold TCA (0 – 200  µM TCA) concentrations, spiked with 2 µCi/mL [3H]-TCA, in 

modified Hanks’ balanced salt solution (MHBSS), pH 7.4, at 37 °C for 12 min. The 

amount of radiolabeled TCA employed guaranteed measurements above background 

levels for all concentrations used. Kinetic parameters were derived by nonlinear 

regression using GraphPad 5.0 software (San Diego, CA) as described [121].  

4.2.5 Assessment of proteasomal degradation and hASBT folding 

COS-1 cells transiently transfected with the wt-hASBT or mutant proteins were 

treated with MG132, cyclosporine A (CsA), FK506, cholic acid (CA), 4-PBA and 

leupepsin/pepstatin at the concentrations described at the figure legends. Twenty-four 

hours post-transfection, cells were washed with Dulbeco’s Modified Eagle Medium, and 

incubated in antibiotic-free, 10% FBS DMEM, i.e., AB-free DMEM with or without 

Cyclosporine A, FK506 and CA. The next day (9 h prior to experiment), MG132, 4-PBA 
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and leupepsin/pepstatin in AB-free DMEM were added to the appropriate wells. Media in 

all wells was replaced with AB-free DMEM 45 min - 1 hour prior to experiment, to allow 

for recovery of monolayers before biotinylation, thereby preventing labeling of internal 

lysines. Finally, cells were washed twice in ice-cold PBS, lysed or biotinylated as 

described above.  

4.2.6 Data Analysis 

When appropriate, One-way analysis of variance (ANOVA) with Dunnett’s post-

hoc test was employed, using GraphPad 5.0 or Kaleidagraph 4.0. Statistically significant 

differences (p≤0.05) are indicated by (*). Bars represent the standard error of the mean 

(SEM) for n≥2.  

4.3 Results 

4.3.1 Taurocholate uptake and protein expression of IL1 mutants 

To investigate the role of the intracellular loop 1 (IL1), we have replaced 

individual amino acids along this loop region (Cys51-Phe72) with alanine, and assessed the 

functional consequences of mutation with taurocholate (TCA) uptake. Approximately 

70% of mutants had impaired activity, which did not correlate with their protein 

expression, except for mutants of a group of residues (Cys51 – Lys57) located in the first 

half of IL1 (Figure 17). 
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Figure 17. [3H]-TCA uptake and protein expression of IL1 cysteine mutants.  
A, Total (whole cell) and cell surface (biotinylation) protein expression of Cys mutants. Equal amounts of 
protein (7 µg/lane) were loaded on a 12.5% denaturing polyacrylamide gel, and hASBT protein was 
identified using a custom anti-hASBT antibody (1:1,000). Labeling selectivity to cell surface proteins was 
confirmed by the absence of a 90 KDa band for the ER protein calnexin (mouse anti-calnexin; 1:1,000), 
and presence of a 140 KDa band for the cell surface marker pan-cadherin (mouse anti-cadherin; 1:1,000). 
Mature glycosylated hASBT visualizes as the 41kDa band while the lower, 38kDa band (not indicated) 
represents the unglycosylated species. Blots are representative of two independent experiments. B, COS-1 
cells were transfected with wt-hASBT or mutant plasmids as described in Methods. Rates of uptake were 
expressed as a percentage of the parental transporter, wt-hASBT, in pmoles [3H]-TCA internalized per 
minute per milligram of protein. Bars represent the S.E.M. of three independent experiments, each 
performed in triplicate. ANOVA with p < 0.05 (*) indicates significant mean differences.  

 

As shown for MRP1 [192], charged amino acids in intracellular loops may play 

an important role in transporter function or expression. To further examine the impact of 

charged residues in IL1, we generated their conservative and non-conservative mutants, 

and assessed their TCA uptake and total protein expression (Figure 188). Additionally, 

poorly expressed Ala mutants were treated with the prolyl-peptidyl isomerase inhibitors 

cyclosporine A (inhibits cyclophilin A or CyPA) and tacrolimus (FK506; inhibits the 

FK506-binding protein or FKBP), the proteasomal inhibitor MG132, and the chemical 

chaperones Trimethylamine n-oxide (TMAO) and sodium 4-phenylbutyrate (4-PBA). 
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Only CsA and MG132 recovered cell surface levels for the tested mutants, suggesting 

that the low expression observed for these mutants was likely due to proteasomal 

degradation, possibly as a consequence of folding defects (Figure 19). 

 

 

Figure 18. Effect of conservative and non-conservative mutation on wt-hASBT Function and Protein 
Expression of Select Mutants.  
A, Protein expression in whole cell lysates of COS-1 cells transfected with the wt-hASBT or mutant 
proteins. COS-1 cells transfected with mutants or wt-hASBT were lysed 24h – 48h post-transfection, and 
the total protein content was determined with Bradford assay. Protein concentrations were equalized, and 7 
µg/lane of wt-ASBT samples and 8.5 µg/lane of mutants were loaded onto a 12.5% denaturing 
polyacrylamide gel. Samples were prepared in reducing buffer and loaded on the gel, with mutants always 
loaded on the same gel as the wt-hASBT control for the corresponding experiment. B, [3H]-TCA uptake of 
COS-1 cells transfected with the wt-hASBT or mutant proteins. Rates of uptake were expressed as a 
percentage of the parental transporter, wt-hASBT, in pmoles [3H]-TCA internalized per minute per 
milligram of protein. Bars represent the S.E.M. of two independent experiments, each performed in 
triplicates.  
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Figure 19. Mechanism of Instability of Select Mutants.  
COS-1 cells transfected with mutants or wt-hASBT were treated, 24 – 48 h post-transfection, with CsA (10 
and 100 µM), FK506 (100 µM), TMAO (500 µM) and 4-PBA (1 mM) for 24h and MG132 (2.5, 10 and 40 
µM), leupepsin/pepstatin (50 µg/mL) NH4Cl (15 mM) for 8h before biotinylation of cell surface proteins. 
Cells were lysed and total protein content was determined with Bradford assay. Protein concentrations were 
equalized, a small aliquot was separated for total protein measurements, from which 7 µg/lane of wt-ASBT 
samples and 8.5 µg/lane of mutants were loaded onto a 12.5% denaturing polyacrylamide gel. Streptavidin 
beads were added to the remaining lysate, and samples were prepared in reducing buffer and loaded on the 
gel, with mutants always loaded on the same gel as the wt-hASBT control for the corresponding 
experiment (whole cell or biotinylation).  

  

For the single acidic residue in IL1, namely, Glu54, alanine replacement (E54A) 

obliterated function and protein expression both in whole cell lysates as well as in the cell 

surface, whereas leucine (E54L) only reduced levels in the cell surface. In contrast, 

presence of Asp (E54D), Lys (E54K) and Gln (E54Q) at this position, rescued both 

uptake and total protein expression, suggesting that a combination of size chain size with 

electronegative groups (regardless of being donors or acceptors of hydrogen bond) is 

necessary at position 54.  

The moderately conserved Lys56 was minimally affected by mutation, and does 

not appear to play an essential role in hASBT function or stability. On the contrary, the 

Lys57 mutants K57A and K57E affected both protein expression and function, while the 

conservative K57R restored function to wt-hASBT levels. The K63A and K63E mutants 
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exhibited impaired function, which was fully restored with re-introduction of a basic 

amino acid (K63R). It is noteworthy that Lys57 and Lys56 as well as Lys63 and Arg64 form 

pairs of basic residues with, respectively, high and low levels of tolerance to mutation. 

Both Lys57 and Lys63 are highly conserved among different species, and exhibited a strict 

requirement for a basic group in their locations. It is tempting to speculate that Lys56 and 

Arg64 evolved to provide an alternative basic environment in that region. Differently from 

mutation at Lys57, the Lys63 mutants exhibited measurable protein levels, suggesting that 

their hampered activity was due to alterations in protein function. TCA affinity was 

unaltered for K63A, K63R, and R64A (Figure 20), suggesting that Lys63 and Arg64 do not 

interact with bile acids directly.  

To examine His61, we generated Ala as well as the allegedly conservative Gln and 

Asn mutations. According to Leatherbarrow and Fersht [194], “The amide-NH2 of Gln 

may be considered stereochemically equivalent to the epsilon-NH of His whereas the 

amide-NH2 of Asn is comparable to the delta-NH of histidine”. In their work, Gln 

functioned as a semiconservative His45 replacement in stabilizing the transition-state 

during amino acid esterification by the tyrosyl-tRNA synthetase of Bacillus 

stearothermophilus. In contrast to their observation, Gln replacement was not 

conservative at position 61, and H61Q, in addition to H61N and H61A, exhibited 

impaired activity, without affecting protein levels, suggesting that His61 is essential for 

hASBT function. 

Proline residues are renowned for their relevance in forming protein loops and 

turns [195]. P65A exhibited impaired function, which prompted us to further examine 

Pro65 with the P65V mutant. We chose this mutation, because despite proline’s unique 



 

82 
 

structure, it has been shown that a valine functioned as a conservative replacement at 

retinoic acid binding protein II and cellular retinol binding protein I [196]. Interestingly, 

while only function was affected by alanine replacement, presence of a valine at position 

65 disrupted both function and protein expression. These observations indicate that Pro65 

is important for hASBT function, although the reason for this Ala vs. Val difference is 

unclear.  

 

Figure 20. Kinetic Parameters of Select IL1 Mutants. 
COS-1 cells transiently transfected as described in "Materials and Methods", and uptake was measured 
with TCA concentrations ranging from 0 - 200 µM (measured in triplicate). Kinetic data analyzed using 
Graphpad Prism software, with constants determined via nonlinear regression, and one-way ANOVA for 
significance. Parameters significantly different from the wt-hASBT control are indicated, *p ≤ 0.05. 

4.3.2 Residues Cys51, Glu54 and Lys57 are critical for ASBT stability 

We have recently shown that Gly50, a residue located at the interface of TM1 with 

IL1, is critical for hASBT protein stability [127]. Cell surface expression of the unstable 

G50A and G50C mutants was recuperated upon MG132 and CsA treatment, suggesting a 

role for Gly50 during hASBT stability and possibly folding. These observations prompted 

us to hypothesize that Gly50 forms part of a region involved with hASBT stability, with 

potential participation of vicinal amino acids. Alanine replacement of IL1 amino acids 

revealed a cluster of residues Cys51 – Lys57 with obliterated protein levels (except N52A, 
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I55A and K56A). We further examined charged amino acids potentially involved in 

hASBT stability, and included Cys51 in our investigations, due to its proximity with 

Gly50, and the low protein levels observed for C51A and C51S. Treatment with MG132 

and CsA recovered protein levels in the cell surface for C51A, E54L and K57A (Figure 

19), suggesting that these mutants are rapidly degradated by the proteasome, possibly as  

a consequence of folding abnormalities. This data supports participation of the first half 

of IL1, specifically, Cys51, Glu54 and Lys57, in ensuring hASBT stability and possibly 

folding, and the second half in hASBT function (Figure 21). 

 

 

Figure 21. Graphic representation of IL1 amino acids relevant for hASBT function and stability.  
Secondary structure of ASBT based on our validated topology model [126]. Circles represent single amino 
acid residues; dotted lines indicate the lipid-aqueous interface, with large-scale protein features (i.e., N-
terminus, extracellular loop (EL), intracellular loop (IL) and transmembrane (TM) regions); black circles 
indicate residues studied previously. Residues comprising IL1 contain their single-letter amino acid 
designation in black, with the IL1 region putatively relevant for hASBT stability highlighted in light-
shaded gray, and the IL1 region putatively relevant for hASBT function in dark-shaded gray. 
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4.3.3 Cyclosporine A increases wt-ASBT Expression 

Peptidyl-prolyl-cis/trans isomerases (PPIases) are “folding helper” enzymes that 

catalize cis-trans proline isomerization; a rate-limiting step in protein folding. Three 

structurally unrelated families constitute the PPIases: the cyclophilins (CyP), the FK506 

binding proteins (FKBPs) and the parvulins [197]. Cyclosporine A (CsA) and tacrolimus 

(FK506) are strong inhibitors of, respectively, cyclophilin A (CyPA) [198] and FKBP, 

which imparts them useful in protein folding studies. These inhibitors widely employed 

in the clinic as immunossupressants, to prevent and treat rejection of transplanted organs 

[199], but the mechanism of immunosuppression is distinct from their PPIase inhibition. 

Namely, the CsA-CyPA or FK506-FKBP complex inhibits phosphatase 2B (calcineurin), 

leading to over-phosphorylation of the nuclear factor of activated T cells (NF-AT) and 

finally, silencing of T-lymphocyte transcription [199, 200], thereby suppressing the 

immune system. Remarkably, CsA is also a non-competitive inhibitor of hASBT 

expressed in COS-1 [64], and in rat ileum in vivo as well as everted gut sacs, whereby it 

exhibited time- and dose-dependent inhibition of bile acid transport [201]. Moreover, 

Hulzebos et al [202] reported that chronic CsA administration in vivo increased rat Asbt 

expression by 2-fold, while both FXR and ASBT mRNA levels remained unchanged. 

Consistent with Hulzebos’ findings, wt-hASBT treatment with CsA increased wt-hASBT 

protein expression in the cell surface (Figure 222) in transiently transfected COS-1 cells. 

One may argue that PPIase inhibition would expectedly decline protein levels due to 

improper folding, rather than increase it. In fact, FK506 had the predictable effect of 

reducing wt-hASBT protein levels, as shown in Figure 222. While these results indicate 

FKBP as a likely participant in wt-hASBT folding, the role of CyPA remains unclear. 
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Furthermore, it is possible that the mechanism of CsA effect on the wt-hASBT (and 

possibly its mutants) is more complex than simply CyPA inhibition. We are tempted to 

speculate that the aforementioned in vitro [64] and in vivo [201] inhibition of ASBT by 

CsA, may impart CsA with the ability to interact with ASBT (and mutants) and act as a 

chaperone with “ligand-induced folding”, similarly to what occurs when P-glycoprotein 

(Pgp) misfolded mutants were treated with CsA [203], which is a Pgp substrate.  

 

 

Figure 22. Effect of Degradation Inhibitors/Chaperones on wt-hASBT and G50A Cell Surface 
Expression  
COS-1 cells transfected with G50A or wt-hASBT were treated with CsA (10 and 100 µM), FK506 (100 
µM), CA (100 and 500 µM), 4-PBA (1 mM) for 24h and MG132 (2.5, 10 and 40 µM), leupepsin/pepstatin 
(50 µg/mL) NH4Cl (15 mM) for 8h followed by biotinylation of cell surface proteins 24 – 48 h post-
transfection. Cells were lysed and total protein content was determined with Bradford assay. Protein 
concentrations were equalized, a small aliquot was separated for total protein measurements, from which 7 
µg/lane of wt-ASBT samples and 8.5 µg/lane of mutants were loaded onto a 12.5% denaturing 
polyacrylamide gel. Streptavidin beads were added to the remaining lysate, and samples were prepared in 
reducing buffer were loaded on the gel, with mutants always loaded on the same gel as the wt-hASBT 
control for the corresponding experiment (whole cell or biotinylation).  
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4.3.4 Integrated data on residues important for hASBT stability  

It is well known that replacement or deletion of critical amino acids may 

potentially obliterate transporter activity or protein expression, likely by disruption of key 

interactions between the residue and the substrate, or between other amino acids 

necessary to maintain protein structure. Alternatively, mutation may perturb key steps 

during protein processing - synthesis, maturation, cell surface expression, turnover rates – 

and cause protein instability, thereby reducing transporter residence in the cell surface, 

and finally impairing function. Understanding the mechanism that underlies this effect is 

vital, not only to gain insight on transporter physiology, but also to properly address 

diseases caused by transporter malfunction.  

Misfolding is one of possible consequences of mutation that will disturb protein 

stability. Incorrectly folded proteins are rapidly degraded by the strict quality control in 

the endoplasmic reticulum (ER), the ER-associated degradation (ERAD) pathway, which 

ensures that defective proteins are cleared from the cell before they reach downstream 

compartments, such as the Golgi apparatus or the plasma membrane [204]. The ubiquitin-

proteasome system (UPS) is the major route of degradation in the ERAD, as well as in 

the nucleus and the cytosol [205], whereby it recognizes defective proteins, labels them 

with ubiquitin, and directs them to the proteasome for degradation. Experimentally, 

unstable mutants can be identified in protein measurements, such as immunoblotting, by 

poor or absent protein expression in the blots, compared to the non-mutated control. 

Hampered protein expression in whole cell lysates exhibited by G50A, G50C, C51A, 

C51S, E54A, E54L, K57A, K57E, C74A, C74T, S112C, S126C, P234C, P234G, E282C 

(see Appendix A) is an initial indication that Gly50, Cys51, Glu54, Lys57, Cys74, Ser112, 
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Ser126, Pro234, and Glu282 may be relevant for hASBT stability. It is important, however, 

to verify that the protein stability is not mutant-specific. For example, Phe278 replacement 

with tryptophan (F278W) hampered protein expression, whereas for F278Y both total 

and surface levels were unaffected. Thus, to reveal the mechanism underlying protein 

stability unambiguously, it is recommended to perform a variety of mutations and 

treatments. In fact, additional inspection of Gly50, Cys51, Glu54, Lys57 corroborated these 

residues’ alleged importance for hASBT stability. Recovery of cell surface expression of 

G50A, G50C, C51A, C51S, E54A, E54L, K57A and K57E with the proteasomal 

inhibitor MG132, indicated that these mutants are rapidly degraded by the UPS. 

Moreover, CsA treatment (discussed below) increased their protein levels at the plasma 

membrane, suggesting that misfolding may be the basis of their instability, and 

supporting a role for Gly50, Cys51, Glu54, Lys57 in hASBT folding. 

Another possible consequence of mutation is impaired transporter availability in 

the cell surface, which is likely due to disruption of key steps during protein trafficking or 

insertion into the plasma membrane, or protein turnover. Because synthesis or stability is 

not affected, the mutant protein is retained in the cytoplasm, and can be visualized in 

whole cell lysates, but not in cell surface measurements. For instance, P234C and I165C 

(Appendix A) had deficient cell surface expression with virtually unaltered whole cell 

lysates, suggesting that Pro234 and Ile165 may play an important role in hASBT sorting to 

the plasma membrane or downstream events.  
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4.4 Discussion 

We hereby showed that Ala replacement of residues comprising the hASBT IL1 

(Cys51 – Phe72) negatively affected function for 70 % of the mutants, and that hampered 

function for mutants of a number of residues in the region Cys51 – Lys57 correlated with 

low or absent protein levels (Figure 17). Treatment of the poorly expressed mutants with 

MG132 and CsA recuperated protein expression in the cell surface (Figure 19), 

suggesting that proteasomal degradation accounted for their low protein levels, and was 

possibly a consequence of folding defects. Further examination of IL1 charged residues 

by conservative and non-conservative mutations further corroborate the alleged role of 

Cys51, Glu54 and Lys57 in hASBT stability, and of His61, Lys63 and Pro65 in function 

(Figure 18). Combined, our observations highlight the importance of the first half of IL1 

for hASBT stability, and the remaining IL1 residues for transporter function, as suggested 

in Figure 21. 

Notably, CsA increased cell surface expression of the unstable G50A, G50C, 

C51A, C51S, E54A, E54L, K57A and K57E mutants, suggesting that misfolding would 

possibly be the basis of their rapid degradation. While this conjecture remains feasible, 

the observation that CsA also increases wt-hASBT expression was confounding (Figure 

22), as one would anticipate the wt-hASBT would not exhibit folding defects. From the 

PPIase perspective, this increase in wt-hASBT expression is unexpected, as one would 

predict decreased protein expression, as occurs upon incubation with FK506. Moreover, 

if the CsA effect observed is due to ligand-induced folding, the effect on wt-hASBT 

would also be surprising, as one would not anticipate folding defects for the wt 

transporter, or any need for externally applied chaperone. For the mutants examined, it is 
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clear that the CsA effect on G50A (Figure 22), C51A, E54A and K57A (Figure 19) is 

specific, as other treatments did not alter protein levels. In contrast, wt-hASBT levels also 

increase upon inhibition of lysosomal (leupeptin with pepstatin) as well as proteasomal 

degradation, suggesting that both these compartments participate in hASBT degradation. 

Typically, approximately 30 % of newly synthesized proteins exhibit folding defect, and 

are thus discarded from the cell [212]. It would be interesting to exploit the hypothesis 

that CsA rescues newly synthesized wt-hASBT, that would otherwise have been rejected 

by the cell machinery. Similarly, CsA would assist in the folding of the putatively 

misfolded mutants G50A, C51A, E54A and K57A. Interference with protein turnover, 

possibly by decreasing the rates of degradation and thereby increasing residence time in 

the plasma membrane would be an alternative theory for the observed effect in the wt-

hASBT. However, this conjecture would not apply for the aforementioned mutants, as 

they are supposedly short-lived and may not have time to reach the membrane. It is 

possible that the mechanism underlying the CsA effect is distinct for the wt-hASBT and 

the mutants. Nonetheless, CsA effect is clearly specific for G50A, C51A, E54A and 

K57A, since other treatments failed to change the poor protein expression for these 

mutants. Also noteworthy is the dose-dependent nature of CsA effect on G50A and the 

wt-hASBT (Figure 22), which exhibits a proportional increase at 10 and 100 µM, but no 

effect at 500 µM CsA. Presently, we are unable to explain these results, but further 

studies are underway to elucidate this conundrum.  
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Chapter 5 Discussion and Future Directions 

The apical sodium-dependent bile acid transporter (ASBT, SLC10A2) is the chief 

bile acid transporter in the intestine, and plays a key role in the enterohepatic circulation 

of bile acids (EHC). Understanding ASBT at the molecular level is essential to gain 

insight on ASBT physiology and to fully benefit from its potential as a pharmacological 

target.  In the first and second chapters of this dissertation, we describe advances made by 

our group and others in the quest to understand ASBT structure-function relationships 

and its complex mechanism of bile acid transport.  

5.1 ASBT Topology 

In chapters 3 and 4, we report contributions of TM1 and IL1 for hASBT function 

and stability, revealed by a combination of site-directed mutagenesis, bile acid uptake and 

kinetics, sodium-activation assays, the substituted-cysteine accessibility method, and 

inhibition of enzymes involved in various stages of protein processing and regulation, 

such as proline isomerization, and proteasomal and lysosomal degradation. Specifically, 

the residues located along TM1 putatively participate in sodium transport, whereas a 

residue placed at the interface of TM1 with IL1, namely, Gly50, was shown to be critical 

for hASBT stability. Expanding our studies to IL1, we identified a cluster of amino acids 

in the Cys51 – Lys57 region, likely implicated in hASBT protein stability, while residues 

downstream Lys57 appear to be relevant for transport, albeit not by direct interaction with 

bile acids. Additional studies on sodium kinetics may reveal the role of these residues on 

ASBT function. We have revealed the role of TM1, TM3, TM4, TM6, TM7, IL1, EL1 
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and EL3 in hASBT function and stability, and studies on TM2 and TM5 are underway at 

the time of this writing. Finally, we integrate our data to propose an overall schematic of 

hASBT transport (Figure 6). 

5.2 ASBT Stability 

Concerning the ASBT stability studies hereby presented, it would be 

advantageous to provide a definitive explanation to the mechanism of increased protein 

levels of wt-hASBT and mutants, upon CsA treatment. Cyclosporine A interferes with 

several transporters in the EHC, including inhibition of NTCP uptake [206], BSEP efflux 

[207] and bile acid synthesis [202], which may possibly underlie the cholestasis, i.e., 

obstruction of bile flow, in patients chronically exposed CsA [202, 208]. In contrast to 

what happens with ASBT, CsA effect on BSEP is not related to transporter protein 

expression [209]. Considering the physiological and pharmacological relevance of both 

ASBT and CsA, this question merits further consideration. It would, therefore, be 

informative to explore the following hypotheses:  

5.2.1 Misfolding 

Mutation at Gly50 may have caused conformational changes that prevented CyPA 

access to a prolyl bond, resulting in folding defects. While the wt-hASBT is not expected 

to exhibit folding defects, approximately 30 % of newly synthesized proteins are rejected 

due folding defects [212]. It would be interesting to exploit the possibility that CsA 

recovered a proportion of the wt-hASBT that would otherwise have been discarded, and 

by a similar mechanism (ligand-induced folding), recuperated protein levels for the 

putatively misfolded G50A, C51A, E54A and K57A. 
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5.2.2 Increased wt-hASBT exocytosis. 

One way to store membrane proteins intracellularly, for subsequent recycling or 

lysosomal or proteasomal degradation, is by endocytic internalization. For apically-

expressed seven-transmembrane G-protein coupled receptors (GPCR), endocytosis 

participate in receptor downregulation [210]. Xia et al [33, 211] proposed a model for 

ASBT turnover in the cholangiocytes, whereby ASBT resides in the cytoplasm and 

translocate to the apical membrane by exocytosis upon demand for bile acid uptake. 

Hulzebos et al [202] have shown that the 2-fold increase in rat Asbt expression occurs 

post-transcriptionaly, consistent with our observation that CsA increases wt-hASBT 

surface levels, it would be feasible to theorize that CsA may act by stimulation of ASBT 

exocytosis from intracellular vesicles. However, in order to pursue this conjecture, we 

need to confirm that wt-hASBT cytoplasmic levels, currently inconclusive from whole 

cell lysate measurements, do not change in presence of CsA. 

5.2.3 Altered protein turnover rates or degradation. 

Whether a membrane protein resides in the cell surface or temporarily in the 

cytoplasm (due to synthesis or folding mishaps, or simply awaiting membrane shuttling 

and recycling), these proteins are eventually degraded in lysosomes or the proteasome. 

Ubiquitin tagging of intracellular domains can function as a signal for internalization and 

proteasomal degradation of polytopic proteins [210]. It is possible that CsA inhibited 

either protein tagging by ubiquitin or downstream events, thereby increasing residence 

time in the cell surface.  
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5.2.4 CsA effect is indirect 

5.2.4.1 inhibition of ERAD enzymes. 

The ERAD may not permit several protein conformers with minor defects to pass 

its strict quality control. It is possible that CsA inhibited one of the enzymes implicated in 

this process, and thereby allowed proteins with suboptimal conformations, to escape the 

ERAD. 

5.2.4.2 Recruitment of alternative PPIases or folding pathways. 

PPIases are not the sole players during protein folding, and can act together with 

chaperones, disulfide isomerases, and other folding enzymes [199]. It would be 

reasonable to think that CyPA inactivation by CsA may have activated other pathways 

that ensured proper hASBT and mutants’s folding. Moreover, our results support FKBP 

participation in wt-hASBT folding, as inhibition of this enzyme clearly lowers wt-hASBT 

levels in both whole cell lysates and biotinylated samples (Figure 22). For mutants of 

Gly50, Cys51, Glu54 and Lys57, FK506 treatment was inconclusive due to the mutants’ 

originally reduced protein levels. Because both CyPA and FKBP activities are 

conformation (and not sequence) specific [188], both enzymes are potentially capable of 

recognizing and binding one or several of the 18 prolyl bonds in hASBT. It would be 

enlightening to examine a possible competition for hASBT catalysis between these two 

enzymes.  

5.3 Conclusions 

As highlighted in the previous chapters of this dissertation, great progress was 

made in several fronts to understand ASBT’s clinical, pharmacological, physiological, 
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and protein structure-activity features. Nonetheless, in order to obtain a big picture of 

ASBT transport, several pieces of the puzzle still need to be revealed, including the role 

of TM2, TM5, IL2, IL3, EL2, and the N-terminus in hASBT function and/or stability. 

Additionally, a final definition on the relevance of the C-terminus as well as of the single 

glycosyl moiety in the transporter, in addition to an ASBT crystal structure are yet to be 

attained. Finally, the development of a mechanistic model that may potentially serve as a 

general paradigm for proteins in the SLC10 family is highly desirable. 
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Appendix A: Residues Pertinent To ASBT Function Or Stability, 
As Reported By The Swaan Laboratory 

                                                
  On wt-ASBT background 
N Total loss of function or cell surface expression 

REF. Protein/ 

Mutant 

Surface TCA uptake 

(% control) 

TCA uptake, 

12 mM Na+ 

(% control) 

Km (µM) Jmax  

(pmol.min-1.mg protein-1) 

[126] Wt-hASBT    11.2 ± 0.4 300.2 ± 8.3 

[116] N10D + 48    

E281A� + ≈ 40    

E282A� + N    

E282D� + ≈ 50    

E282K� + N    

N328D� + ≈ 100    

[86] 

 

 

Wt-hASBT + 100  11.1 ± 0.4 300.23 ± 8.3 

C7A�  85.5  21.8 ± 1.7 83.84 ± 2.5 

C7T�  131.9    

C14A�  101.3  13.5 ± 1.6 419.5 ± 1.0 

C14T�  76.5    

C19A�  66.1  14.3 ± 1.0 291.6 ± 1.7 

C19T�  149.8    

C51A� + 10.6    

C51T� + 2.7    

C69A�  40.4    

C69T�  44.2    

C74A�§ N 2.5    

C74T�§ N 2.6    

C105A� + 2.3    

C105T� + 3.6    

C106A�  68.0  7.3 ± 1.1 84.34 ± 5.9 

C106T�  10.6    

C132A�  23.4    

C132T�  15.5    
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4 C144A is a loss of function mutant, associated with BA malabsorption [144] 
+ Present; measurable levels. 

C144A�4 + 2.3    

C144T� + 84.0    

C255A� + 24.1    

C255T� + 9.6    

C270A� + 110.3  17.1 ±  3.5 254.3 ± 12.3 

C270T�  6.2    

C314A�  60.1    

C314T�  73.0    

[127]; 

TM1 

C270A + 100  8.9 ± 1.6 (Na+) 

9.7 ± 2.4 (TCA) 

380.3 ± 16.8 (Na+) 

892.8 ± 57.7 (TCA) 

N27A�  < 10    

N27C� + ≈ 25 ê 34.0 ± 8.3 (Na+) 

21.5 ± 6.2 (TCA) 

934 ± 8.2 (Na+) 

312.5±28.7 (TCA) 

N27D�  ≈ 25    

N27Q�  ≈ 25    

N28C� + ≈ 100  5.5 ± 2.0 (Na+) 

17.7 ± 2.2 (TCA) 

347.7 ± 25.1 (Na+) 

1469.0 ± 55.6 (TCA) 

L30A�  ≈ 25    

L30C� + 50 ê 19.5 ± 2.6 (Na+) 

59.8 ± 25.0 (TCA) 

198.1 ± 8.2 (Na+) 

1047.0 ± 183.5 (TCA) 

V33C� + ≈ 100    

L34C� + ≈ 70  7.5 ± 1.2 (Na+) 

11.6 ± 1.7 (TCA) 

178.4 ± 6.9 (Na+) 

592.7 ± 23.3 (TCA) 

S35C� + ≈ 50  11.3 ± 1.5 (Na+) 

5.7 ± 2.6 (TCA) 

270.3 ± 9.4 (Na+) 

389.5 ± 35.6 (TCA) 

T36C� + ≈ 70  9.9 ± 1.9 (Na+) 

8.6 ±1.6 (TCA) 

336.5 ± 16.7 (Na+) 

801.8 ± 37.1 (TCA) 

L38A�  ≈ 70 ê   

L38C� + ≈ 150 ê 24.1 ± 5.6 (Na+) 

10.6 ± 0.9 (TCA) 

716.6 ± 54.7 (Na+) 

1507.0 ± 32.2 (TCA) 

T39C� + ≈ 100 ê 16.4 ± 2.4 (Na+) 

6.3 ± 3.6 (TCA) 

406.9 ± 17.5 (Na+) 

553.5 ± 70.0 (TCA) 

M46A�  ≈ 70 é   
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5 KNa+ = 10.4 ± 0.8; Hill coeff = 2.1 ±  0.3 
6 Only MTSET sensitive mutant in this region 
7 High uptake despite undetectable cell surface expression. Not detected by NHS-SS-biotin but detected by 
MTSEA-biotin only in presence of Na+. 
8 KNa+ = 22.4 ± 1.3; Hill coeff = 3.0 ±  0.5 
9 KNa+ = 12.3 ± 1.7; Hill coeff = 2.2 ±  0.5 

M46C� + ≈ 30 é 1.3 ± 0.8 (Na+) 

8.4 ± 3.3 (TCA) 

164.2 ± 8.4 (Na+) 

239.2 ± 25.2 (TCA) 

F47C� + 100  12.8 ± 2.0 (Na+) 

6.5 ± 4.0 (TCA) 

297.6 ± 13.0 (Na+) 

453.8 ± 64.6 (TCA) 

G50A�§ N < 5    

G50C�§ N < 5    

[121]; 

EL1 

Wt-hASBT5    11.3 ± 1.9 312.5 ± 12.8 

I103C�  ≈ 500 ê   

G104C�  ≈ 100 ê   

T110C�6  ≈ 150 ê   

S112C�§ N N    

L115C�7 N ≈ 200 ê   

A116C�  ≈ 100 ê   

Y117C� N N    

V119C�  ≈ 100 ê   

D120A� + N    

D120C� + N    

D122A� + êê    

D122C� + N    

D124A� + ≈ 80  48.5 ±  6.2 1004.4 ± 50.9 

D124N�    30.1 ±  6.0 361.8 ±  24.2 

S126C�§ N N    

R254A�8  similar to wt  similar to wt similar to wt 

E281A�9    19.6 ±  4.5 131.6 ±  9.0 

E282D�    12.3 ±  3.4 104.4 ±  7.5 

[124]; 

TM3 

Wt-hASBT + 100  11.6 ± 2.39 176.3 ± 7.08 

C270A + 100  7.9 ± 1.95 655.6 ± 32.46 

S128C�    17.24 ± 4.74 309.9±20.7 

M129C� +     

T130C� + < 10    

C132 Endogenous     
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10 429G>C is a synonymous polymorphism (L143L) in Chinese-American population [144] 
11 C144T is a common polymorphism in European-American population [144] 
12 A171S is a functionally silent polymorphism [144] 
13 516C>T is a synonymous polymorphism (L172L) [144] 

S133C� + < 10    

M141C� + < 10    

P142A� ê < 5    

P142C� + N    

P142C� ê < 5    

P142G� ê < 5    

L143C�10 +     

C14411 Endogenous     

L145C� +   16.51 ± 3.77 281.2±15.47 

L146C� + ≤ 50  15.56 ± 3.52 1223 ±65.60 

I147C� +   22.72 ± 4.93 1454±82.81 

Y148C� +     

T149C�      

F287C�    61.52 ± 5.86 1016±32.77 

F289C�    34.44 ± 7.37 302.3±18.49 

L291C�    35.44 ± 6.32 1047±53.77 

Y293C�    72.03 ± 20.83 1364±72.00 

[123]; 

TM4 

I160C� + ≤ 20    

P161C� N N    

Y162C� + ≤ 20    

D163C� + ≈ 100 ê   

N164C� + ≤ 80    

I165C�† + ≤ 20    

L169C� + ≤ 80    

A171C�12 + ≈ 100 ê   

L172C�13 + ≤ 80 ê   

P175C� + ≈ 100 ê   

V176C� + ≤ 80    

S177C� + ≈ 100 ê   

G179C� + ≤ 20    

M180C� + ≤ 80    

[120]; C255 endogenous     
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14 T262M is a loss of function mutant associated with PBAM, it has normal cell surface expression [144] 
15 M264V is a rare polymorphism [144] 
† Only surface expression is decreased; levels in the whole cell lysate are normal. 

EL3 R256A� + N    

R256C� + N    

T257C� + N    

V258C� + N    

E261A� + < 10%    

E261C� + N    

T262C�14 + ≈ 100    

M264C�15 + ≈ 80    

Q265C� + N    

N266C� + N    

T267C� ê ≈ 70    

T268C� + ≈ 40    

L269C� + < 10    

C270 endogenous     

S271C� + < 10    

T272C� + < 10    

I273C� + < 10    

V274C� + ≈ 100    

Q275C� + ≈ 30    

L276C� + ≈ 80    

S277C� + ≈ 20–30    

F278C� + < 10%    

F278Y� + N    

F278W�§ N N    

T279C� ê ≈ 50%    

P280C� + ≈ 20–30%    

E281C� +     

E282C�§ N ---    

L283C� + ≈ 20–30%    

V285C� +     

V286C� +     

[122]; 

TM6 

I229C� + êê    

P234A�† ê ê    
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16 L243P is a loss of function mutant associated with PBAM; it has normal cell surface expression [144] 
é Increased 
17 P290S is a loss of function mutant associated with PBAM [141]. It has normal cell surface expression 
[189]. In our experiments, P290C was highly solvent accessible. 
 On C270A background 
§ Hampered total protein levels 
ê Decreased 

P234C�§ N N    

P234C�§ N N    

P234G�§ N N    

G237C� + N    

G241C� + N    

L243C�16 + ≈ 150    

G249C� + êê    

Y253C� + ≈ 80    

[119]; 

TM7 

C270A + 100 ≈ 80  104.99 ± 3.83 

F287C� + ≈ 60 é   

F289C� + < 20    

P290C�17 + ≈ 70    

L291C� + ≈ 60    

Y293C� + < 20    

S294C� + ≈ 200 ê   

I295C� + ≈ 200 ê   

F296C� ê ≈ 200 ê   

Q297C + N    

A301C� ê < 20    

A302C� ê ≈ 80    

I303C� + ≈ 100 ê   

F304C� + ≈ 100 ê   

G306C� ê > 100 ê   

F307C�§ ê N    

Y308C� ê N    
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