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SUMMARY 

Bile acids are a structurally diverse class of molecules that serve a wide variety of critical 

physiological functions. These compounds are synthesized in the liver and secreted into the small 

intestine, where they facilitate lipid absorption and serve as important signaling molecules. 

Approximately 95% of bile acids are reabsorbed in the intestine and returned to the liver, 

establishing their enterohepatic circulation. The ileal apical sodium-dependent bile acid transporter 

(ASBT) is crucial for maintaining bile acid enterohepatic circulation, as evidenced by the fact that 

ASBT knockout leads to a decrease in the bile acid pool size. ASBT defects or dysregulation may 

contribute to several disorders, including bile acid malabsorption and hypercholesterolemia. ASBT 

is rapidly regulated by a variety of post-translational mechanisms, including phosphorylation and 

modulation of its interaction with plasma membrane microdomains, which may represent adaptive 

responses to a rapidly changing intestinal milieu. Investigating the rapid regulation of ASBT is 

challenging, as traditional methods do not capture transporter activity in real time. Several recent 

studies have developed real time methods in order to measure various aspects of bile acid 

homeostasis, but none have been able to directly measure the activity of bile acid transporters such 

as ASBT. We hypothesized that a bioluminescence-based approach for assessing bile acid 

transporters would allow for real-time monitoring of transporter activity. To address this 

hypothesis, we designed a reporter system relying on a novel probe: cholic acid attached to 

luciferin via a disulfide-containing, self-immolating linker (CA-SS-Luc). We first validated its use 

for in vitro monitoring of bile acid transporter activity using HEK 293 cells transfected with ASBT 

or the hepatic bile acid transporter NTCP, along with firefly luciferase. We demonstrated that real-

time bioluminescence production in living cells was proportional to the cellular expression of bile 

acid transporter. We also investigated CA-SS-Luc in mouse intestinal epithelial cells isolated from 
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transgenic mice expressing firefly luciferase. Ileal enterocytes displayed significantly higher 

luminescence compared to jejunal enterocytes, indicating a transport process mediated by ileal 

ASBT. These data provide evidence for the suitability of this method to assess the acute regulation 

of ASBT activity in real time. In this regard, rapid regulation of membrane proteins relies on post-

translational modification of specific amino acid residues. Recent evidence has demonstrated that 

several cysteine residues present in the ASBT protein are critical for proper transport function. 

Cysteine residues may be subject to S-acylation, a post-translational lipid modification involving 

covalent binding to fatty acids, which has been shown to regulate membrane transport proteins. 

Therefore, we hypothesized that ASBT is subject to S-acylation, and that this modification is 

important for transporter function and bile acid uptake. With regard to ASBT regulation, we 

demonstrated that ASBT is S-acylated in native intestinal tissues from mice, as well as human 

organ donors. In HEK 293 cells transfected with ASBT, inhibition of S-acylation rapidly reduced 

ASBT activity, indicating that S-acylation is important for ASBT function. We further showed 

that S-acylation of ASBT by unsaturated fatty acids reduced transporter function compared to 

saturated fatty acids, suggesting that the fatty acid attached to ASBT is functionally important. In 

conclusion, these studies have established an innovative method for assessing bile acid transporters 

in living cells. We have also identified and characterized a novel post-translational lipid 

modification of ASBT that may provide important insights into the regulation of intestinal bile 

acid absorption and the maintenance of bile acid homeostasis. 
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Chapter I: Introduction 

 

 

 

 

 

 

 

 

Sections A-E in this chapter were modified from: 

Ticho AL, Malhotra P, Gill RK, Dudeja PK, Alrefai WA. Intestinal bile acid absorption in health 

and disease. Comprehensive Physiology 10:  21-56, 2020 
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Bile acids are synthesized in the liver and secreted into the small intestine, where they 

facilitate lipid absorption and serve as important signaling molecules. Approximately 95% of bile 

acids are reabsorbed in the intestine and returned to the liver, establishing their enterohepatic 

circulation. It has been demonstrated that the ileal apical sodium-dependent bile acid transporter 

(ASBT) is crucial for preserving bile acid enterohepatic circulation. Thus, maintaining proper 

functioning of ASBT is critical for bile acid homeostasis. In this regard, changes in ASBT function 

are associated with several disorders. In one respect, reduced ASBT function may lead to bile acid 

diarrhea, a potentially serious disease characterized by watery diarrhea. Conversely, enhanced 

ASBT function is associated with disorders such as necrotizing enterocolitis (NEC), progressive 

intrahepatic cholestasis (PFIC), and type 2 diabetes mellitus (T2DM). As such, ASBT expression 

and function must be tightly regulated, which is accomplished by a variety of mechanisms. 

Importantly, post-translational mechanisms are critical for acute postprandial regulation of ASBT. 

Studies have shown that ASBT is rapidly regulated by several post-translational means, including 

phosphorylation and modulation of its association with lipid raft microdomains. It is important to 

understand the mechanisms underlying the regulation of ASBT by these post-translational 

modifications (PTMs). However, the currently available methods for measuring ASBT activity do 

not fully capture rapid changes in transporter activity, necessitating the development of real-time 

methods for assessing bile acid transporters. Additionally, it is critical to identify novel regulatory 

mechanisms that may also be important for modulation of ASBT function. In this regard, recent 

studies have demonstrated that several ASBT cysteine residues are crucial for transport function. 

Cysteine residues are known to undergo S-acylation, a post-translational lipid modification that is 

important for the regulation and function of many transport proteins. Determining the importance 

of S-acylation for ASBT function and regulation is therefore critical. The objectives of these 
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studies were, therefore, to design a real-time method for measuring ASBT activity and to assess 

the functional importance of ASBT S-acylation.  

In the following sections several important aspects of bile acid physiology, including bile 

acid structure, bile acid synthesis, the enterohepatic circulation of bile acids, and the physiological 

functions of bile acids will be discussed. The molecular mechanisms of intestinal bile acid 

absorption will then be discussed, with a focus on the structure, function, and regulation of ASBT. 

Finally, we will discuss post-translational lipid modifications, focusing on protein S-acylation. 

 

A. Bile acid structure 

Bile acids are one of the most structurally diverse classes of small biomolecules. 

Remarkably, at least 84 distinct unconjugated bile acids and 25 bile alcohols have been identified 

in vertebrates (108). It is important to note that subtle structural differences between bile acids 

dramatically affect their biological roles. During the past 100 years, much effort has been dedicated 

to identifying bile acid structures and their composition in humans. Because of this important basic 

research, we now know the structures, the relative abundance, and the basis of the structure-

function relationship of these molecules in humans and other animals. 

 

1. Structural features of bile acids 

Despite their wide structural diversity, bile acids do have several defining structural 

features. All bile acids possess a lipophilic steroid body that is hydroxylated at one or more 

positions and a side chain that terminates as a carboxylic acid (108). The bile acid pool of mammals 

and most vertebrates is composed entirely of compounds with 24 carbon atoms, while more 

primitive animals may produce bile acids with up to 27 carbons. The presence of both a lipophilic 



 

 

4 

ring and hydroxyl and carboxyl moieties makes bile acids amphipathic molecules, which is 

necessary for their function as physiological detergents. Bile acids are necessarily hydroxylated at 

the 3α position (3α-OH) on steroid ring A, but many are hydroxylated at other sites as well. Indeed, 

the majority of bile acid diversity is the result of differential hydroxylation of the steroid ring. In 

addition to their hydroxylation, bile acids have a sidechain extending from C-17 on steroid ring D. 

The carboxylic acid moiety at the end of the side chain is conjugated to either taurine or glycine 

in the liver, which lowers the pKa and enhances water solubility at physiological pH. 

 

2. Mammalian bile acid species 

Of all the bile acid species that have been identified, only a few are of physiologic relevance 

in mammals. The chemical structures of physiologically important bile acids are shown in figure 

1. Humans synthesize just two bile acids: cholic acid (CA) and chenodeoxycholic acid (CDCA). 

Both are produced from cholesterol in the liver and are found in all mammals, as well as many 

lower species. The structural difference between CA and CDCA is slight. CA is 3α-, 7α-, and 12α-

hydroxylated, while CDCA is only 3α- and 7α- hydroxylated. CA and CDCA, along with the 

bacterial metabolite deoxycholic acid (DCA; 3α-, 12α-OH), are the major bile acid species in 

humans. Combined, these three bile acids and their conjugated forms account for >90% of biliary 

bile acids in humans (CA ~35%, CDCA ~40%, and DCA ~20%) (17, 81, 111). Additionally, 

several minor bile acids in humans have been identified, including lithocholic acid (LCA; 3α-OH) 

and ursodeoxycholic acid (UDCA; 3α-, 7β-OH). DCA and LCA are generated in the intestine by 

bacteria via 7α-dehydroxylation of CA and CDCA, respectively. Like CA and CDCA, DCA and 

LCA are found in all mammals and numerous other species. Similarly, UDCA is produced from 
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CDCA by intestinal bacteria via 7-OH epimerization, although it can be formed in the hepatocytes 

of some animals, most notably several species of bears (72, 95). 
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Figure 1.  Common mammalian bile acids. The structure of six common mammalian bile acids 
is shown. The structural variation is conferred by the number, location, and orientation of hydroxyl 
groups on the steroid nucleus. 
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Because much research in the field is conducted in mice and rats, it is critical to understand 

the differences between human and rodent bile acid pools. In addition to the bile acids noted above, 

rodents produce a group of bile acids termed muricholic acids (MCAs), which are hydroxylated at 

the 6-C position. The two major MCAs in mice are α-muricholic acid (α-MCA; 3α-, 6β-, 7α-OH) 

and β-muricholic acid (β-MCA; 3α-, 6β-, 7 β-OH). Interestingly, the MCAs constitute a majority 

of the rodent bile acid pool. The consequences of these different bile acid profiles are just 

beginning to be uncovered. However, it is clear that bile acid signaling differs greatly between 

human and rodents because of these chemical differences in the bile acid pool.  

 

B. Bile acid synthesis 

The primary bile acids CA and CDCA are synthesized in the liver from cholesterol at a rate 

of approximately 500 mg/day in humans (52, 214). Secondary bile acids, which include DCA, 

LCA, and UDCA, are produced by bacteria from bile acids in the intestinal lumen (111, 262). The 

process of primary bile acid synthesis requires at least 17 enzymes, which are located in the 

endoplasmic reticulum, mitochondria, peroxisomes, and cytosol. The liver is the sole organ that 

contains all of the enzymes required for BA biosynthesis. However, many other tissues possess 

enzymes that synthesize intermediate compounds, which can then be circulated to the liver for 

completion of the synthesis. There are two parallel pathways by which BA synthesis occurs: the 

classical (neutral) pathway, which accounts for up to 70% of human BA synthesis, and the 

alternative (acidic) pathway, which is a relatively minor route for bile acid synthesis under 

physiological conditions (31). Hepatic bile acids (either de novo synthesized or recycled from the 

intestine) are conjugated to the amino acids taurine or glycine by the bile acid-coenzyme A:amino 

acid N-acyltransferase (75, 127, 201). 
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The classical pathway occurs exclusively in hepatocytes and leads to production of both 

CA and CDCA. The first reaction in the classical pathway is catalyzed by cytochrome P450 7A1 

(cholesterol 7α-hydroxylase; CYP7A1), localized to the endoplasmic reticulum. CYP7A1 

hydroxylates the 7α position of cholesterol to produce 7-hydroxy cholesterol. This enzyme is rate-

limiting and is critical for efficient synthesis of bile acids. Indeed, disruption of CYP7A1 by 

homozygous knockout of the Cyp7a1 gene in mice reduces bile acid synthesis by ~60% and bile 

acid pool size by ~75%, which results in increased fecal lipids, hypercholesterolemia, and poor 

survival (74, 122, 223, 224). 

The other crucial enzyme of the classical pathway is cytochrome P450 8B1 (sterol 12α-

hydroxylase; CYP8B1), which is also located in the ER. CYP8B1 is responsible for hydroxylating 

the 12α carbon of the steroid ring. Thus, CYP8B1 is the enzymatic branch point for the synthetic 

routes of cholic acid, which is 12α-hydroxylated, and chenodeoxycholic acid, which is not. As 

expected, Cyp8b1 knockout mice have a markedly different bile acid profile compared to wildtype 

animals. Whereas wildtype mice have bile acid profiles rich with CA, Cyp8b1 knockout mice are 

deficient in CA and DCA and have increased levels of CDCA and its derivatives, including UDCA 

and MCAs (159). 

The alternative pathway for bile acid synthesis is a minor contributor to the total bile acid 

pool. In adult humans, it accounts for no more than ~30% of total bile acid synthesis (31). Unlike 

the classical pathway, only CDCA and not CA can be synthesized by the alternative pathway. The 

first and rate limiting step of the alternative pathway is the entry of cholesterol into the 

mitochondria, which is mediated by the steroidogenic acute regulatory protein (StAR) (197). Then, 

the mitochondrial sterol 27-hydroxylase (CYP27A1) oxidizes the sidechain of cholesterol. 

CYP27A1 is expressed in hepatocytes, as well as a variety of extrahepatic sites, including 
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macrophages and endothelial cells (10, 203, 206). Thus, the alternative pathway can be initiated 

outside of the liver. Interestingly, hepatic CYP27A1 is also critical in the classical pathway, where 

it oxidizes intermediates of BA synthesis. Expectedly, mice deficient in Cyp27a1 display bile acid 

pools ~1/3 the size of wild type mice (210). 

In addition to CYP7A1, CYP8B1, and CYP27A1, which are key enzymes in bile acid 

synthesis, Cyp2c70 is essential for bile acid synthesis in mice. Takahashi et al. recently identified 

this enzyme as the bile acid 6β-hydroxylase and demonstrated that Cyp2c70 is required for the 

synthesis of muricholic acids (249). Mice with the Cyp2c cluster knocked out (Cyp2c ko) and 

Cyp2c ko mice with a human CYP2C9 transgene (hCYP2C9) were unable to synthesize MCA 

species and displayed a corresponding increase in CDCA. The bile acid profile in these mice more 

closely resembles that of humans, who do not produce MCAs. Although the implications of the 

different bile acid pools in mice and humans have not been fully investigated, it is clear that bile 

acid structure underlies the molecular basis of bile acid functions, as will be discussed in the 

following sections. 

 

C. Enterohepatic circulation of bile acids 

 Following synthesis in hepatocytes, bile acids are excreted across the canalicular 

membrane by the bile salt export pump (BSEP). Biliary BAs are stored in the gallbladder and 

secreted into the small intestine following meals, where they act as detergents and signaling 

molecules. Luminal BAs travel through the small intestine and are actively reabsorbed in the distal 

ileum by the apical sodium-dependent bile acid transporter (ASBT). Reabsorbed BAs are shuttled 

from the apical to the basolateral membrane of the enterocyte and are excreted into the portal 

circulation by the organic solute transporter α/β heterodimer (OSTα/β). These BAs are returned to 

the liver via the portal vein and enter hepatocytes by the sinusoidal sodium-taurocholate 
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cotransporting polypeptide (NTCP), establishing the enterohepatic circulation of bile acids (Figure 

2). 
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Figure 2.  Enterohepatic circulation of bile acids. Bile acids are synthesized from cholesterol in 
the liver via a process initiated by CYP7A1 and secreted into the intestine by the bile salt export 
pump (BSEP). In the ileum, bile acids are taken up by enterocytes via the apical sodium-dependent 
bile acid transporter (ASBT) and exported into the portal circulation by the organic solute 
transporter α/β heterodimer (OSTα/β). These bile acids circulate to the liver, where the sodium-
taurocholate cotransporting polypeptide (NTCP) is responsible for their uptake by hepatocytes. 
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D. Functions of bile acids 

In addition to their vast structural diversity, bile acids perform a wide variety of 

physiological roles in the body. Some of their functions, particularly their role as detergents, have 

been known for more than 100 years. However, more recent research has demonstrated that bile 

acids also have critical signaling roles that are essential for glucose and lipid homeostasis. 

 

1. Dietary lipid absorption 

 The physiological role of bile acid as detergents is historically the best-recognized of BA 

functions. Indeed, bile acids are of critical importance for proper lipid absorption. Bile acids are 

amphipathic and are present at high concentration in the intestinal lumen, allowing them to form 

micelles and emulsify dietary fats and cholesterol. In the gut lumen, these micelles increase lipid 

surface area, promoting digestion by lipases and enhancing absorption at the brush border 

membrane (110). In some pathological states, such as bile acid malabsorption, an insufficient bile 

acid pool size limits the ability to aid lipid absorption and leads to lipid malabsorption (35).  

Importantly, bile acid structure greatly influences the extent to which they aid lipid 

absorption. Amino acid conjugation maintains high BA concentration in the lumen by preventing 

passive diffusion. Furthermore, bile acids in which all hydroxyl moieties are facing one side of the 

molecule are more hydrophobic and are thus better lipid emulsifiers. Studies performed by Wang 

et al. demonstrated that when mice were supplemented with CA and CDCA, cholesterol absorption 

was enhanced relative to non-supplemented diets (263). However, when supplemented with more 

hydrophilic bile acids such as MCAs, cholesterol absorption was reduced. These studies clearly 

illustrate the relationship between bile acid structure and function as digestive emulsifiers. 
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2. Bile acids as signaling molecules 

 While the role of bile acids in facilitating the absorption of lipids has been known for over 

100 years, the effects of bile acids on other aspects of metabolism have only recently been 

recognized. By the early 1990s, a link between bile acid and cholesterol homeostasis was clear, 

but the molecular mechanisms of this interaction were not well known (73). The molecular basis 

underlying bile acids’ importance in metabolism has started to clarify over the past 20 years. A 

number of studies reported bile acid interactions with cellular receptors, including the nuclear 

receptors farnesoid X receptor (FXR), pregnane X receptor (PXR), and vitamin D receptor (VDR), 

as well as the membrane G protein-coupled bile acid receptor (GPBAR1; GPCR19; TGR5) and 

sphingosine-1-phospate receptor (S1PR). These seminal findings identified new molecular targets 

for bile acid-based therapies and helped renew interest in the field of bile acid physiology. Indeed, 

bile acids are now understood as complex signaling molecules that exert a wide array of effects on 

bile acid, cholesterol, glucose, and lipid homeostasis.  

 

E. Molecular mechanisms of bile acid absorption 

1. Intestinal absorption of bile acids.  

In 1936, it was reported that when concentrated bile acid solutions were injected into the 

small intestine of animals, bile acids were absorbed by the intestine and recovered in portal and 

systemic blood (129). Over the next decades, the concept of enterohepatic circulation of bile acids 

became well accepted, as evidence for both passive and active intestinal absorption continued to 

emerge (68, 139). However, the molecular mechanisms of this absorptive process remained elusive 

until relatively recently, when bile acid transporters were discovered. 
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It had long been known that at physiological pH, conjugated BAs are ionized and 

membrane impermeable. Therefore, their transport across epithelial cells requires membrane 

transport proteins (7). The hepatic sodium-taurocholate cotransporting polypeptide (NTCP; 

SLC10A1) facilitates bile acid uptake at the sinusoidal membrane of the hepatocyte and the bile 

salt export pump (BSEP) secretes bile acids into the bile canaliculi. In the ileum, this transepithelial 

transport is mediated by the apical sodium-dependent bile acid transporter (ASBT; SLC10A2) at 

the apical membrane and the organic solute transporter α/β heterodimer (OSTα/β) at the basolateral 

membrane (Figure 3, pg. 31). In addition, the ileal bile acid-binding protein (IBABP; FABP6) is 

important for intracellular sequestration of bile acids and may also be important for transporting 

bile acids from the apical to basolateral membranes during absorption (7). This process of intestinal 

bile acid absorption is crucial for maintaining bile acid homeostasis and enterohepatic circulation. 

 

2. Apical sodium-dependent bile acid transporter (ASBT) 

The apical sodium-dependent bile acid transporter (ASBT) is responsible for the uptake of 

BAs from the intestinal lumen into enterocytes and is the rate-limiting enzyme for intestinal BA 

absorption. Like NTCP, ASBT is a sodium-dependent bile acid cotransporter in the SLC10A gene 

family. 

The presence of a Na+-dependent bile acid transporter in the ileum was confirmed in 1992 

in brush border membrane vesicles from pig (182) and rabbit (144) ileum. Much of the early work 

uncovering the role of ASBT was performed in the laboratory of Paul Dawson, who first cloned 

ASBT in 1994 from a hamster ileum cDNA library (270). ASBT was later identified in rat (58, 

228, 229), human (60, 191, 271, 272), mouse (147, 217), and chicken (185) ileum. These early 

studies also showed ASBT expression in the cells of the proximal renal tubule (58, 60, 229) as 
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well as cholangiocytes (6, 53, 149). Recently, ASBT expression in the brain has been shown, 

although the functional relevance is as yet unknown (188). Within the adult intestine, ASBT is 

most highly expressed in villus cells of the distal ileum, with minimal expression in the colon (9, 

113, 239, 265). The distribution of ASBT expression along the intestine mirrors the conjugated 

bile acid uptake capacity, highlighting the essential role of this transporter in bile acid absorption 

(239). 

A great deal of evidence has supported the importance of ASBT in intestinal bile acid 

absorption. For instance, inactivating mutations in ASBT have been linked to some cases of 

primary bile acid malabsorption (PBAM), a serious condition that presents with steatorrhea and 

loss of bile acids in the stool (191). Additionally, mice with targeted deletion of the Slc10a2 gene 

display similar symptoms, with steatorrhea, loss of bile acids in the stool, decreased bile acid pool 

size, and enhanced bile acid synthesis (63). These lines of evidence demonstrate clearly that ASBT 

is critical for the intestinal absorption and enterohepatic circulation of bile acids. 

 

a. ASBT and cholesterol metabolism 

 Because bile acid synthesis from cholesterol is responsible for ~50% of cholesterol 

elimination, ASBT-dependent recycling of bile acids is intimately related to cholesterol 

homeostasis. It has been known for decades that disrupting the intestinal absorption of bile acids 

leads to loss of bile acids in the stool and a concomitant increase in hepatic uptake of cholesterol 

in order to increase the synthesis of bile acids (73, 88). In this regard, it is interesting to note that 

patients with PBAM have low plasma LDL cholesterol levels, suggesting that loss of bile acids in 

the stool is protective against hypercholesterolemia (191). Indeed, ASBT knockout mice also show 

resistance to diet-induced and genetic models of hypercholesterolemia (65, 148). 
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 Given that genetic ablation of ASBT reduces serum cholesterol, it is not surprising that 

small molecule inhibitors of ASBT have been shown to have similar antihyperlipidemic effects. 

Indeed, several ASBT inhibitors have been developed by pharmaceutical companies (29, 50, 136, 

213). Although most are in trials for other indications (see below), they have been shown to 

enhance bile acid synthesis and reduce plasma cholesterol levels in several rodents (136, 157, 213, 

269), ApoE knockout mice (29), pigs (116), monkeys (136), and humans (50, 232). 

 

b. Gene structure and variants 

 The SLC10A2 gene is located on chromosome 13 in humans (NCBI Gene ID #6555) and 

chromosome 8 in mice (NCBI Gene ID #20494) (147, 272). In humans, mature ASBT mRNA 

consists of 6 exons comprising a 1044-nucleotide (nt) coding region, a 597-nt 5’-untranslated 

region, and a 2135-nt 3’-untranslated region. One splice variant has been reported, coding for a 

154-aa bile acid efflux protein of unknown physiological significance that has been called t-ASBT 

(150). 

 Several genetic variants of ASBT have been reported, including some that result in altered 

protein function (146). The first reported variant was a single nucleotide polymorphism (SNP) 

resulting in a P290S mutant that abolished BA transport activity (271). Later, L243P and T262M 

variants that abolished transport activity were reported in a family with primary bile acid 

malabsorption, along with a A171S variant that did not affect transport (191). Screening 

approaches have since been used to identify other variants in Korean (196), German (209), and 

American (107) populations, though the clinical significance of many of these variants have not 

been fully investigated.  
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c. Protein structure and function 

ASBT is a 348 amino acid transmembrane protein with an extracellular glycosylated N-

terminus and a cytoplasmic C-terminus (Figure 4, pg. 39). The presence of a bile acid-binding 

protein with an apparent molecular weight of 43 kDa, which would later be identified as ASBT, 

was first discovered in 1983 by photoaffinity labeling of ileal BBMVs (140). Studies in the early 

1990s similarly found a bile acid binding protein of similar molecular weight (or a ~90 kDa dimer) 

and noted that it was responsible for the Na+-dependency of bile acid transport (142-144, 161, 162, 

228, 231). Once ASBT was cloned, it was determined that the protein has a molecular weight of 

~38 kDa, but a higher apparent molecular weight as a result of its glycosylation (271). 

Electrophysiological studies showed that ASBT is electrogenic with a 2:1 Na+: BA stoichiometry 

(266, 267). 

With respect to the structure of ASBT, the precise topology has been a matter of debate, in 

large part because the crystal structure of vertebrate ASBT has yet to be determined. Although 

initial predictions suggested that ASBT comprised 7 transmembrane (TM) domains (270), several 

lines of evidence supported a 9 TM model. For instance, membrane insertion scanning provided 

support for a 9 TM model (96) and a recent crystal structures of bacterial ASBT homologues 

revealed a structure consistent with 9 TM ASBT model (115, 287). However, strong evidence from 

dual label epitope insertion scanning mutagenesis and other methods refutes the 9 TM model in 

favor of a 7 TM model (23, 282). 

Several laboratories, particularly that of Peter Swaan, have devoted a great deal of effort 

into elucidating not only the membrane topology of ASBT, but also the functional importance of 

the individual domains of this protein. The functions of individual domains discussed below 

assume a 7 TM model of ASBT (Figure 4, pg. 39). Several of the transmembrane domains are 
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crucial for ASBT transporter function. TM domain 1 is important for bile acid and Na+ binding 

and translocation and also confers stability to the protein (62). TM domain 2 appears to be most 

important for Na+ translocation via coordination with the Na+ ion (215). The portion of TM domain 

3 closest to the cytosol forms the route for bile acids as they exit ASBT and enter the cytosol (118). 

Additionally, the cytosolic half of TM domain 4 is another important part of the translocation 

pathway (135). TM domains 5 and 6 possess GxxxG motifs that are important for ASBT helix-

helix interaction, conferring stability to the proteins without being directly involved with substrate 

translocation (177). TM domain 6 also appears important for Na+-binding and translocation, while 

TM domain 7 is crucial for bile acid binding and translocation, as both of these domains line the 

translocation pathway (92, 117, 120, 141). 

The soluble loops of ASBT have also been shown to be critical for protein function. A pair 

of aspartic acid residues (Asp120 and Asp122) on extracellular loop (EL) 1 are critical for Na+-

binding, and Asp124 appears to be important for binding to the 7α-OH of many bile acids (119). 

In addition, several other residues in this highly conserved loop are crucial for protein expression, 

localization, and substrate affinity (218, 220). EL 3 is also important for transporter activity via its 

electrostatic interactions with bile acids, which may represent the initial bile acid binding 

interaction site (21). Furthermore, a truncated mutant of ASBT revealed the importance of 14 

amino acids in the C-terminal cytoplasmic tail in apical membrane localization of the protein (245, 

246).  

Of particular interest is the important role of ASBT cysteine residues. Several studies have 

probed the 13 cysteine residues of ASBT and noted a number of these residues that are both highly 

conserved between ASBT and NTCP, and are crucial for transport function, trafficking, and 

stability (22, 54, 216, 219, 244). Notably, mutation of the highly conserved Cys51, Cys105, 
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Cys132, and Cys255 to Ala or Thr nearly abolishes [3H]-TC uptake (22). Mutations at other sites, 

such as Cys69 or Cys314, somewhat reduce [3H]-TC uptake. In an effort to understand the 

mechanisms underlying the role of cysteine residues, a recent study concluded that cysteine 

residues in ASBT are likely not important for its oligomerization (54). However, the precise role 

of many of these important residues requires further study. It is possible that ASBT cysteine 

residues are modified by covalent binding to fatty acids in order to influence ASBT function. This 

will be the subject of the studies described in chapter III of this thesis. 

 

d. Substrate specificity of ASBT 

Bile acids are the only known endogenous substrates for ASBT. While ASBT is known to 

have a narrower substrate specificity than NTCP, it is clear that ASBT is able to efficiently 

transport a wide variety of bile acids, both conjugated as well as unconjugated (60, 138, 163). 

ASBT does not appear to have a strong preference for conjugated compared to unconjugated bile 

acids (60). However, CA and its conjugated derivatives appear to have a lower affinity (~15-35 

µM) than CDCA and its derivatives (~3-10 µM) (60, 163, 217, 219, 270). TLCA appears to be a 

high affinity substrate of ASBT (163), while DCA species have an intermediate affinity between 

CA and CDCA (119, 270). Thus, the structural differences in bile acids determine their affinity for 

ASBT. 

Because ASBT is an intestinal transporter that absorbs relatively large molecules, a great 

deal of work has been devoted to using this transport system to aid in the absorption of drugs via 

bile acid-conjugated prodrugs (100, 230). Bile acids are normally conjugated to taurine or glycine 

at 24-C, and these large conjugates serve as substrates for ASBT and other bile acid transporters. 

Several investigators have demonstrated that bile acids conjugated to synthetic molecules at 24-C 
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and other sites are substrates for ASBT and other bile acid transporters, such as NTCP (18, 165, 

230). In large part because of this work, the precise structural requirements of ASBT have been 

meticulously elucidated. 3D-quantitative structure-activity relationship studies demonstrated that 

anionic sidechains at the 24-C position are preferred to neutral sidechains (25, 284). Additionally, 

7-C conjugates are not efficiently transported by ASBT, although the presence of a 7α-OH moiety 

is not necessary for transport (138). Conversely, conjugates at the 3-C position are actively 

transported by ASBT (25, 138). These studies provided important details with respect to the ASBT 

substrate binding pocket and the substrate specificity of the transporter. 

Interestingly, recent evidence has indicated an alternative transport process that ASBT may 

use in order to transport large molecules into the cell (3, 4). When bile acids were conjugated to a 

macromolecule and applied to cells expressing ASBT, vesicular endocytosis was induced and both 

ASBT and the macromolecule were internalized. This alternative receptor mode of ASBT-

mediated uptake could be useful for designing drug delivery systems that target bile acid 

absorption pathways.  

 

e. ASBT ontogeny and aging 

The expression of ASBT shows distinct changes throughout an individual’s lifespan. The 

newborn ileum shows minimal expression of ASBT, followed by a dramatic increase in expression 

after weaning. It appears that hormonal changes are responsible for ASBT ontogenic development. 

It has been demonstrated that the thyroxine hormone is critical for the induction of ASBT mRNA 

expression after weaning (121, 176). Additionally, the ontogeny of ASBT may be at least partially 

explained by its post-transcriptional regulation by RNA-binding proteins. HuR, which has been 

shown to stabilize ASBT, shows a pattern of ontogenic expression similar to that of ASBT. 
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Conversely, the destabilizing RNA-binding protein tristetraprolin shows the inverse ontogenic 

pattern (45, 234). Thus, the enhanced expression of ASBT after weaning could be in part the result 

of altered RNA-binding protein expression. Additionally, the intestinal development of ASBT 

expression in early life mirrors the expression of the transcription factors c-Jun and c-Fos, which 

are poorly expressed in mice during the neonatal period and sharply increase after weaning (42). 

The fact that ASBT expression is low prior to weaning is crucial for intestinal health, as the 

neonatal intestine is not equipped to respond to intracellular bile acids. Indeed, aberrantly high 

ASBT expression has been linked to neonatal necrotizing enterocolitis (99). 

While it is clear that ASBT expression is enhanced after weaning, there is also evidence 

that aging decreases intestinal bile acid absorption. Studies by Gao et al. demonstrated that 3H-TC 

uptake across ileum in Ussing chambers was reduced ~50% in a cohort of aged (~2-year-old) 

C57BL/6 mice relative to a younger (<1-year-old) cohort (87). There was a corresponding ~50% 

decrease in ASBT mRNA expression in the older cohort, suggesting that decreased ASBT 

expression in old age may be responsible for the reduced bile acid absorption in these mice. On 

this note, a 300-participant clinical study found that serum levels of bile acids decrease with age 

in men, but not women (85). Although the physiological implications of these findings were not 

directly investigated in either of these studies, it is reasonable to speculate that reduced intestinal 

bile acid absorption in older individuals may result in blunted bile acid signaling through FXR and 

other receptors. Future studies should focus on uncovering these functional consequences as well 

as the mechanisms underlying this age- and sex-related reduction in ASBT expression. 

Besides age, ASBT expression also seems to be enhanced in postpartum rats. ASBT protein 

expression and transport function were increased in postpartum rats corresponding to an increase 

in food intake (179). Interestingly, ASBT mRNA expression was not affected, suggesting a 
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possible post-transcriptional mechanism. Although the mechanism underlying this phenomenon 

has not been elucidated, it is likely related to the increased energy demand during lactation (179). 

It is clear that the changes in ASBT expression that occur throughout the lifespan are 

physiologically important and warrant further study. 

 

f. Disorders of bile acid absorption 

 Numerous diseases have elements of dysfunctional intestinal bile acid absorption. In some 

cases, disruption of intestinal BA absorption is the primary defect, while in other cases targeting 

BA absorption may be useful for treatment. Here, we will briefly discuss several of these disorders, 

including bile acid malabsorption (BAM), necrotizing enterocolitis (NEC), progressive familial 

cholestasis type 1 (PFIC1), type 2 diabetes mellitus (T2DM), and nonalcoholic fatty liver 

disease/nonalcoholic steatohepatitis (NAFLD/NASH). 

 

i. Bile acid diarrhea (BAD) 

Interruption of intestinal bile acid absorption results in bile acid accumulation in the colon, 

leading to watery diarrhea and bile acid loss in the stool. BAD is classified into three types 

depending on the underlying mechanisms of bile acid malabsorption (BAM) (35): 

 

Type 1: Secondary to ileal resection, inflammation, or radiation 

Type 2: Primary (idiopathic) 

Type 3: Secondary to gastrointestinal diseases that affect absorption, such as small 

intestinal bacterial overgrowth or celiac disease 
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Type 1 BAD is bile acid malabsorption secondary to gross ileal dysfunction, such as in 

ileal resection, radiation enteritis, or inflammatory bowel disease (particularly Crohn’s disease, as 

this frequently affects the distal ileum). BA malabsorption in these disorders may be caused by 

one or a combination of several factors. First, removal or destruction of absorptive cells in the 

distal ileum results in the loss of ASBT and prevents BA reabsorption. Furthermore, ileal 

dysfunction may cause impaired FGF19 production and disinhibition of BA synthesis, 

exacerbating the condition by enhancing bile acid load in the intestine (109). In addition, intestinal 

transit time decreases in patients with ileal resection (76), potentially leading to insufficient time 

to adequately absorb BAs. 

In addition to impaired absorption as a result of resection or inflammation, some types of 

type 2 BAD are also associated with defects in intestinal bile acid absorption. As early as the 

1970s, it was recognized in case reports that defective ileal bile acid absorption was a likely cause 

of some cases of congenital diarrhea (104, 105). After the discovery of ASBT, several inactivating 

mutations in this transporter were reported, including some of clinical relevance (191). Although 

some patients with inactivating ASBT mutations present with mild chronic diarrhea and no 

nutritional deficiency, many patients present in infancy with severe chronic diarrhea, steatorrhea, 

and fat-soluble vitamin malabsorption. Because of the large amount of bile acids lost in the stool, 

these patients have low FXR signaling in the gut. Thus, FGF19 production is reduced and bile acid 

synthesis is greatly increased, as indicated by elevated CYP7A1 expression and serum C4 (a 

marker of bile acid synthesis) in these patients (35, 199). Because of the compensatory 

overproduction of bile acids, plasma cholesterol levels remain low throughout their entire life. 

These patients respond well to bile acid sequestrants such as cholestyramine, which bind bile acids 
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in the colon and limit the severity of the diarrhea. This group of disorders highlights the importance 

of ASBT in maintaining sufficient intestinal bile acid absorption. 

 

ii. Necrotizing enterocolitis 

NEC is a common disease among premature infants that is characterized by severe 

hemorrhage and inflammatory necrosis in the distal ileum and proximal colon (98). It was noted 

that increased levels of hepatic pro-inflammatory cytokines were associated with exacerbated 

intestinal inflammation in a rat model of NEC (97). Given that the liver is the site for bile acid 

synthesis and the intestinal segment expressing ASBT (distal ileum) is the site predominantly 

affected by NEC, Halpern and colleagues postulated that disturbances in bile acid homeostasis 

may play a critical role in the development of NEC (98). Indeed, studies showed that luminal level 

of bile acids as well as the expression of ASBT were increased in an animal model of NEC and 

that sequestration of bile acids was protective against NEC development in this model (98).  

Further studies showed that ASBT deficient mice were protected against the development of NEC 

and that ASBT inhibitors significantly reduced the severity of the damage in a rat model of NEC 

(99). Since the proteins involved in key processes involved in bile acid homeostasis are not mature 

in newborns (20, 106, 121, 229, 241-243), the increase in ASBT leads to intracellular accumulation 

and toxic levels of bile acids in the ileal enterocytes, causing intestinal damage and contributing 

to the pathology of NEC. These studies also provide evidence for the therapeutic effects of ASBT 

inhibitors as potential intervention to treat NEC.  
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iii. Progressive familial cholestasis type 1 

The obstruction of bile flow from the liver, known as cholestasis, leads to the accumulation 

of toxic biliary compounds, causing liver damage. The clinical features of cholestatic liver diseases 

are mainly jaundice and pruritus (237). Cholestasis can be categorized as either intra-hepatic and 

post-hepatic, depending on the location of the obstruction. Progressive familial intrahepatic 

cholestasis (PFIC) is a group of inherited disorders with clinical manifestations which often appear 

in late adolescence but may be recognized as early as infancy (237). Among these disorders, PFIC 

type 1 has been shown to occur due to mutations in the ATP8B1 gene, which encodes for P-type 

adenosine triphosphatase (FIC1 protein) that functions as aminophospholoipid flippase (82, 137). 

Mice harboring a homozygous, PFIC1-causing mutation exhibited an increase in intestinal bile 

acid absorption, suggesting that bile acid overload from the intestine may contribute to the 

associated cholestasis (200, 225). More extensive investigations showed that FIC1 loss-of-function 

leads to a decrease in FXR activity (41). Since FXR is a negative regulator of ASBT, this reduction 

in FXR activity causes an increase in ASBT expression. Using an siRNA-mediated approach, Chen 

et al showed that the knockout of ATP8B1 in intestinal epithelial Caco2 cells caused an increase 

in ASBT expression and promoter activity (41). They concluded that in the presence of loss-of-

function mutations in ATP8B1, ASBT expression is increased. Recent studies, however, have 

challenged this conclusion. In this regard, van der Mark and colleagues showed that the loss of 

ATP8B1 in intestinal Caco2 cells did not alter ASBT expression but rather reduced its levels on 

the apical membrane (254). In contrast to the studies of Chen et al, these studies were performed 

using stable transfection of shRNA targeting FIC1, providing a more robust and chronic knockout. 

The decrease in ASBT surface expression implies a reduction in bile acid absorption that may 

explain the diarrhea associated with PFIC1. One important conclusion from these seemingly 
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contradictory results is that cellular ASBT expression and membrane localization is sensitive to 

the loss of ATP8B1 function and may contribute to pathophysiology of cholestasis or diarrhea 

associated with PFIC1. Further careful in vivo studies are warranted to examine these regulatory 

mechanisms and to determine the exact roles of ASBT in PFIC. 

 

iv. Diabetes mellitus 

In the United States, diabetes mellitus affects nearly 10% of the population, costing $245 

billion and causing more than 250,000 deaths annually (38). While there are a large number of 

therapies available, the health burden of this disease warrants the investigation of novel 

therapeutics. In this regard, bile acid sequestrants (BASs) were first developed as LDL-cholesterol-

lowering agents but have recently gained attention for their ability to improve hyperglycemia in 

T2DM patients. It has been shown that T2DM patients have slightly altered bile acid homeostasis 

compared to healthy individuals (1, 27, 33, 34, 158). While it is not clear whether changes in bile 

acid homeostasis are important for the pathogenesis of T2DM, it is clear that targeting BA 

pathways are useful for the treatment of this disease (238). The BAS colesevelam was FDA 

approved in 2008 for the treatment of diabetes, and in 2011 a meta-analysis confirmed that the use 

of colesevelam improved glycemic control in T2DM patients (101). However, the mechanisms of 

colesevelam’s effects of glucose homeostasis are not yet fully understood. It may be dependent on 

alterations in intestinal FXR signaling, hepatic FXR signaling, GPBAR1 signaling, or a 

combination of these. It has been demonstrated that colesevelam and other BASs increase plasma 

levels of glucagon-like peptide 1 (GLP-1), an incretin hormone whose release is positively 

regulated by the GPBAR1 receptor (238, 247). This could be attributed to colonic GPBAR1 

activation by bile acids, despite still being bound to BASs. 
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In a similar respect, inhibitors of ASBT have also gained interest for the treatment of T2DM 

(46, 252, 273). ASBT inhibition by luminally-restricted inhibitors has proved effective in lowering 

plasma glucose in preclinical models, likely via a mechanism similar to that seen with BASs (46, 

273). In rodent models, plasma GLP-1 and insulin were increased, which correlated with improved 

glycemic control. A phase I trial showed modest benefits for T2DM even at relatively low dosage, 

suggesting that ASBT inhibitors may be of clinical benefit in this disease. In future studies it will 

be important not only to show clinical benefit, but also to delineate the mechanisms underlying the 

improved glycemic control when ileal bile acid absorption is inhibited. 

 

v. Nonalcoholic fatty liver disease (NAFLD) 

NAFLD is a disorder that is highly prevalent in individuals with obesity and T2DM and is 

thus of growing concern worldwide (202). In fact, more than 25% of the world’s population and 

is affected by this disease. Our knowledge with respect to pathogenesis of NAFLD is constantly 

evolving, but it is thought to represent a progressive spectrum of liver disease beginning with 

simple steatosis. In a subset of this population (~10-15%), steatosis progresses to nonalcoholic 

steatohepatitis (NASH), which is characterized by inflammatory infiltration and can progress to 

liver fibrosis, cirrhosis, and hepatocellular carcinoma (26, 83, 279). As of this writing, there are 

no FDA approved agents for the treatment of NAFLD or NASH, though there are a number in 

phase II and III clinical trials. 

Because bile acids are important modulators of lipid metabolism, glucose homeostasis, and 

energy expenditure, it is understandable that targeting bile acid pathways might be attractive for 

treating NALFD. Indeed, several experimental drugs for NAFLD and NASH target these 

pathways. The majority of BA-targeting drugs being explored for NAFLD/NASH are FXR 
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agonists, although there is some preclinical evidence that intestine-specific FXR antagonists may 

have some benefit in these disorders (91, 125). Other experimental medications target the 

GPBAR1 or a dual FXR/GPBAR1 agonists. These classes of drugs have been extensively 

reviewed elsewhere and are beyond the scope of this introduction (5, 16, 36, 51). However, we 

will briefly discuss the potential for inhibitors of bile acid absorption in the treatment of the 

NAFLD/NASH. Unlike diabetes, it appears that bile acid sequestrants may be of limited utility for 

NASH. Preclinical studies in rodent models have shown that colesevelam improves steatosis and 

hepatic inflammation (170). However, a small clinical study in NASH patients showed that 

colesevelam had little effect on relevant outcomes compared to placebo and may even increase 

hepatic steatosis (151). Finally, it should be noted that ASBT knockout mice were shown to be 

protected against development of diet-induced hepatic steatosis (204). Since the lack of ASBT is 

expected to reduce the activation of intestinal FXR, this observation is consistent with the notion 

that intestine-specific FXR antagonism is beneficial in treating NASH. Indeed, ASBT inhibitors 

may represent a promising therapeutic as they have been shown to be successful in a preclinical 

NASH model (204) and a phase I trial (252). 

 Given that modulation of ASBT may be useful for the treatment of several disorders, it is 

important to understand the cellular mechanisms responsible for ASBT regulation. In the following 

sections, the regulation of ASBT at transcriptional, post-transcriptional, and post-translational 

levels will be discussed. 

 

g. Transcriptional regulation of ASBT 

 Transcription of ASBT mRNA is tightly regulated in order to maintain proper expression 

of this important transporter (Table 1) (64). The basal mRNA expression of ASBT is controlled 
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by several important transcription factors, most notably the hepatocyte nuclear factor 1α (HNF1α). 

Mice with deletion of the Tcf1 gene, which codes for HNF1α, completely lack ASBT expression 

in the ileum and kidney (226). The minimal ASBT promoter contains three HNF1α binding sites, 

and binding of HNF1α to the promoter has been shown to stimulate its activity as judged by 

electrophoretic mobility shift assays (EMSA) and luciferase reporter assays (132). Furthermore, 

intestinal deletion of the sirtuin 1 (SIRT1) metabolic sensor decreases HNF1α dimerization and 

function, with a concomitant reduction in ASBT mRNA expression (133). 

 The ASBT promoter also possesses two activated protein-1 (AP-1) response elements that 

are responsive to the c-Jun and c-Fos transcription factors (42). The upstream AP-1 site was shown 

to bind a c-Jun homodimer and the downstream site was shown to bind a c-Jun/c-Fos heterodimer 

(44). Promoter studies revealed that c-Jun activates the ASBT promoter, while c-Fos leads to 

repression of the promoter (186). In agreement with this model, c-Fos knockout mice display 

enhanced ileal ASBT expression (186). An unidentified component of human serum was also 

shown to stimulate ASBT mRNA expression in a manner dependent on the AP-1 response 

elements (69). 

The expression of ASBT is thought to be regulated through a negative feedback mechanism 

whereby the presence of bile acids leads to a reduction in ASBT expression (Figure 3). This 

process occurs by several distinct mechanisms. The first mechanism appears to be an 

autocrine/paracrine mechanism that is initiated by FGF15/19, which is a major gene target of FXR 

(70, 89, 233). Much like the signaling pathway in hepatocytes, FGF15/19 binds to the FGFR4/β-

klotho receptor complex. This leads to mitogen-activated protein kinase kinase 1/2 (MEK1/2) 

activation, c-Jun and c-Fos phosphorylation and translocation to the nucleus, which represses 

ASBT transcription. FXR-dependent feedback inhibition also involves three other transcription 
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factors: the liver receptor homologue-1 (LRH-1), the fetoprotein transcription factor (FTF), and 

the retinoic acid receptor/retinoid X receptor heterodimer (RAR/RXR). LRH-1 an important 

positive regulator of ASBT basal expression, as evidenced by the finding that LRH-1 knockout 

mice show reduced ASBT expression (152). Similarly, the LRH-1 orthologue FTF induces ASBT 

expression via direct binding to the ASBT promoter (156, 195). It appears that LRH-1 may be 

more important for ASBT expression in mice, while FTF may serve the same role in humans (195). 

Additionally, RAR/RXR contributes to ASBT basal expression through binding to retinoic acid 

response elements (187). These transcription factors appear to be responsible for a negative 

feedback regulation of ASBT whereby intracellular bile acids in the epithelium reduce ASBT 

expression. This important regulatory mechanism involves activation of FXR by cytosolic bile 

acids, which induces expression of the small heterodimer partner (SHP), an inhibitory factor. SHP 

impairs the activity of LRH-1 and FTF, reducing ASBT transcription (43, 156, 195). Similarly, 

SHP impairs RAR/RXR activity, also leading to a decrease in ASBT mRNA expression (187). 
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Figure 3.  Mechanisms of intestinal bile acid absorption and transcriptional regulation of 
ASBT by bile acids. Bile acids are taken up from the intestinal lumen by ASBT, sequestered and 
transported intracellularly by IBABP, and exported to the portal circulation by OSTα/β. 
Intracellular bile acids bind FXR, which heterodimerizes with RXR and translocates to the nucleus. 
FXR transactivates FGF15/19 and SHP. FGF15/19 is secreted basolaterally, where it binds 
FGFR4/β-klotho in an autocrine/paracrine manner, activating a signaling pathway that represses 
ASBT transcription. SHP also negatively regulates ASBT transcription by inhibiting transcription 
factors that transactivate ASBT. 
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In addition to bile acids, ASBT transcription is affected by other steroid-like molecules, 

including cholesterol, glucocorticoids, and vitamin D. It has been shown that cholesterol 

downregulates ASBT expression and function in several model systems. In intestinal epithelial 

Caco2 cells and mouse models, cholesterol or 25-hydroxycholesterol administration led to a 

reduction in ASBT mRNA via a mechanism dependent on HNF1α and the sterol regulatory 

binding element protein 2 (SREBP2) and independent of FXR (8, 172, 250). SREBP2, which 

translocates to the nucleus in low cholesterol conditions, was shown to transactivate ASBT (250). 

In agreement with these data, administration of the cholesterol synthesis inhibitor atorvastatin in 

mice led to an increase in ileal ASBT mRNA expression (261). The glucocorticoid receptor (GR) 

has also been shown to bind and activate the ASBT promoter. In vitro promoter studies, in vivo 

studies in mice and rats, and clinical work showed that glucocorticoids induce ASBT transcription 

through GR-binding to glucocorticoid response elements in the ASBT promoter, increasing 

intestinal bile acid absorption (59, 131, 190, 192, 275). Similarly, the activation of the vitamin D 

receptor (VDR) was shown to transactivate ASBT (47, 56, 57). 

In addition to regulation by endogenous and exogenous steroids and sterols, ASBT 

transcription is affected by pathological processes such as inflammation. Inflammatory processes 

have been shown to cause a significant reduction in ASBT expression, in part through a 

transcriptional mechanism. In rats with indomethacin-induced ileitis and in human Crohn’s disease 

patients, ASBT mRNA expression has been shown to be reduced. Further studies showed that the 

proinflammatory cytokines interleukin-1β (IL-1β) and tumor necrosis factor (TNF) increase 

phosphorylation and nuclear translocation of c-Fos, leading to repression of the ASBT promoter 

(44, 186). 
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There are several other transcription factors that have been shown to regulate ASBT, 

though these are less well-studied than those discussed above. Positive regulators include the 

peroxisome proliferator-activated receptor α (PPARα) (132), the nuclear factor-E2-related factor 

2 (NRF2) (264), caudal-type homeobox proteins CDX1 and CDX2 (166), and the constitutive 

androstane receptor (CAR) (49). Additionally, the GATA4 transcription factor was found to be a 

negative regulator of ASBT expression, as GATA4 knockout resulted in increased ASBT mRNA 

expression (28). Interestingly, it has been shown that intestinal bacteria reduce ASBT expression 

partially via a mechanism dependent on GATA4 (193). It has also been shown that insulin is a 

negative regulator of the ASBT promoter, although the molecular mechanisms are not fully 

understood (12). These transcriptional regulators of ASBT are crucial for maintaining proper 

ASBT expression and bile acid homeostasis. 
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Transcription factor ASBT Transcription References 

HNF1α ↑ (132, 133, 226) 

c-Jun ↑ (42, 186) 

c-Fos ↓ (42, 186) 

FXR ↓ (indirect) (70, 89, 233) 

LRH-1 ↑ (152) 

FTF ↑  (156, 195) 

RAR/RXR ↑ (187) 

SHP ↓ (43, 156, 187, 195) 

SREBP2 ↑ (8, 172, 250) 

GR ↑ (59, 131, 190, 192, 275) 

VDR ↑ (47, 56, 57) 

PPARα ↑ (132) 

NRF2 ↑ (264) 

CDX1, CDX2 ↑ (166) 

CAR ↑ (49) 

GATA4 ↓ (28, 193) 

Table 1. Transcriptional regulators of ASBT.  
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h. Post-transcriptional regulation of ASBT 

 Although much is known about the transcriptional regulation of ASBT, relatively little 

research has investigated its post-transcriptional regulation. Of the few studies that have been 

performed in this area, most has related to the role of the 3’-untranslated region (UTR) of ASBT 

mRNA. The Shneider laboratory showed that a metastasis-associated gene 1 (MTA1) element 

within the 3’-UTR interacts with the RNA binding proteins Hu antigen R (HuR) and tristetraprolin 

(45, 234). They showed that HuR stabilized reporter mRNA, while tristetraprolin decreased 

reporter mRNA half-life. Interestingly, the overall effect of the 3’-UTR appeared to destabilize 

mRNA in two intestinal epithelial cell lines, which may be important for the rapid regulation of 

ASBT. This important post-transcriptional regulation appears to be critical in the ontogenesis of 

ASBT expression, as discussed earlier in the section titled “ASBT ontogeny and aging.” 

 

i. Post-translational regulation of ASBT 

 ASBT has been shown to be subject to rapid, post-translational modifications. It is possible 

that these acute regulatory mechanisms represent adaptive responses to a rapidly changing 

intestinal milieu. ASBT protein stability, subcellular localization, and activity have all been shown 

to be modulated by PTMs such as ubiquitination, glycosylation, and phosphorylation, as well as 

by interactions with lipids and plasma membrane microdomains. 

 One of the key post-translational mechanisms by which ASBT is regulated is through 

modulation of protein stability and degradation. It has been shown that ASBT is degraded by the 

ubiquitin-proteasome pathway in both cholangiocytes and ileocytes (174, 274). Interestingly, 

ASBT turnover is fairly rapid, as the protein has a relatively short half-life of ~6 h (184, 274). 

Several mechanisms have been shown to modulate the rate of ASBT proteasomal degradation. For 
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instance, the proinflammatory cytokine IL-1β enhances ASBT ubiquitination and degradation via 

a mechanism that involves c-Jun N-terminal kinase (JNK)-dependent phosphorylation of ASBT at 

Ser335 and Thr339 (274). Furthermore, feeding with CA, but not conjugated TC or TDC, 

decreased ASBT protein expression via a ubiquitin-dependent mechanism (174). Similarly, the 

SIRT1 activator resveratrol was shown to promote ASBT ubiquitination and proteasomal 

degradation, independent of Ser335/Thr339 phosphorylation (55). 

 ASBT is also subject to N-glycosylation at its extracellular N-terminal domain (184, 245). 

This glycosylation was shown to enhance ASBT protein stability, as inhibition of N-glycosylation 

by tunicamycin or mutation of the Asn10 glycosylation site resulted in shorter protein half-life 

(184). It has been found that ASBT protein expression is higher in rats with streptozotocin-induced 

diabetes (12). This may be partially the result of enhanced glycosylation, as in vitro glucose 

treatment promoted mature glycosylation and increased protein stability. 

 Phosphorylation of ASBT has also been shown to rapidly modulate ASBT function. As 

discussed above, Ser335/Thr339 phosphorylation was shown to promote ASBT degradation (274). 

In addition, activation of the protein kinase C ζ (PKCζ) pathway significantly inhibits [3H]-TC 

uptake within 60 min of treatment with the PKC activator phorbol 12-myristate 13-acetate (PMA) 

(222). These studies demonstrated that treatment with PMA led to internalization of ASBT and 

decreased surface expression. Conversely, tyrosine phosphorylation of ASBT was shown to 

enhance transporter activity, although the kinase and phosphorylation site have yet to be 

determined (13). Interestingly, enteropathogenic E. coli (EPEC) was shown to rapidly reduce 

ASBT function via an effector molecule that led to tyrosine dephosphorylation and internalization 

of ASBT (13). Future studies should focus on further clarifying the role of phosphorylation in the 

regulation of ASBT function. With respect to the modulation of ASBT by enteric bacteria, an 
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additional report showed that reducing Enterobacteria in the gut by treatment with ampicillin 

resulted in a significant increase in ASBT protein levels concomitant with an increase in the levels 

of bile acids in the portal blood (173). The increase in ASBT was not associated with changes in 

the mRNA. Since the increase occurred in response to eliminating the bacteria by antibiotics, the 

authors concluded that Enterobacteria suppresses ASBT expression via post-transcriptional 

mechanisms. The studies with enteropathogenic EPEC and Enterobacteria provide strong evidence 

showing that ASBT protein expression and its level on the plasma membrane is sensitive to the 

enteric bacteria. Further investigations are warranted to determine the significance of these 

findings in the relation to the development of infections and to further understand the interactions 

between gut microbiota and intestinal absorption of bile acids.  

 Another critical post-translational regulatory mechanism involves the association of ASBT 

with plasma membrane lipid raft microdomains. Studies have demonstrated that ASBT is 

associated with lipid rafts, and disruption of this association reduces ASBT function (11, 14). For 

instance, depletion of plasma membrane cholesterol by methyl-β-cyclodextrin led to a shift of 

ASBT to non-raft domains of plasma membrane and was associated with reduced ASBT function 

without a change in its surface expression (14). Similarly, the green tea catechin (-)-

epigallocatechin-3-gallate (EGCG) rapidly reduces ASBT function and is associated with a shift 

in ASBT into the non-raft domain of plasma membrane (11). However, the molecular mechanisms 

underlying ASBT association with lipid rafts have not yet been investigated. 

Through these studies, it has become clear that ASBT undergoes extensive post-

translational regulation that profoundly affects its function. As described above, ASBT is subject 

to serine and tyrosine phosphorylation, as well as glycosylation at asparagine residues (Figure 4). 

There is still a great deal of research that will be required in order to better understand the 
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molecular basis of ASBT regulation by these important post-translational modifications. As 

conventional methods for measuring transporter activity do not fully capture the rapid regulation 

of ASBT, development of real-time methods to measure transporter function is of critical 

importance. In addition to the PTMs described earlier, it is likely that additional modifications 

involving other amino acid residues, such as cysteines, may also be involved in regulating ASBT. 

In this regard, recent evidence has clearly demonstrated the importance of cysteine residues in 

ASBT function. Human and mouse ASBT have 13 cysteine residues (Figure 4), many of which 

have been shown necessary for full activity of the transporter, though their role in maintaining 

ASBT function has yet to be fully investigated (22, 54). Studies have shown that cysteine residues 

can be subject to covalent modification by fatty acid residues via a process known as S-acylation 

(39). Thus, it is possible that ASBT cysteine residues are subject to S-acylation, which may serve 

an important regulatory role. 
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Figure 4. Topology of ASBT. A cartoon of the 7 transmembrane domain ASBT topology. Sites 
of post-translational modifications (glycosylation and phosphorylation) are shown, along with 
cysteine residues and sites of clinically relevant missense mutations. 
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F. Protein lipidation and S-acylation 

Recently, protein lipidation has gained increasing attention as an important post-

translational regulator of many transport proteins. Protein lipidation refers to a class of PTMs that 

mediates protein-membrane and protein-protein interactions, protein stability, as well as protein 

function. There are many different types of protein lipidation, as a variety of lipid molecules can 

be attached to different amino acid residues. Some of these modifications are stable and 

irreversible, whereas other are dynamic and rapidly reversible. The most common stable lipid 

modifications are N-terminal glycine myristoylation and cysteine prenylation. These lipids are 

bound to proteins via stable amide and thioether bonds, respectively. 

In contrast to these stable lipid modifications, cysteine fatty acylation (S-acylation, also 

referred to as palmitoylation) is a reversible, covalent attachment of long-chain fatty acids to 

cysteine residues via a thioester linkage. S-acylation is a ubiquitous post-translational modification 

in eukaryotes (39, 126). A number of proteomic profiling studies have been undertaken in order to 

identify and characterize the cellular pool of S-acylated proteins. These studies have revealed a 

wide variety of transmembrane and peripheral membrane proteins that are subject to S-acylation 

(24, 39, 221, 280). 

The primary effect of S-acylation in these proteins is to regulate the subcellular localization 

of proteins. For peripheral membrane proteins, S-acylation promotes stable attachment to the 

membrane. S-acylation of these proteins provides a long-chain lipid anchor that inserts into 

membranes, allowing for efficient membrane targeting. Often, these peripheral membrane proteins 

are subject to other forms of lipidation, including myristoylation and prenylation, in order to 

further promote membrane targeting. In contrast, S-acylation of transmembrane proteins has been 

shown to be important for plasma membrane targeting, as well as the association of plasma 
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membrane proteins with lipid raft microdomains. Indeed, it has been demonstrated that the 

majority of lipid raft-associated transmembrane proteins rely on S-acylation for their targeting to 

raft microdomains (155, 164). By modulating the subcellular localization of proteins, S-acylation 

regulates protein trafficking, stability, and interaction with other signaling pathways (39). It is 

crucial to recognize that S-acylation is a highly dynamic process. Indeed, the fatty acid turnover 

may be quite rapid, even on the order of minutes, depending on the protein (167, 211, 212). In the 

next section, we will briefly discuss the enzymes that mediate S-acylation and deacylation. 

 

1. S-acyltransferases 

The enzymes responsible for S-acylation of proteins belong to the zDHHC gene family. 

These proteins are named for their highly conserved zinc-finger aspartic acid-histidine-histidine-

cysteine (zDHHC) motif. The first mammalian zDHHC enzyme with cysteine-palmitoylation 

activity was identified in 2004 (134). Twenty four zDHHC genes were soon identified in humans, 

many of which have been shown to have cysteine palmitoyl acyltransferase activity (154). All of 

these enzymes are polytopic transmembrane proteins with a cytosolic catalytic domain. While it is 

generally accepted that zDHHC proteins possess S-acyltransferase activity, relatively little is 

known with regards to how these enzymes identify their target proteins. Unlike many other 

enzymes, including those responsible for other protein lipid modifications, there are few known 

target consensus sequences for zDHHC enzymes (153). This has made prediction of protein S-

acylation quite challenging, requiring experimental approaches in order to determine whether a 

protein is subject to S-acylation and which cysteine residues are involved. It is also important to 

note that while palmitic acid is the primary substrate for zDHHC enzymes, many of these proteins 

have a wide substrate specificity that includes many long chain fatty acids. Indeed, it has been 
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shown that the profile of fatty acids bound to proteins is dependent on the profile of fatty acids 

available to S-acyltransferases (130). This includes unsaturated and polyunsaturated fatty acids, 

which may confer different functional consequences to proteins compared with saturated palmitic 

acid. 

 

2. S-acylthioesterases 

Even less information is known about the enzymes responsible for deacylation of S-

acylated proteins (39). The protein palmitoyl thioesterases family (PPT1 and PPT2) are localized 

in lysosomes and are likely responsible for deacylation during protein degradation. In contrast, 

cytosolic acyl protein thioesterases (APT1, APT2, and APT1-like) appear to be involved in the 

dynamic turnover and regulation of S-acylation. In addition, it is possible that there are other 

proteins with S-acylthioesterase activity that have yet to be identified. 

 

3. S-acylation of transport proteins 

S-acylation has been shown to regulate the function of a wide variety of cellular proteins, 

including ion and solute transporters (39, 126). Among these transport proteins, S-acylation has 

been shown to control plasma membrane trafficking, transport capacity, protein stability, and 

phosphorylation status, as well as other effects. For instance, S-acylation of the β and ɣ subunits 

of the epithelial sodium channel (ENaC) was shown to modulate channel gating by increasing the 

open probability and reducing self-inhibition of the channel (180, 181). In addition to regulation 

of ENaC, it was recently shown that S-acylation of the cystic fibrosis transmembrane conductance 

regulator (CFTR) is crucial for its trafficking from the Golgi apparatus to the plasma membrane 
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(168, 169). Additionally, S-acylation of the dopamine transporter (DAT; SLC6A3) was shown to 

regulate its phosphorylation status, transport kinetics, and stability (80, 178). 

It is crucial to mention that the S-acylation of transport proteins is also implicated in the 

development of diseases. For instance, it has been shown that the fatty acid transporter CD36 is 

subject to S-acylation, which is important for its ER and Golgi processing, as well as its targeting 

to lipid rafts (251). Importantly, Zhao et al recently demonstrated that hepatic CD36 is 

hyperpalmitoylated in nonalcoholic steatohepatitis (NASH) patients, resulting in increased plasma 

membrane CD36 expression (283). This study also showed that blocking CD36 S-acylation in a 

mouse model protected against NASH development, implicating CD36 S-acylation in the 

pathogenesis of this disease. 

It is clear from these previous studies that S-acylation is an important post-translational 

modification that controls the activity of numerous transport proteins. Whether ASBT is also 

subject to S-acylation and how this PTM regulates its function remains elusive. 

 

G. Hypothesis and specific aims 

The apical sodium-dependent bile acid transporter is rapidly regulated by a variety of post-

translational mechanisms. Importantly, conventional methods to assess the function of ASBT are 

not sufficient to study dynamic, post-translational changes in its transport activity. These methods 

require cells to first be treated and then incubated with radiolabeled bile acids, washed to remove 

excess bile acids, lysed, and assessed by scintillation spectrometry. As this process allows for 

measurement of the transport function only at the end of a treatment, rapid changes in BAT 

function may not be fully captured by this technique, likely leading to loss of valuable information. 

While several real-time methods have been developed to study bile acid homeostasis, these 
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techniques have been unable to accurately capture ASBT function directly. We hypothesized that 

a bioluminescence-based, real-time approach would allow for precise evaluation of ASBT 

activity. Additionally, it had been demonstrated that cysteine residues are critical for the function 

of this transporter. However, the molecular basis underlying the importance of ASBT cysteine 

residues has not been fully investigated. Cysteine residues are known to be subject to S-acylation, 

which is an important PTM involved in the regulation of several transport proteins. Therefore, we 

hypothesized that ASBT cysteine residues are subject to S-acylation and that this PTM is 

crucial for its transport function. In order to investigate the hypotheses, the following specific 

aims were systematically investigated: 

• Aim 1: Establish a novel method to measure the function of bile acid transporters in 

real time (chapter II) 

 1a. Synthesize a luciferin-conjugated bile acid probe (CA-SS-Luc)  

1b. Examine ASBT activity in real time by CA-SS-Luc utilizing in vitro and ex 

vivo models 

• Aim 2: Investigate S-acylation of ASBT (chapter III) 

 2a. Examine the effect of S-acylation on ASBT function and expression 

 2b. Investigate the role of different fatty acids in modulating ASBT activity 

 2c. Delineate the cysteine residue(s) responsible for ASBT S-acylation 
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Chapter II: A novel bioluminescence-based method 

to investigate uptake of bile acids in living cells  

 

 

 

 

 

 

The work in this chapter was modified from: 

Ticho AL, Lee H, Gill RK, Dudeja PK, Saksena S, Lee D, Alrefai WA. A novel bioluminescence-

based method to investigate uptake of bile acids in living cells. Am J Physiol Gastrointest Liver 

Physiol 315: G529–G537, 2018. 
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A. Rationale and aim 

ASBT activity is subject to rapid post-translational modulation by protein tyrosine 

phosphatase (13), protein kinase C signaling pathways (222, 240), and changes in plasma 

membrane lipid rafts (14, 175). Therefore, it is essential to capture the rapid changes in ASBT and 

NTCP function in order to fully understand their acute regulation by cellular signaling pathways. 

The conventional methodology to assess the transport function of ASBT and other bile acid 

transporters (BATs) mainly relies on measuring the uptake of radiolabeled bile acids. Using this 

method to study the effect of a given treatment requires cells to first be treated and then incubated 

with radiolabeled bile acids, washed to remove excess bile acids, lysed, and assessed by 

scintillation spectrometry. As this process allows for measurement of the transport function only 

at the end of a treatment, rapid changes in ASBT function may not be fully captured by this 

technique. The delay between treatment and radioactive uptake also makes these studies 

impractical for measuring rapid post-translational regulation of ASBT in vivo. Thus, development 

of a real-time method for assessment of ASBT function in living systems is necessary in order to 

sufficiently study dynamic changes in activity. 

Although several attempts have been made to monitor bile acids in real time (66, 255), 

none have been designed to assess ASBT function directly. Recently, bioluminescence-based 

methods have been used to measure the real-time function of fatty acid transporters (103, 198). 

Our objective was, therefore, to develop a bioluminescence-based method for measuring bile 

acid transport activity in real time to precisely evaluate the rapid changes in their function. 

In this study, we describe a method that relies on a novel probe: cholic acid attached to luciferin 

via a disulfide-containing, self-immolating linker (CA-SS-Luc). The probe is designed such that 

upon entry into cells expressing luciferase, the linker is cleaved to release free luciferin, generating 
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light that can be measured by a sensitive in vivo imaging system (IVIS). This quantitative approach 

allows for sensitive measurement of ASBT function in vitro and further development will confirm 

its in vivo utility. 

 

B. Materials and methods 

1. Cell culture and materials 

The human embryonic kidney fibroblast cell line (HEK 293) was obtained from ATCC 

(Manassas, VA) and grown in plastic flasks at 37 °C in an atmosphere consisting of 5% CO2 and 

95% air. The cells were cultured in Dulbecco’s modified Eagles Medium containing 4 mM L-

glutamine, 4.5 g/L glucose, 1 mM sodium pyruvate, and 1.5 g/L sodium bicarbonate, supplemented 

with 10% fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml gentamicin (Invitrogen; 

Carlsbad, CA). HEK 293 cells stably transfected with human ASBT-V5 (2BT) were cultured in 

the same media containing 7 µg/mL puromycin. All chemicals were obtained from Sigma Aldrich 

(St Louis, MO) unless otherwise specified. 

 

2. Plasmid construction 

Human ASBT cDNA was previously generated in our laboratory (14), and human NTCP 

cDNA was purchased from Origene (Rockville, MD). These cDNAs were amplified by PCR using 

the primers: 5’-GATTACGCGGCCGCACCATGGCCAATGATCCGAACAGC-3’ and 5’-

GATTACCTCGAGCTTTTCGTCAGGTTGAAATC-3’ for ASBT amplification and 5’-

GATTACGCGGCCGCACCATGGCCGAGGCCCACAACG-3’ and 5’-

GATTACCTCGAGGGCTGTGCAAGGGGAG-3’ for NTCP amplification. PCR products were 

digested using NotI and XhoI restriction enzymes (New England Biolabs; Ipswich, MA) and 



 

 

48 

ligated into the vector pSF-CMV-Puro-COOH-TEV-V5 (Oxford Genetics; Cambridge, MA) using 

T4 DNA Ligase (New England Biolabs; Ipswich, MA). 

 

3. In vitro measurement of CA-SS-Luc bioluminescence 

Transfections were performed using Lipofectamine 2000 (Invitrogen) following the 

manufacturer’s instructions. 2BT cells, which stably express ASBT-V5, were transfected with 1 

µg/well pmirGLO (Promega; Madison, WI), for the expression of luciferase, and plated on 24-

well TC-treated black plastic plates with glass bottoms (Perkin Elmer; Waltham, MA) at a density 

of 2 x 105 cells/well. Wild type HEK 293 cells were co-transfected with 500 ng/well pmirGLO 

and 1) 750 ng/well ASBT-V5 or NTCP-V5; 2) 250 ng/well ASBT-V5 or NTCP-V5 and 500 

ng/well serotonin transporter (SERT-V5); or 3) 750 ng/well SERT-V5. Media was changed the 

next day and experiments were performed on the second day following transfection. Cells were 

washed twice at 25 °C with uptake buffer containing (in mM) 110 NaCl (with sodium) or choline 

chloride (without sodium), 4 KCl, 1 MgSO4, 1 CaCl2, 45 mannitol, 5 glucose, and 10 HEPES (pH 

7.4). Cells were then incubated with the same buffer containing CA-SS-Luc (1 µM unless 

otherwise specified) and immediately placed into a Xenogen IVIS Spectrum in vivo imaging 

system (Caliper Life Sciences; Waltham, MA). Bioluminescence production was measured using 

the IVIS camera set to obtain images with 1 min exposure times unless otherwise specified. The 

luminescence produced from each well was quantified using Living Image software (Perkin Elmer; 

Waltham, MA) and reported as photon counts per minute. Images were either taken directly from 

this software or further processed using ImageJ (NIH). 
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4. Western blot analysis 

Cells were lysed in cell lysis buffer (Cell Signaling Technology; Danvers, MA) 

supplemented with protease inhibitor cocktail (Roche; Basel, Switzerland) and 1% SDS. Protein 

samples were prepared in Laemmli buffer (BioRad; Des Plaines, IL) containing 2.5% 2-

mercaptoethanol, subjected to SDS-PAGE on 10% polyacrylamide gel, transferred to 

nitrocellulose membranes, and probed with anti-V5-HRP antibodies (Invitrogen; Carlsbad, CA) or 

anti-mouse ASBT antibodies (a generous gift from Dr. Paul Dawson, Emory University). 

 

5. Treatment with PTPIII 

2BT cells were transfected with pmirGLO and plated as described previously. On the day 

of the experiment, cells were treated with protein tyrosine phosphatase inhibitor III (PTPIII; 500 

µM; Sigma Aldrich) or DMSO for 60 min prior to imaging. Bioluminescence was measured as 

described earlier. 

 

6. Isolation of primary intestinal epithelial cells 

Transgenic mice expressing luciferase (LucTg; FVB-Tg(CAG-luc,-GFP)L2G85Chco/J0) 

were obtained from Jackson Laboratory (Bar Harbor, ME) and housed in the animal facility at the 

Jesse Brown VA Medical Center according to approved VA and UIC IACUC protocols. At age 

10-16 weeks, male and female mice were sacrificed and epithelial cells from the jejunum and ileum 

were isolated as previously described (12). Briefly, the small intestine was removed and flushed 

and the proximal (jejunum) and distal (ileum) 5 cm were cut into small pieces and washed with 

ice-cold PBS. The intestines from five animals were pooled for each experiment. Intestinal pieces 

were then washed in Ringer’s solution without calcium or magnesium and supplemented with 2% 
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BSA and 2% glucose. Tissues were then incubated with shaking at 37 °C in Ringer’s solution 

supplemented with 0.5 mM DTT and 1.5 mM EDTA for 15 min. Cells were collected with 

centrifugation at 500 g for 5 min and resuspended in uptake buffer containing 1 µM CA-SS-Luc 

and imaged by IVIS with 5 min camera exposure. 

 

7. Statistical analysis 

Results were expressed as mean ± SEM of three to four experiments performed on multiple 

occasions unless otherwise specified. Student's t-test or two-way ANOVA were used for statistical 

analysis. P ≤ 0.05 was considered statistically significant.  

 

C. Results 

To develop a method for the assessment of bile acid transporter activity in real time, we 

have designed a reporter system relying on a novel bioluminescent probe: CA-SS-Luc. Upon entry 

into the cells, a two-step process initiated by intracellular glutathione results in the release of free 

luciferin, which will be catalyzed by luciferase expressed in the cells to generate light, as shown 

in Figure 5. 
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Figure 5. Schematic of luminescence production by CA-SS-Luc. CA-SS-Luc enters cells via a 
bile acid transporter. Intracellular glutathione cleaves the disulfide linker which self-immolates, 
yielding free luciferin. Luciferase oxidizes luciferin, producing light that is measured by an in vivo 
imaging system. 
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1. Synthesis of CA-SS-Luc 

The abbreviated synthetic route for the disulfide-based probe CA-SS-Luc 7 is shown in 

Figure 6. The synthesis began with protection of three hydroxyl groups of cholic acid 1 with tert-

butyldimethylsilyl (TBS) groups to generate compound 2. Compound 2 was subjected to reduction 

of the carboxylic acid moiety, iodination, substitution with KSCN, and reduction of the 

thiocyanide moiety to generate the thiol compound 3. Sulfide exchange of 3 with compound 4 

proceeded smoothly to generate 5. Removal of TBS groups followed by treatment of 6 with D-

cysteine provided CA-SS-Luc 7. 
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Figure 6.  Synthesis of CA-SS-Luc. (a) TBSCl, imidazole, DMF, reflux 10 h. (b) LiAlH4, Et2O, 
0 °C to rt, 3 h. (c) I2, PPh3, pyridine, CH2Cl2, 0 °C to rt, 1 h. (d) KSCN, acetone, rt, overnight. (e) 
LiAlH4, Et2O, 0 °C to rt, 5 h. (f) Et3N, DMF, rt, 2 h. (g) p-TsOH, MeOH, rt, overnight. (h) D-
cysteine, K2CO3, DCM, MeOH, H2O, rt, 5 min. DMF = Dimethylformamide; DCM = 
Dichloromethane; TBSCl = tert-Butyldimethylsilylchloride; p-TsOH = p-Toluenesulfonic acid. 
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2. Transporter-dependence of CA-SS-Luc uptake 

We examined the hypothesis that the putative CA-SS-Luc probe will be transported into 

cells specifically via a bile acid transporter, producing bioluminescence that is proportional to the 

amount of probe entering the cells over a given period of time. We first tested the hypothesis in 

HEK 293 cells stably transfected with the ileal ASBT fused to a C-terminal V5 tag (2BT cells) and 

transiently transfected with luciferase. 48 hours post-transfection with luciferase, these cells were 

incubated with different concentrations of CA-SS-Luc probe and then continuously imaged by 

IVIS for 45 minutes. As shown in Figure 7, the detected bioluminescence was found to be 

proportional to the concentration of CA-SS-Luc. Furthermore, the luminescent signal was time-

dependent and reached equilibrium after ~20 minutes of incubation, indicating that the signal likely 

represents a transport activity. Since a robust signal intensity was generated by 1 µM of CA-SS-

Luc, all subsequent experiments were performed using this concentration of probe. 
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Figure 7. The bioluminescence generated by CA-SS-Luc in 2BT cells is concentration- and 
time-dependent. 2BT cells treated with increasing concentrations of CA-SS-Luc were imaged 
using IVIS. (A)  a representative IVIS image following 20 min incubation. (B) Time course of 
luminescence production by 0.01 μM (open circles), 0.1 μM (closed circles), and 1μM (open 
squares) of CA-SS-Luc; n=3, Error bars representing SEM are displayed but are too small to be 
seen for most points. Two-way ANOVA: Time (p < 0.0001), Dose (p < 0.0001). 
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We next examined the dependence of the luminescence produced in the cells on cellular 

expression of ASBT. HEK 293 cells were transiently co-transfected with luciferase plasmid DNA 

(pmirGLO) and either 1) 750 ng/well of the serotonin transporter SERT-V5; 2) 250 ng/well ASBT-

V5 and 500 ng/well SERT-V5; or 3) 750 ng/well ASBT-V5. Cells were imaged as above 48 hours 

post-transfection. As shown in Figure 8A, when compared to cells transfected with 750 ng/well 

SERT-V5, luminescence was dependent on the amount of transfected ASBT-V5. Cells transfected 

with 250 ng/well ASBT-V5 displayed greater luminescence than SERT-transfected cells, and this 

luminescence was further increased when 750 ng/well of ASBT-V5 was transfected. This 

corresponded to the cellular expression of ASBT-V5 as determined by western blotting (Figure 

8B). Similar results were obtained when HEK 293 cells were transiently co-transfected with 

luciferase and the hepatic bile acid transporter NTCP. The bioluminescence was also significantly 

increased by higher levels of NTCP-V5 fusion protein in HEK 293 cells, and this luminescence 

was even greater than that seen in cells transfected with ASBT-V5 (Figure 8C-D). It is important 

to note that the serotonin transporter (SERT), which does not transport BAs, was used as a control 

plasmid in cells transfected with less than 750 ng/well of BAT. Thus, luminescence from SERT-

transfected cells was minimal. To demonstrate that luminescence is the result of active uptake 

rather than extracellular cleavage of CA-SS-Luc followed by passive diffusion of D-luciferin, the 

luminescence of CA-SS-Luc was compared to that of D-luciferin. At a concentration of 1 µM, 

CA-SS-Luc produced several fold greater luminescence than D-luciferin for the duration of the 

experiment (Figure 9). These results suggest that extracellular hydrolysis of CA-SS-Luc is not 

responsible for the produced bioluminescence.  
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Figure 8. Bioluminescence production is dependent on cellular levels of bile acid 
transporters. Time course of bile acid transporter-dependent bioluminescence production in HEK 
293 transiently transfected with luciferase and 250 ng/well (closed circles) or 750 ng/well (open 
squares) of ASBT-V5 (A) or NTCP-V5 (C) relative to cells transfected with luciferase and SERT-
V5 (750 ng/well). Bioluminescence production (top) and BAT expression (middle) by increasing 
amounts of transfected ASBT (B) or NTCP (D); n=3. Two-way ANOVA: Time (p < 0.0001), 
Plasmid dose (p < 0.0001). 
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Figure 9. Incubation with CA-SS-Luc produces greater bioluminescence than D-luciferin. 
Luminescence production by 1 μM D-luciferin (closed circles) and 1 μM CA-SS-Luc (open 
squares) in 2BT cells; n=4. Two-way ANOVA: Time (p < 0.0001), CA-SS-Luc (p < 0.0001). 
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3. Measuring real-time changes in ASBT function 

We next examined whether this assay could detect rapid changes in ASBT activity. 2BT 

cells stably transfected with ASBT-V5 were transiently transfected with luciferase as above. 48 

hours post-transfection, cells were treated with vehicle or 500 µM tyrosine phosphatase inhibitor 

III (PTPIII; Millipore) for 1 h, which has previously been shown to enhance ASBT activity (13). 

Media containing PTPIII was removed, and cells were imaged by IVIS as above. As shown in 

Figure 10A, bioluminescence from PTPIII-treated cells increased more rapidly as compared to 

untreated cells in the first 10 minutes of imaging and reached a maximum ~3-fold increase in 

luminescence before rapidly decreasing to near control-treated luminescence. Similarly, when 

PTPIII was added along with CA-SS-Luc at the start of imaging, the bioluminescence signal was 

significantly increased compared with control (Figure 10B). 

It is also crucial to determine the residual signal present after CA-SS-Luc is removed from 

the media. Given that there is an intracellular phase in which the probe decomposes to release 

luciferin, it is likely that this may delay the bioluminescence response to a change in ASBT 

activity. To address this, 2BT cells were incubated with 1 µM CA-SS-Luc as in Figure 7. 

Following 45 min imaging, we immediately washed the cells 3 times with uptake buffer that did 

not contain CA-SS-Luc and imaged the cells for an additional 45 min. As shown in Figure 11, the 

bioluminescence signal rapidly decreases after washout, with a calculated half-life of 8.7 ± 0.9 

min. 
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Figure 10. PTPIII enhances CA-SS-Luc bioluminescence production. (A) CA-SS-Luc 
luminescence in 2BT cells with 1 h pretreatment with 500 μM PTPIII (open squares) or DMSO 
(closed circles); n=6. Two-way ANOVA: Time (p < 0.0001), PTPIII (p < 0.0001). (B) CA-SS-Luc 
luminescence in 2BT cells treated at the start of imaging with 500 µM PTPIII (open squares) or 
DMSO (closed circles); n=3. Two-way ANOVA: Time (p < 0.0001), PTPIII (p < 0.0001) 
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Figure 11. CA-SS-Luc bioluminescence rapidly decreases after washout. Bioluminescence in 
2BT cells incubated for 45 min with 1 µM CA-SS-Luc followed by washout and further imaging 
for 45 min. Data are normalized to CA-SS-Luc bioluminescence at the end of the initial 45 min 
imaging and were fit to a single-phase decay equation; n=3 
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4. Induction of the bioluminescence by co-incubation with natural bile acids 

We then examined whether co-incubation of CA-SS-Luc with excess of natural bile acids 

could compete with CA-SS-Luc for entry into the cell. Interestingly, addition of 100 µM 

taurocholate (TC) to the uptake solution enhanced the luminescence by ~1.5 fold in HEK 293 cells 

transiently transfected with either ASBT-V5 (Figure 12A) or NTCP-V5 (Figure 12B), but not in 

cells transfected with SERT, which does not transport BAs (Figure 12C). It should be noted that 

bioluminescence is observed in cells expressing SERT-V5. However, the raw luminescence signal 

is significantly less than cells expressing bile acid transporters (Figure 8) and likely represents a 

background bioluminescence that is not further induced by the addition of exogenous bile acids. 

Similar results were seen with the bile acids taurodeoxycholate (TDC), glycocholate (GC), and 

glycochenodeoxycholate (GCDC), demonstrating that natural bile acids enhance CA-SS-Luc 

bioluminescence in a bile acid transporter-dependent manner (Figure 12D). 

We further investigated BA-dependent luminescence induction in the presence of different 

BA concentrations. As seen in Figure 12E, concentrations of TC as low as 5 µM resulted in 

enhanced luminescence and was further increased with TC concentrations up to 100 µM in stable 

2BT cells transiently expressing luciferase. Interestingly, addition of taurochenodeoxycholate 

(TCDC) enhanced CA-SS-Luc luminescence to a greater extent and at lower concentrations than 

TC (Figure 12F). We then plotted the bile acid-dependent increase in luminescence at 15 minutes 

against the concentration of bile acid (5, 25, 50 100, and 300 µM) with a plotted curve that 

resembled classic kinetics (Figure 12G). Based on the Michaelis-Menten equation, the apparent 

Km of TC was calculated as 53.1 ± 10.7 µM and the apparent Km of TCDC was calculated as 10.0 

± 2.6 µM. 
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Figure 12. Natural bile acids enhance CA-SS-Luc bioluminescence. (A-C) Relative 
bioluminescence production by CA-SS-Luc co-treated with 100 μM TC (open squares) or 0 μM 
TC (closed circles) in HEK cells transiently expressing ASBT (A), NTCP (B), or SERT (C); n=3. 
Two-way ANOVA: Time (A-C: p < 0.0001), TC (A-B: p < 0.0001; C: ns). (D) Induction of CA-
SS-Luc luminescence by 0 BA (closed squares) or 50 μM of either GC (open triangles), GCDC 
(closed circles), or TDC (open diamonds). (E-F) Induction of CA-SS-Luc luminescence by 0 μM 
(closed squares), 5 μM (open triangles), 25 μM (closed triangles), and 100 μM (open circles) TC 
(D) and TCDC (E) in 2BT cells; n=4. Two-way ANOVA: Time (p < 0.0001), Dose (p < 0.0001). 
(G) Luminescence induction normalized to 300 μM BA by different concentrations of TC (red) or 
TCDC (blue). Curve fit to the Michaelis-Menten equation and apparent Km calculation by 
GraphPad Prism 6.0; n=4, p < 0.05. 
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5. CA-SS-Luc uptake in isolated intestinal epithelial cells 

Because our in vitro studies indicated that luminescence generated by CA-SS-Luc likely 

represents bile acid transport activity, we hypothesized that CA-SS-Luc could be used to measure 

ASBT activity in native ileal enterocytes. Intestinal epithelial cells (IECs) were isolated from the 

jejunum and ileum of transgenic mice expressing luciferase (LucTg). Viability of these IECs was 

approximately 70% following the isolation, as determined by trypan blue staining. Isolated IECs 

were immediately incubated with 1 µM CA-SS-Luc in uptake buffer and imaged by IVIS with a 

single 5 min exposure time. The bioluminescence generated by ileal IECs was significantly higher 

than that generated by an equal number of jejunal IECs, which corresponds to ASBT protein 

expression as determined by western blot (Figure 13). These data demonstrate that CA-SS-Luc 

luminescence from IECs is enhanced in ileal cells, consistent with the localization and mechanism 

of ASBT. 
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Figure 13. CA-SS-Luc uptake is enhanced in ileal intestinal epithelial cells.  (A) ASBT protein 
expression in jejunal and ileal IECs from LucTg mice (representative western blot from n=3 mice) 
corresponds to CA-SS-Luc bioluminescence production. (B) CA-SS-Luc luminescence relative to 
jejunal IECs; n=4, **p < 0.01  
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D. Discussion 

We have developed a novel, bioluminescence-based method for assessing the cellular 

uptake of bile acids, and real-time monitoring of the transport activity of ileal ASBT and hepatic 

NTCP. Recent work in the field has focused on developing methods for real-time imaging of bile 

acids. Specifically, taurocholic acid has been conjugated to fluorophores and 19F-labeled lysine to 

generate probes to trace bile acid translocation within the enterohepatic system (66, 259). While 

these labelled probes could be used as tracers, they are not suitable to directly measure the function 

of BATs in real time. 

The traditional methods for directly assessing BAT activity, which rely on radiolabeled 

uptake, are unable to sufficiently assess rapid functional changes in these transporters. Recently, 

bioluminescence-based methods have become increasingly useful tools for measuring real-time 

transporter activity and other cellular processes (103, 194, 198). In our study, we designed a novel 

method that relies on a small molecule probe, designated as CA-SS-Luc, which is composed of a 

cholic acid moiety conjugated to firefly luciferin via a cleavable disulfide linker. The use of a bile 

acid-based probe is an attractive method for measuring BAT function because these transporters 

have a fairly broad substrate specificity. ASBT and NTCP have been shown to transport bile acids 

conjugated to synthetic molecules, a property that has also led to interest in using BATs as prodrug 

targets (230). We designed CA-SS-Luc to adhere to known structural requirements for ASBT 

substrates because ASBT has a narrower substrate specificity compared to NTCP (15). Studies 

showed that many high affinity substrates for ASBT contain the bile acid ring structure conjugated 

to other molecules at the terminus of the C-24 sidechain (15). Also, a negatively charged C-24 side 

chain improves translocation of substrates via ASBT (19). The structure of CA-SS-Luc is 

consistent with all of these parameters, making it a likely substrate for BATs. It will be interesting 
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to determine in future studies whether probes with luciferin attached to other sites of the bile acid, 

such as the 3-hydroxy moiety, have different affinity and transport properties compared to CA-

SS-Luc. The previously-described self-immolating linker was designed such that upon CA-SS-

Luc entry into the cell, glutathione cleaves the disulfide bond, releasing free luciferin and leading 

to luminescence in cells expressing firefly luciferase (128). Notably, because CA-SS-Luc itself is 

not a substrate for luciferase, light is only generated after cellular uptake and free luciferin release. 

This allows for real-time measurement of uptake with minimal extracellular background, which 

provides an advantage over fluorescence- or MRI-based methods, whose extracellular signal 

prevents a direct measurement of cellular uptake (66, 259). 

In this study, we demonstrate that CA-SS-Luc is useful for the measurement of BAT 

function in a cell culture model. In HEK 293 cells expressing luciferase and either ASBT or NTCP, 

CA-SS-Luc bioluminescence is both concentration- and time-dependent. It is important to note 

that incubation with 15 µM CA-SS-Luc produced significantly higher bioluminescence that 

saturated the signal collected by IVIS (data not shown), indicating that at the CA-SS-Luc 

concentrations used in this manuscript, neither intracellular glutathione nor luciferase expression 

were limiting. The bioluminescence signal, which represents a velocity of the transport activity, 

increases linearly for ~20 minutes and then reaches a plateau representing a steady-state consistent 

with a transporter-mediated process for CA-SS-Luc cellular entry. Importantly, bioluminescence 

is dependent on the levels of BAT expression but not expression of other transport proteins that 

are not involved in bile acid transport, such as SERT. This provides strong evidence that the 

bioluminescence signal generated by CA-SS-Luc is specifically induced by BATs. It was also 

interesting that the relative luminescence in cells transfected with NTCP-V5 was considerably 

higher than the luminescence in cells transfected with an equal amount of ASBT-V5 plasmid DNA. 
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This may simply be the result of different expression levels of these transporters at the plasma 

membrane of transfected cells, different levels of expression from plasmid DNA, or different 

transfection efficiency. Future studies will test the utility of this system to measure bile acid 

transport via other BATs, such as the hepatic bile salt export pump (BSEP) and organic anion 

transporting polypeptide (OATP), as well as the ileal organic solute transporter α/β (OST α/β).  

Notably, this method was also able to measure rapid changes in ASBT activity. We have 

previously shown that ASBT-dependent 3H-TC uptake was significantly increased by 30 min 

incubation with the phosphatase inhibitor PTPIII (13). Here, we show that CA-SS-Luc 

bioluminescence rapidly increased in the presence of PTPIII. Additionally, we demonstrated that 

CA-SS-Luc bioluminescence rapidly decreases following washout, suggesting that the 

intracellular phase of bioluminescence production is rapid. Taken together, these data provide 

strong evidence for the ability of CA-SS-Luc to assess rapid changes in ASBT function in real 

time. This observation will be further tested using other compounds known to rapidly modulate 

BAT function (222, 273). 

Interestingly, co-incubation with natural bile acids to compete with CA-SS-Luc for cellular 

uptake instead caused a significant increase in the luminescence signal. This induction was 

sodium-dependent and occurred in cells expressing BATs, but not in cells expressing other 

transporters, such as SERT. Additionally, co-incubation with TCDC produced greater induction 

than with TC. Since ASBT was previously shown to have more affinity for TCDC as compared to 

TC, we considered that the observed enhanced luminescence is directly related to the transport 

activity of ASBT. When the enhancement of CA-SS-Luc luminescence by increasing 

concentrations (5-300 µM) of TC or TCDC was fit to the Michaelis-Menten equation, we 

calculated the apparent Km of TC as 53.1 ± 10.7 µM and the apparent Km of TCDC as 10.0 ± 2.6 
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µM. Interestingly, these values are consistent with those previously measured by radioactive 

uptake (6, 53, 60, 145, 244). It should be noted that the induction of the bioluminescence by co-

incubation with higher levels of natural bile acids is unexpected, as previous data from our 

laboratory has demonstrated that the uptake of radiolabeled tracer 3H-TC is decreased in the 

presence of higher concentrations of unlabeled TC. The TC-dependent induction of 

bioluminescence in our system is not the result of increased ASBT expression, as the induction 

occurs within minutes and expression of ASBT is driven by a constitutive CMV promoter from 

transfected plasmid DNA. It is possible that the presence of extracellular BAs increases 

luminescence either by disrupting membrane integrity and allowing passive diffusion or by 

promoting extracellular cleavage of CA-SS-Luc, leading to diffusion of free luciferin. However, 

both of these possibilities are unlikely as: i) the BA-dependent increase in luminescence occurred 

only in cells expressing ASBT or NTCP and not cells expressing other transporters; and ii) our 

results showed that incubating the cells with D-luciferin alone produced minimal signal as 

compared to CA-SS-Luc. Another possibility is that intracellular BAs increase luminescence, 

potentially through enhancing the intracellular cleavage of CA-SS-Luc. This also is quite unlikely, 

as intracellular bile acid accumulation tends to produce oxidative stress (189) and could reduce 

intracellular glutathione, which would instead be expected to decrease the cleavage of CA-SS-Luc 

and thus decrease luminescence. A likely explanation for this increased luminescence is that CA-

SS-Luc and natural bile acids bind to distinct sites on ASBT and NTCP and, hence, are not 

competitors. Rather, the binding and transport of natural bile acids appears to enhance the transport 

of CA-SS-Luc. Delineating the molecular basis for this speculation will be the subject of future 

studies. 
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It is important to mention that in the absence of exogenous BAs, the bioluminescence 

production from CA-SS-Luc is predominantly sodium-independent. This is a particularly 

interesting finding given that the signal is clearly dependent on the expression of BATs and would 

thus be expected to display sodium dependence. The possibility of multiple binding sites may 

explain both the induction of bioluminescence by exogenous bile acids, as well as the sodium-

independent bioluminescence that is produced in the absence of exogenous BAs. 

While investigating the different binding sites for CA-SS-Luc on ASBT and NTCP, it is 

important to note that both ASBT and NTCP form functional dimers (30, 54). It should also be 

mentioned that ASBT has been recently shown to exhibit a second functional mode, acting as a 

receptor for large compounds behaving as ligands and leading to their rapid internalization. It is 

possible, therefore, that the co-presence of CA-SS-Luc and natural bile acids stimulate a functional 

transport mechanism distinct from the transport of individual bile acids. Nevertheless, we provide 

here strong evidence that this novel method in the presence of natural bile acids faithfully capture 

BAT function. 

It is of particular importance that our method can be used to assess ASBT activity in native 

intestinal epithelial cells, a more complex and physiologically relevant model. Our present data 

demonstrate that in primary IECs isolated from LucTg mice, CA-SS-Luc bioluminescence is 

significantly higher in cells isolated from the ileum, the intestinal segment where ASBT is 

expressed. This indicates that in native mouse intestinal cells, CA-SS-Luc uptake is dependent on 

ASBT expression. Furthermore, preliminary data from live LucTg mice and excised intestines 

suggest that luminescence from CA-SS-Luc is predominantly produced from the ileum. However, 

further study is required in order to confirm these finding and to identify the precise location where 

luminescence is produced. This method provides an advantage over the recently described 
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fluorescence resonance energy transfer (FRET)-based biosensor that measures intracellular bile 

acid concentrations (255). This FRET-based method allows for efficient, real-time measurement 

of bile acid concentration at subcellular resolution in vitro. Although the FRET-based method 

provides an attractive approach to assess the intracellular concentrations in a single cell, the 

application of such an approach to animal models may be challenging. On the other hand, our 

novel luciferase-based method may offer an in vivo approach to evaluate the function of intestinal 

and hepatic bile acid transporters in living animals, as well as from primary cells isolated from 

LucTg mice. However, it is important to note that this method will not allow for the measurement 

of BAT activity in human patients, as it does require expression of luciferase in intestinal epithelial 

cells. Thus, its utility is limited to in vitro and in vivo preclinical models. Ongoing studies in our 

laboratory are focusing on developing novel methods to measure bile acid transport and 

distribution in humans. 

In conclusion, we have developed a method for assessing BAT activity in real time using 

a novel bioluminescent probe. This method will be applied to develop assays to identify 

compounds that modulate BAT activity, as well as pursuing the in vivo use of CA-SS-Luc. Future 

in vivo studies will not only allow for real-time measurement of BAT activity in the intestine and 

liver, but also may identify novel bile acid transport processes in other organ systems. 
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Chapter III: A novel role of S-acylation in the modulation 

of ileal apical sodium-dependent bile acid transporter function  

 

 

 

 

 

 

The work in this chapter was modified from: 

Ticho AL, Malhotra P, Manzella CR, Dudeja PK, Saksena S, Gill RK, Alrefai WA. S-acylation 

modulates the function of the apical sodium-dependent bile acid transporter in human cells. Journal 

of Biological Chemistry 295: 4488-4497, 2020. 
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A. Rationale and aim 

ASBT function is tightly regulated by several post-translational mechanisms, including 

ubiquitination, glycosylation, phosphorylation, and association with plasma membrane 

microdomains. In this regard, protein S-acylation, a post-translational lipid modification, has been 

shown to be responsible for regulating several membrane transport proteins by controlling plasma 

membrane trafficking, transport capacity, protein stability, phosphorylation status, and lipid raft 

targeting (39, 80, 126, 168, 169, 178, 180, 181, 251, 283). S-acylation is the reversible attachment 

of long chain fatty acids (FAs) to cysteine residues of transmembrane and cytosolic proteins via a 

covalent thioester bond. The attachment of FAs is catalyzed by the zDHHC family of palmitoyl 

acyltransferases, which are transmembrane proteins that contain a zinc-finger Asp-His-His-Cys 

catalytic domain on their cytosolic face (153, 154). Deacylation is performed by a smaller family 

of acylthioesterases (40, 281). While palmitic acid (PA) is the most common lipid in S-acylated 

proteins, many other long chain FAs can be used, including unsaturated FAs such as oleic acid 

(OA) (130, 153).   

To date, the potential regulation of ASBT by S-acylation has not been examined. In the 

present study, we aimed to investigate the role that S-acylation plays in regulating ASBT 

function. Our data demonstrated that S-acylation is crucial for ASBT activity and may serve an 

important regulatory role in bile acid homeostasis. 

 

B. Materials and methods 

1. Cell culture, materials, and western blot analysis 

Wild type HEK 293 and 2BT cells were maintained and transfected as described in chapter 

II. All chemicals and reagents were purchased from Sigma Aldrich (St Louis, MO) unless 
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otherwise specified. Western blotting was performed as in chapter II using antibodies against V5 

(Invitrogen; Carlsbad, CA), hASBT (previously generated in our laboratory) (14), mASBT (a 

generous gift from Dr. Paul Dawson, Emory Universiry), flotillin-1 (Abcam; Cambridge, MA), or 

claudin-2 (Invitrogen; Carlsbad, CA) 

 

2. Plasmid construction 

Human ASBT cDNA was generated as described in chapter II. Site mutagenesis was 

performed using the Quikchange II XL kit (Agilent; Wood Dale, IL) per the manufacturer’s 

instructions with the primers listed in Table 2. 
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Table 2. Primers for ASBT cysteine mutants. 

 

  

C7S 5’-TGTTGCATTGTCCACACTGCTGTTCGGATCATTCA-3’  
5’-TGAATGATCCGAACAGCAGTGTGGACAATGCAACA-3’ 

C51S 5’-TGATTTCCACGTTGCTTCCCATGGAGAACATCAC-3’  
5’-GTGATGTTCTCCATGGGAAGCAACGTGGAAATCA-3’ 

C69S 5’-GGCCGTGGGGCATTAGTGTTGGCTTCCT-3’  
5’-AGGAAGCCAACACTAATGCCCCACGGCC-3’ 

C74S 5’-GCATGATTCCAAACTGACTGAGGAAGCCAACACAAAT-3’  
5’-ATTTGTGTTGGCTTCCTCAGTCAGTTTGGAATCATGC-3’ 

C105S 5’-CTCCAGGGCAGCTTCCTATAATGAGCACCACTACG-3’  
5’-CGTAGTGGTGCTCATTATAGGAAGCTGCCCTGGAG-3’ 

CC105/ 5’-TCCTCCAGGGCTGCTTCCTATAATGAGCACCACTAC-3’ 
106SS 5’-GTAGTGGTGCTCATTATAGGAAGCAGCCCTGGAGGA-3’ 
C106S 5’-GCAGTTCCTCCAGGGCTGCATCCTATAATGAGC-3’  

5’-GCTCATTATAGGATGCAGCCCTGGAGGAACTGC-3’ 
C144S 5’-GTATAGATAAGGAGGCTCAGCGGCATCATTCCG-3’  

5’-CGGAATGATGCCGCTGAGCCTCCTTATCTATAC-3’ 
C255S 5’-GCAACCGTTCGGCTCCTGTACCAGGGT-3’  

5’-ACCCTGGTACAGGAGCCGAACGGTTGC-3’ 
C314S 5’-TCTGCCTTGTTTTTTCCATGACTTTTCTTGTATGCCACATAAAATC-3’  

5’-GATTTTATGTGGCATACAAGAAAAGTCATGGAAAAAACAAGGCAGA-3’ 
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3. Isolation of mouse ileal intestinal epithelial cells (IECs) 

8-14 week old C57BL/6J mice (Jackson Labs; Bar Harbor, ME) were sacrificed and the 

distal 5 cm of ileum were dissected. Ileal IECs were prepared as in chapter II and used for acyl 

resin-assisted capture (acyl-RAC) analysis (see below). 

 

4. Preparation of human donor ileal brush border membrane vesicles (BBMVs) 

Small intestine from healthy adult organ donors were obtained from Gift of Hope 

immediately after harvest of organs for transplantation. The small intestine was divided into 3 

segments of equal length and the distal segment was designated as the ileum. The intestine was 

cleaned, and mucosa scraped from the seromuscular layer and stored at -80℃. Purified BBMVs 

were prepared from frozen samples by the CaCl2 precipitation method as previously described (14, 

71, 90, 102). Purified BBMVs were suspended in buffer containing 25 mM HEPES (pH 7.4), 25 

mM NaCl, 1 mM EDTA, and 1% Triton X-100 for acyl-RAC analysis (see below). 

 

5. Acyl resin-assisted capture (acyl-RAC) 

Acyl-RAC was performed on crude membrane preparations as previously described 

(Figure 14A) (79, 268). Briefly, cells were harvested in detergent-free buffer containing 25 mM 

HEPES (pH 7.4), 25 mM NaCl, and 1 mM EDTA. Lysates were subjected to ultracentrifugation 

at 136000 x g for 1 h to prepare crude membranes, which were then solubilized in the lysis buffer 

supplemented with 1% Triton X-100. Membranes were subjected to thiol blocking by 1.5% S-

methyl methanethiosulfonate (MMTS) in a buffer containing 100 mM HEPES (pH 7.4), 1 mM 

EDTA, and 2% SDS for 4 h at 40℃. Blocked proteins were precipitated in acetone, washed several 

times, and resuspended in buffer containing 100 mM HEPES (pH 7.4), 1 mM EDTA, and 1% SDS. 
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Hydrated thiopropyl sepharose 6B resin was added to these proteins and mixed with 

hydroxylamine (HA; pH 7.5) at a final concentration of 0.5 M. As a negative control, a separate 

reaction was prepared with HA replaced by Tris-HCl. This solution was incubated overnight at 

room temperature with end-over-end mixing. The following day, supernatant (unbound fraction) 

was collected, the resin was washed several times, and bound proteins were eluted by boiling in 

Laemmli buffer supplemented with 2.5% β-mercaptoethanol for 10 min. Laemmli buffer was 

added to bound fractions to equalize the volume to unbound fractions. Samples were then subjected 

to SDS-PAGE followed by western blotting. 

 

6. Metabolic labeling with alkyne-fatty acids 

Metabolic labeling with 100 µM alkyne-palmitic acid (alk-PA; palmitic acid 15-yne; 

Avanti Polar Lipids) or µM alkyne-oleic acid (alk-OA; oleic acid 17-yne; Avanti Polar Lipids; 

Alabaster, AL) was performed in DMEM supplemented with 0.25% fatty acid-free BSA. To 

prepare these solutions, 200 mM DMSO stocks of either unlabeled PA, alk-PA, or alk-OA were 

added to 20% fatty acid-free BSA to a concentration of 8 mM. 50 mM 2-bromopalmitate or vehicle 

were also added to a concentration of 2 mM. These solutions were sonicated briefly and incubated 

at 37℃ until the fatty acids had fully dissolved, followed by 80x dilution in 37℃ DMEM. These 

solutions were added to cells and incubated at 37℃ for 15 h to allow for incorporation of fatty 

acids. Following incubation, cells were lysed in buffer containing 150 mM NaCl, 50 mM HEPES, 

2 mM MgCl2, 0.1% Triton X-100,  1% SDS, and 1X EDTA-free protease inhibitor. Up to 200 µg 

of protein lysate was subjected to copper-catalyzed azide-alkyne cycloaddition with azido-PEG3-

biotin as previously described (112). Briefly, lysates were incubated for 1 h at room temperature 

with 50 µM azido-PEG3-biotin in a solution containing 100 µM CuSO4, 500 µM tris(3-
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hydroxypropyltriazolylmethyl)amine (THPTA), and 1.5 mM sodium ascorbate. Proteins were 

precipitated in methanol and chloroform. The precipitate was then washed with methanol and 

resuspended in radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technologies, 

Danvers, MA) supplemented with 1% SDS. Proteins were then incubated with NeutrAvidin 

agarose beads (Thermo; Waltham, MA) overnight at 4℃ with end-over-end mixing. The following 

day, supernatant (unbound fraction) was collected, the resin was washed several times, and bound 

proteins were eluted by boiling in Laemmli buffer supplemented with β-mercaptoethanol for 10 

min. Samples were then subjected to SDS-PAGE followed by western blotting. 

 

7. Preparation of detergent soluble and insoluble membrane fractions 

2BT cells were treated with DMSO or 2-bromopalmitate (2-BP; 1-25 µM) in DMEM 

supplemented with 0.25% fatty acid-free BSA for 15 h. Detergent soluble (DS) and detergent 

insoluble (DI) membrane fractions were prepared as previously described (14). Briefly, crude 

membranes were prepared by lysing cells in a buffer containing 25 mM HEPES (pH 7.4), 25 mM 

NaCl, and 1 mM EDTA, followed by ultracentrifugation of lysates at 136000 x g for 30 min at 

4℃. Membranes were incubated for 30 min at 4℃ in a buffer containing 50 mM MES (pH 6.5), 

60 mM NaCl, 3 mM EGTA, 5 mM MgCl2, 1% Triton X-100. Following incubation, membranes 

were centrifuged again at 136000 x g for 30 min at 4℃. The supernatant was designated as the DS 

fraction and the pellet was resuspended in an equal volume of RIPA buffer and designated as the 

DI fraction. An equal volume of DS and DI fractions were subjected to SDS-PAGE followed by 

western blotting. 
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8. Cell surface biotinylation 

Cell surface biotinylation was performed as previously described (2, 14). Briefly, cells 

were incubated with sulfo-NHS-SS-biotin (0.5 mg/ml; Thermo) in borate buffer (154 mM NaCl, 

7.2 mM KCl, 1.8 mM CaCl2, and 10 mM H3BO3, pH 9.0) for 1 h at 4°C to minimize endocytosis. 

Cells were lysed and biotinylated proteins were precipitated with NeutrAvidin agarose beads. 

Biotinylated proteins were eluted by boiling in Laemmli buffer supplemented with β-

mercaptoethanol for 10 min, followed by SDS-PAGE and western blotting. 

 

9. Supplementation with fatty acids 

Fatty acid supplementation of 2BT cells with either 100 µM palmitic acid (PA; 16:0), 

stearic acid (SA; 18:0), oleic acid (OA; 18:1); α-linolenic acid (ALA; 18:3), or eicosapentanoic 

acid (EPA; 20:5) was performed in DMEM supplemented with 0.25% fatty acid-free BSA 

prepared as above. ASBT function was then assessed as described below. For FA replacement 

experiments, after 15 h of treatment with OA or ALA, media was either replenished with the same 

unsaturated FA (control) or replaced with 100 µM PA for 24 h. 

 

10. Assessment of ASBT function by [3H]-taurocholate (TC) uptake 

Following treatment with FAs or 2-BP, assessment of ASBT activity by [3H]-TC uptake 

was performed as previously described (14). Briefly, cells were washed twice at room temperature 

with uptake buffer containing 110 mM NaCl (with sodium) or choline chloride (without sodium), 

4 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 45 mM mannitol, 5 mM glucose, and 10 mM HEPES 

(pH 7.4). Cells were then incubated with uptake buffer containing 1 µCi/mL of [3H]-TC and 10 

µM cold taurocholate (TC) at room temperature for 5 min, washed with ice-cold PBS, and lysed 
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in 0.5 M NaOH. Radioactivity was measured by liquid scintillation counting (Packard Tri-CARB 

1600-TR, Packard Instruments) and total protein was measured by the method of Bradford (32). 

Results were calculated as pmol • mg protein-1 • 5 min-1 and normalized to control. 

 

11. Assessment of ASBT function by bioluminescent bile acid tracer (CA-SS-Luc) uptake 

Assessment of ASBT activity by CA-SS-Luc uptake was performed as described in 

chapter II. For cotreatment with 2-BP, either 25 µM 2-BP or DMSO vehicle was added along 

with CA-SS-Luc. The luminescence produced from each well was quantified using Living Image 

software (Perkin Elmer; Waltham, MA). 

 

12. Statistical analysis 

Results were expressed as mean ± SEM of at least three experiments. Statistical analysis 

was performed by Student's t-test when comparing two groups and one-way ANOVA when 

comparing multiple groups (GraphPad Prism; San Diego, CA). P ≤ 0.05 was considered 

statistically significant. 

 

C. Results 

1. ASBT is acylated in native intestinal epithelial cells and cultured 2BT cells 

S-acylation is a crucial mechanism by which the localization and function of membrane 

proteins are regulated. We first aimed to determine whether ASBT protein was S-acylated in native 

intestinal tissues from mice and from human donors. We used acyl resin-assisted capture (acyl-

RAC) to quantify the proportion of ASBT that was S-acylated. In this method, proteins are treated 

with MMTS, which blocks free (non-acylated) thiols. Blocked proteins are then treated with 
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hydroxylamine (HA), which cleaves the thioester bonds of S-acylated residues. Thus, cysteine 

residues that were initially non-acylated are blocked by MMTS, while residues that were initially 

acylated are cleaved to form free thiols. Proteins are then precipitated using thiopropyl sepharose 

6B resin, which binds to the initially acylated free thiols. This method results in S-acylated proteins 

binding to the resin, while non-acylated proteins remain unbound in the supernatant (79, 268) 

(Figure 14A). For these experiments, treatment with Tris was used as a negative control for the 

HA reaction, such that in samples treated with Tris, no protein should bind to the resin as acyl 

groups are not cleaved. 

To investigate the acylation of ASBT in mice, intestinal epithelial cells were isolated from 

the distal 5 cm of ileum and membranes preparations were performed as previously described. 

These membranes were subjected to acyl-RAC, and western blotting was performed for ASBT. 

The results demonstrate that ~80% of ASBT from native mouse ileocytes is present in the bound 

fraction of HA-treated proteins, compared to <5% with Tris treatment (Figure 14B). Claudin-2, 

which has previously been shown to be acylated (257), displayed a similar pattern to ASBT. These 

data indicate that the majority of ASBT is acylated in mouse ileum. Similarly, when acyl-RAC 

was performed on brush border membrane vesicles from human donor ileum, the majority of 

ASBT and Flotillin-1 (a well-known S-acylated membrane protein (123)) were found in the bound 

fraction of HA-treated samples (Figure 14C). These data strongly indicate that the majority of 

ASBT is acylated in both mouse and human intestine. 

We next investigated whether ASBT is acylated in HEK 293 cells stably transfected with 

an ASBT-V5 fusion protein (2BT cells). We have previously shown that ASBT-V5 in 2BT cells 

is functional and regulated in a similar manner to native ASBT (12, 14). When acyl-RAC was 
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performed in these cells, ~80% of ASBT-V5 bound to the resin, similar to what was seen in native 

tissues (Figure 15). 
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Figure 14. ASBT is S-acylated in native intestine. (A) Schematic of acyl-RAC method. Free 
cysteines are blocked with MMTS, followed by cleavage of thioesters with hydroxylamine. 
Acylated proteins are precipitated with thiopropyl sepharose 6B resin. (B) ASBT acyl-RAC in 
mouse ileal intestinal epithelial cells; n=3. (C) ASBT acyl-RAC in human ileal brush border 
membrane vesicles (representative western blot from 3 different donors with similar results). 
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Figure 15. ASBT is S-acylated in cultured 2BT cells. ASBT acyl-RAC in HEK 293 cells stably 
transfected with ASBT-V5; n=4. 
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2. 2-bromopalmitate reduces ASBT acylation and function 

To further confirm that ASBT is acylated in 2BT cells, we performed metabolic labeling 

by incorporating alkyne-palmitic acid (alk-PA) into acylated proteins, allowing for detection by 

click chemistry-based approaches. To incorporate alk-PA, cells were deprived of lipids for 6 h in 

media containing 0.25% fatty acid-free bovine serum albumin (FA-free BSA), followed by 15 h 

incubation with either 100 µM palmitic acid (PA) or 100 µM alk-PA in the presence or absence of 

25 µM 2-BP, an inhibitor of acyltransferases. Protein lysates were prepared, and alkyne-

palmitoylated proteins were conjugated to azido-PEG3-biotin via Huisgen cycloaddition, also 

known as “click chemistry” (86, 278). Biotin-conjugated proteins were precipitated with 

NeutrAvidin agarose beads, followed by SDS-PAGE and western blotting (Figure 16A). As 

shown in Figure 16B, cells treated with PA did not show ASBT-V5 in the bound fraction (as 

expected), while those treated with alk-PA did, indicating that alk-PA was incorporated into 

ASBT-V5. The incorporation of alk-PA in ASBT-V5 was ~50% reduced by treatment with the 

acyltransferase inhibitor 2-BP (Figure 16B-C), suggesting enzyme-dependent acylation of ASBT 

in 2BT cells. In addition to reducing ASBT acylation, short-term treatment (30 min) with 25 µM 

2-BP was able to produce a robust ~50% decrease in [3H]-TC uptake (Figure 16D). 15 h 

incubation with 2-BP reduced [3H]-TC uptake, with a maximal decrease of nearly 90% when 

treated with 25 µM 2-BP (Figure 16E). These findings were confirmed by measuring real-time 

CA-SS-Luc luminescence when 2BT cells were treated with 2-BP at the same time that CA-SS-

Luc was added. Under these conditions, the rate of CA-SS-Luc luminescence generation was 

markedly reduced when cells were treated with 10 or 25 µM 2-BP (Figure 16F). The area under 

the curve (AUC) measurement, which represents total CA-SS-Luc uptake, was ~70% reduced by 

10 µM 2-BP and nearly eliminated by 25 µM 2-BP. To investigate the potential mechanism(s) by 
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which 2-BP reduces ASBT function, we examined ASBT plasma membrane expression by cell 

surface biotinylation. As shown in Figure 16G, 30 min treatment with 25 µM 2-BP reduced ASBT 

surface expression by ~40%, suggesting that S-acylation may be important for targeting ASBT to 

the plasma membrane. Furthermore, preliminary experiments (n=1) indicate that 15 h 2-BP 

treatment may also reduce the proportion of ASBT present in detergent insoluble lipid raft 

membrane fractions without disrupting the distribution of the raft protein flotillin-1 (Figure 16H). 

These data suggest that reduced acylation by 2-BP may rapidly lead to decreased ASBT plasma 

membrane expression and lipid raft association, with a corresponding decrease in ASBT function. 
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Figure 16. 2-bromopalmitate decreases ASBT acylation and transporter activity. (A) 
Schematic of metabolic labeling by alkyne-palmitic acid (alk-PA) in 2BT cells. Alk-PA 
incorporates into acylated proteins and is conjugated to biotin by click chemistry. Biotinylated 
proteins are precipitated with streptavidin agarose resin. (B,C) Incorporation of alk-PA in ASBT 
in the presence or absence of 25 µM 2-BP; n=3, *p < 0.05. (D) [3H]-taurocholate uptake in 2BT 
cells treated with 25 µM 2-BP for 30 min; n=6, ****p < 0.0001. (E) [3H]-taurocholate uptake in 
2BT cells treated with 25 µM 2-BP for 15 h; n=6, ****p < 0.0001 compared to control. (F) 
Bioluminescence and area under the curve calculations from 2BT cells treated with 1 µM CA-SS-
Luc and 100 µM TC added simultaneously with either 10 µM or 25 µM 2-BP and imaged in real 
time; n=4, ****p < 0.0001 compared to DMSO, †††† p < 0.0001 compared to 10 µM 2-BP. (G) 
Cell surface biotinylation of 2BT cells treated with 25 µM 2-BP for 30 min; n=4, *p < 0.05. (H) 
Distribution of ASBT in lipid raft microdomains in 2BT cells treated with 25 µM 2-BP for 15 h; 
n=1. 
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3. Incubation with unsaturated fatty acids decreases ASBT function 

Although palmitic acid (PA) is the most common fatty acid seen in S-acylated proteins, 

other types of fatty acids can be incorporated into proteins (130, 153). In order to determine 

whether other fatty acids can be incorporated into ASBT, we performed metabolic labeling with 

alkyne-oleic acid (alk-OA). As shown in Figure 17A, alk-OA was incorporated into ASBT, 

indicating that oleic acid and other unsaturated fatty acids may S-acylate ASBT. Interestingly, the 

type of fatty acyl moiety has been shown to affect the function of acylated proteins (37, 160, 227). 

We hypothesized that incubation with fatty acids other than PA would result in altered ASBT 

function. 2BT cells were incubated for 15 h with fatty acid-free BSA (FA-free) or 100 µM either 

palmitic acid (PA; 16:0), stearic acid (SA; 18:0), oleic acid (18:1); α-linolenic acid (ALA; 18:3), 

or eicosapentanoic acid (EPA; 20:5). Following incubation, [3H]-taurocholate (TC) uptake was 

performed and results were normalized to FA-free incubation. Treatment with saturated fatty acids 

PA and SA did not significantly change [3H]-TC uptake. However, incubation with 18:1 

unsaturated OA decreased uptake by ~50%. Both ALA (18:3) and EPA (20:5) further decreased 

[3H]-TC uptake to ~10% and ~25% of control, respectively (Figure 17B). In order to demonstrate 

that these cells remain viable after OA or ALA treatment, we incubated 2BT cells with 100 µM 

either OA or ALA for 15 h, followed by additional 24 h of either replenishment with the same 

fatty acid or replacement with 100 µM PA. As shown in Figure 17C, replacement with PA was 

able to reverse the effect of OA and ALA, supporting the viability of these cells. Using the CA-

SS-Luc bioluminescence approach from measuring ASBT function, PA incubation significantly 

increased bioluminescence by ~30% compared to DMSO control, while OA incubation reduced 

bioluminescence by ~75% after 45 minutes of imaging (Figure 17D). These studies indicate that 
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unsaturated fatty acids may decrease ASBT function via a mechanism dependent on ASBT 

acylation.  
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Figure 17. Incubation with unsaturated fatty acids decreases ASBT function. (A) Metabolic 
labeling of ASBT by alkyne-oleic acid (alk-OA) in 2BT cells (representative western blot of 3 
separate experiments) (B) [3H]-taurocholate uptake in 2BT cells treated with DMSO or either 100 
µM palmitic acid (PA), stearic acid (SA), oleic acid (OA), α-linolenic acid (ALA), or 
eicosapentanoic acid (EPA) for 15 h; n=6, ****p < 0.0001 compared to control. (C) [3H]-
taurocholate uptake in 2BT cells treated with 100 µM either OA or ALA for 15 h, followed by 
additional 24 h of either replenishment with the same fatty acid or replacement with 100 µM PA; 
n=6, *p < 0.05, ***p < 0.001 compared to control. (D) Real-time uptake (left) and area under the 
curve calculation (right) of bioluminescent bile acid tracer CA-SS-Luc in 2BT cells treated with 
DMSO, 100 µM PA, or 100 µM OA; n=4, ****p < 0.001 compared to DMSO, †††† p < 0.001 
compared to PA. 
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4. Cysteine 314 is important for ASBT S-acylation and transport function 

In order to determine which cysteine residue(s) are important for ASBT S-acylation, we 

generated 10 ASBT-V5 plasmids with cysteine to serine point mutations (Table 2, pg.75). 9 of the 

13 cysteine residues were mutated, as well as one double mutant (CC105/106SS). These plasmids 

were transfected in HEK 293 cells and western blotting and [3H]-TC uptake was performed. As 

shown in Figure 18A, all of the mutants retained expression in these cells. However, many showed 

significantly decreased function relative to wild-type ASBT (Figure 18B). Of particular note for 

these studies are the four constructs with mutated cysteine residues located in the cytosolic loops 

of ASBT (C51S, C69S, C74S, and C314S). These residues are the best candidate sites for S-

acylation, as the catalytic site for zDHHC acyltransferases is cytosolic. These four mutants all 

showed significantly reduced transport function. Indeed, [3H]-TC uptake was almost completely 

abolished in C51S, C69S, and C74S, and was reduced by >50% in the C314S mutant (Figure 

18B). To further investigate these cytosolic cysteine mutants, we transfected HEK 293 cells and 

performed acyl-RAC as described earlier. Interestingly, the C314S mutant showed significantly 

lower acylation compared with wild-type ASBT, while the other mutants did not show any change 

in acylation (Figure 18C). These data indicate that C314 is acylated under basal conditions and 

that blocking acylation at this site may contribute to the reduction in ASBT transport function. 

However, as can be seen in Figure 18C, there is a population of ASBT C314S that remains 

acylated, suggesting the involvement of additional cysteine residues. 
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Figure 18. Cys314 is important for ASBT S-acylation and transport function. Cellular 
expression (A) and [3H]-taurocholate uptake (B) in HEK 293 cells transfected with ASBT-V5 
cysteine mutants; n=3, ****p < 0.0001 compared wo wild type. (C) Acyl-RAC of select ASBT-
V5 cysteine mutants (representative of 3 western blots with similar results). 
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D. Discussion 

In this chapter, we have demonstrated that S-acylation is an important post-translational 

regulatory mechanism that modulates ASBT function. It is important to note that unlike many 

other PTMs, there are no known sequence motifs that are useful for predicting which proteins are 

likely to be S-acylated. There are some prediction tools available (114, 207, 276, 286), but it 

remains necessary to empirically identify S-acylated proteins. To date, no studies examining the 

global pool of S-acylated proteins in the intestine have been performed. Thus, ASBT had not yet 

been identified as an S-acylated protein. In the present study, we demonstrated by acyl-RAC that 

ASBT is S-acylated in human and mouse ileum under basal conditions, as well as in human 

embryonic kidney (HEK) 293 cells that overexpress ASBT-V5 (2BT cells). Furthermore, studies 

in 2BT cells showed that alk-PA incorporation into ASBT is reduced ~50% by the competitive 

acyltransferase inhibitor 2-bromopalmitiate (2-BP), providing further evidence that ASBT is a 

substrate for zDHHC palmitoyl acyltransferases. Interestingly, incubation with 2-BP not only 

reduced ASBT acylation, but also reduced ASBT plasma membrane expression. Furthermore, 

preliminary evidence indicates that 2-BP causes a reduction in ASBT association with lipid rafts. 

These data suggest that S-acylation may contribute to targeting ASBT to plasma membranes, as 

well as promoting ASBT association lipid raft microdomains. Importantly, these experiments also 

demonstrate that ASBT acylation is functionally relevant. Indeed, 2-BP treatment for 15 h 

drastically decreased transport function (~90% inhibition at 25 µM). Even short-term treatment 

with 2-BP significantly reduced ASBT function. 30 min treatment with 25 µM 2-BP reduced [3H]-

TC uptake by ~50%, suggesting that ASBT S-acylation may be subject to rapid turnover. 

Similarly, real-time measurement of CA-SS-Luc bioluminescence was reduced by ~70% by 10 

µM 2-BP and almost completely abolished be 25 µM 2-BP over the course of 45 min imaging. 
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Interestingly, recent evidence has indicated that the effects of S-acylation may vary 

depending on the specific fatty acid bound to a protein. Originally, palmitic acid was thought to 

be the principal fatty acid attached to cysteine residues, which is why this PTM has traditionally 

been called palmitoylation. However, it has become understood that other fatty acids can also be 

substrates for S-acylation. Indeed, studies from the Laposata laboratory used gas 

chromatography/mass spectrometry to show that in human platelets, ~74% of the pool of S-

acylated fatty acids were palmitic acid, ~22% were stearic acid, and ~4% were oleic acid (183). 

Importantly, they did note that intersubject variability was high, and that the composition of this 

pool could be altered by exogenous supplementation of fatty acids. These studies highlight the 

potential role of non-palmitic fatty acids in regulating proteins via S-acylation. Other studies have 

demonstrated that zDHHC enzymes, which are the acyltransferases responsible for S-acylation, 

have a relatively broad substrate specificity that allows PA, OA, and long chain polyunsaturated 

fatty acids to act as substrates for S-acylation (94, 285). Indeed, numerous studies have identified 

distinct functional effects depending on the fatty acyl moiety attached to a protein (227). For 

example, studies demonstrated that polyunsaturated FAs can be attached to cysteine residues in 

order to reduce association with lipid rafts and affect protein function (37, 160). In the present 

study, we showed that 15 h incubation of 2BT cells with saturated PA increased ASBT function, 

while incubation with unsaturated OA and polyunsaturated ALA and EPA decreased transporter 

activity. Using click chemistry-based metabolic labeling, we also showed that alkyne-oleic acid 

incorporates into ASBT, indicating that the effects of unsaturated FAs on ASBT function may be 

dependent on S-acylation. 

Given that ASBT S-acylation is important for association with lipid rafts and protein 

function, it was important to identify which cysteine residue(s) are subject to this PTM. We 
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generated 10 ASBT constructs with Cys to Ser point mutations and found that while all proteins 

were expressed in transfected HEK 293 cells, several displayed significantly reduced transport 

function. Of particular note were the mutants C51S, C69S, C74S, and C314S. These mutated 

residues are present in cytosolic domains of ASBT, where S-acylation is likely to occur (22, 40). 

Of these, C314 showed ~60% decreased function, while the others were unable to transport [3H]-

TC. The effect of these mutations on the function of ASBT is consistent with previous studies from 

the Swaan laboratory, who had mutated each cysteine residue to either alanine or threonine (22). 

However, whether these cysteine residues were subject to S-acylation was not explored in those 

studies. We examined these cytosolic cysteine mutants by performing acyl-RAC and found that a 

smaller pool of C314S ASBT was S-acylated compared to wild type ASBT, whereas the other 

mutants did not show decreased acylation. This indicates that Cys314 is subject to S-acylation, but 

the fact that a sizeable pool of ASBT C314S remains acylated suggests the involvement of 

additional acylation sites. Further study will be necessary in order to determine which other 

cysteine residues are subject to S-acylation and also which acyltransferases and thioesterases are 

involved in ASBT acylation. 

It will be interesting in future studies to determine whether ASBT S-acylation is important 

in the pathology of diseases in which ASBT is implicated. It has been shown that several disease 

states, including obesity and metabolic syndrome, are associated with alterations in the global pool 

of S-acylated proteins, often referred to as the palmitoylome (208, 221). It is interesting to note 

that dietary lipids, insulin signaling, and ethanol metabolism can also alter the palmitoylome (84, 

235, 236, 277). For instance, feeding of a high-fat diet (~60% calories from saturated FAs) was 

associated with hyper-palmitoylation and dysregulation of AMPA glutamate receptor subunit 

GluA1 in the brain (236). These studies strongly suggest that consumption of FAs affects global 
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S-acylation. However, it is not known whether changing the composition of dietary FAs will affect 

the fatty acyl moieties attached to proteins, which could be expected to show functional changes. 

Therefore, it will be important in future studies to examine the effects of individual dietary 

compounds as well as disease states on ASBT acylation status and transport function, both in cell 

culture and in vivo models. 

In conclusion, we have discovered that ASBT function is dependent on its S-acylation. 

Inhibiting acylation with 2-BP or incubation with unsaturated FAs decrease ASBT function, while 

incubation with saturated PA increases ASBT function. We identified Cys314 as a potential site 

of S-acylation, but there are likely other sites that remain unidentified. Future studies should focus 

on the role of ASBT S-acylation in the pathophysiology of diseases in which ASBT is implicated. 
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Chapter IV: Conclusions and future directions 
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It has been demonstrated that the activity of ASBT is regulated on a rapid time-scale by a 

variety of post-translational mechanisms and that this regulation is not fully captured by traditional 

methods of assessing transporter activity. The goal of this dissertation was to develop a new 

method for measuring the activity of ASBT and other BATs that would allow these rapid changes 

in function to be fully revealed. Additionally, we sought to elucidate the role of S-acylation in the 

post-translational regulation of ASBT.  In chapter II, we presented evidence that a novel cholic 

acid-luciferin conjugate probe (CA-SS-Luc) is suitable for real-time assessment of bile acid 

transporter activity. This method has been examined using in vitro and ex vivo models.  In chapter 

III, we demonstrated that ASBT is subject to S-acylation, an important post-translational 

modification. Additionally, we showed that ASBT S-acylation has an important regulatory role in 

the function and subcellular localization of ASBT. 

 

A. Bioluminescent method for measuring BAT activity 

In chapter II, we present a method for real-time assessment of bile acid transporter 

activity. This method was based on a similar approach that was developed to measure fatty acid 

uptake in real time and in living systems (103). Our approach, shown in Figure 5, relies on a novel 

molecular probe comprising a cholic acid moiety conjugated to firefly luciferin via a cleavable, 

self-immolating disulfide linker (CA-SS-Luc). Upon entry into cells, CA-SS-Luc is broken down, 

releasing free D-luciferin. D-luciferin is then oxidized by firefly luciferase, producing visible light. 

Thus, luminescence production is expected to be proportional to the amount of CA-SS-Luc taken 

into the cell. 

To synthesize CA-SS-Luc, we generated a cholic acid analogue, where the carboxylic acid 

moiety is replaced by a thiol moiety (Figure 6). This allows for disulfide conjugation to firefly D-
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luciferin via a multi-step synthesis. We first tested CA-SS-Luc in HEK 293 cells transfected with 

a BAT, either ASBT or NTCP. This model system was chosen because bile acid transport in 

ASBT-transfected HEK 293 cells is regulated in a similar manner to native intestinal cells (12, 

14). Additionally, the technical ease of this model system makes it attractive for high throughput 

assays, which are a potential application for this method. In HEK 293 cells transfected with ASBT 

(2BT cells), we first demonstrated that the luminescence generated by CA-SS-Luc is dependent 

on both the concentration of probe added to the cells, as well as the incubation time (Figure 7). 

Both of these findings are expected for a transporter-dependent uptake process, as increasing the 

concentration of substrate and incubation time will increase uptake. Importantly, we showed that 

CA-SS-Luc bioluminescence was dependent on the protein expression of the transporter (Figure 

8). When increasing amounts of either ASBT or NTCP were transfected, luminescence was 

correspondingly higher, representing increased uptake of CA-SS-Luc. Furthermore, we found that 

the luminescence from CA-SS-Luc is greater than the luminescence generated by the same 

concentration of D-luciferin (Figure 9). This important finding demonstrated that the uptake of 

CA-SS-Luc is an active process, as the rate of uptake is faster than the diffusion rate of D-luciferin. 

Most importantly, we demonstrated that this method was able to capture dynamic changes in 

ASBT function. Treatment with protein tyrosine phosphatase inhibitor III (PTPIII), which has 

previously been shown to enhance ASBT function, increased CA-SS-Luc luminescence both when 

cells were pretreated with PTPIII and when cells were treated with PTPIII at the initiation of 

luminescence imaging (Figure 10). We also showed that bioluminescence rapidly decreased with 

CA-SS-Luc washout (Figure 11). These findings established conclusively that our method indeed 

is able to measure real-time changes in ASBT function. This was further confirmed in chapter III, 

when we showed that treatment with the palmitoyl acyltransferase inhibitor 2-bromopalmitate (2-
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BP) decreased ASBT function as measured by both [3H]-TC uptake and CA-SS-Luc 

bioluminescence (Figure 16). Interestingly, we also found that coincubation of CA-SS-Luc with 

natural BAs enhanced CA-SS-Luc luminescence in cells expressing ASBT or NTCP, but not cells 

expressing the serotonin transporter (Figure 12). This phenomenon was dose- and sodium-

dependent and was reproducible with all the bile acids we tested, suggesting that it indeed 

represented a bile acid transport process. This was initially a somewhat puzzling observation, as 

we expected natural BAs to compete for BAT-dependent uptake. However, there are several 

indications that this finding may represent an activation of transport activity by these endogenous 

ligands. First, we expect that CA-SS-Luc is a relatively low affinity substrate for these transporters, 

given that other synthetic bile acid C-24 conjugates have been shown to have lower affinity than 

natural substrates (230, 248). Also, recent evidence has indicated that ASBT and NTCP both 

function as homodimers (30, 54). This suggested to us that the presence of a high affinity natural 

ligand may enhance the activity of the transporter for lower affinity ligands, such as CA-SS-Luc. 

This could be mediated through a cooperativity between BAT monomers or might be an inherent 

property of the transporters. Identifying the molecular basis behind the enhanced CA-SS-Luc 

luminescence in the presence of endogenous BAs will be important for future studies, as it may 

reveal new information about the transport mechanism of SLC10A transporters. It will also be 

interesting in the future to examine whether this phenomenon in BATs that are not in the SLC10A 

family, such as OSTα/β. 

It is important to discuss several advantages that our method presents over other methods 

for measuring BAT function. First, traditional methods that rely on measuring radioactive uptake 

do not provide crucial minute-to-minute resolution of ASBT function. In order to assess the effect 

of a given treatment on ASBT function, one must add the treatment to cells, wait a predetermined 



 

 

111 

amount of time, washout the treatment, equilibrate cells in a bile acid uptake buffer, add [3H]-TC, 

and allow uptake for several minutes, followed by washing, cell lysis, and scintillation counting. 

This provides few options for measuring the effect of short-term treatments, as equilibration and 

uptake necessitates at least a 15-minute delay. Even if the equilibration step were eliminated in 

order to reduce this delay, this method is severely limited by the fact that only one treatment time 

point can be measured. In contrast, the bioluminescence-based method allows for transport 

calculations immediately after initiating a given treatment and at each successive minute for at 

least 45 minutes. 

It is important to note that we are not the first to recognize that traditional radioactive 

uptake methods are insufficient for understanding the intricacies of enterohepatic bile acid 

homeostasis. Indeed, there have been several other methods for measuring bile acid homeostasis 

in real time. For instance, a tri-fluorinated synthetic bile acid has been developed in order to use 

[19F]-magnetic resonance imaging (MRI) to assess bile acid malabsorption in human patients, a 

disease with limited diagnostic testing options (48, 77, 171, 205, 258-260). This method has been 

extensively validated in animal models, demonstrating its ability to effectively measure intestinal 

bile acid absorption and transport through the portal circulation to the liver and gallbladder. While 

this approach addresses a key unmet clinical need, it is critical to mention that this method is unable 

to directly measure bile acid transporter activity in real time. Rather, this probe serves as a tracer 

that may be suitable for global assessment of the physiological processes by which bile acids are 

moved from the intestinal lumen to the liver and gallbladder. In addition to the [19F]-MRI 

approach, there has been one other important method for measuring real time bile acid 

homeostasis. The van de Graaf laboratory recently developed a fluorescence resonance energy 

transfer (FRET)-based biosensor with the capacity to measure the intracellular concentration of 
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bile acids with subcellular resolution (253, 256). The exquisitely designed biosensor, which is 

based on the endogenous bile acid sensor FXR, allows for the monitoring of bile acid dynamics in 

single cells. However, as this sensor is designed to measure intracellular BA concentrations, it is 

not able to provide a true measurement of transporter activity. This approach efficiently measures 

rapid changes in BA homeostasis, eventually settling at a stable FRET value that represents the 

steady state BA concentration under a given set of conditions. Thus, the measurement will 

represent a combination of BA uptake, BA export, and intracellular BA availability (which may 

be reduced by the presence of bile acid-binding proteins). Additionally, the dynamic range of this 

technique is relatively small (~1-30 µM), as it depends on the affinity of the sensor for BAs. 

In contrast to the approaches described above, the method presented in this thesis is 

designed to precisely measure uptake activity of bile acid transporters, given that it relies on 

intracellular cleavage of a disulfide bond. Thus, when CA-SS-Luc is introduced to a cell, it will be 

taken into the cytosol via a BAT and light will be produced. In this way, our method is designed 

to specifically assess the function of bile acid uptake transporters and not to assess global bile acid 

absorption. Additionally, the dynamic range of this approach is considerably larger as it depends 

on the intracellular glutathione concentration and luciferase activity, which are expected to be high 

capacity (78, 93). It is particularly interesting to note that this method allows for real-time 

measurement of the relative rate of bile acid uptake. For every CA-SS-Luc molecule that is 

transported into a cell and cleaved to D-luciferin, one photon is released. Thus, when an image 

with a one-minute exposure is captured, the resulting luminescence is directly proportional to the 

number of CA-SS-Luc molecules transported during that minute. The fact that this measurement 

represents a transport rate may allow for nontraditional assessment of transporter activity that 

could provide unique insights into the regulation of BATs. At the most basic level, when looking 
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at a plot of luminescence vs. time, integration of the resulting curve will provide a value directly 

proportional to the total number of CA-SS-Luc molecules that have entered a cell. Indeed, this is 

the measurement that most closely represents traditional radioactive [3H]-TC uptake studies, with 

the additional benefit that these measurements can be calculated each minute, rather than only at 

the conclusion of the experiment. In addition to integrating the curve, measuring the slope may 

also provide useful information, particularly during perfusion experiments when solutions could 

be changed during the course of an experiment. This might allow for calculation of how a given 

treatment changes transport kinetics in real time, as well as how quickly this change occurs. 

One of the most exiting applications of this method relates to its feasibility for in vivo use. 

Currently available in vivo methods for assessing bile acid homeostasis rely on either [3H]-TC or 

[19F]-MRI. Despite their utility, these methods have several practical and technical limitations, 

necessitating the development of additional methods. As discussed earlier, these approaches are 

useful in that they can provide a global assessment of bile acid homeostasis. Whereas approaches 

depending on radiolabeled BAs are destructive methods that require sacrifice of the animal, the 

[19F]-MRI method has a major advantage in that it can be performed in live animals. Unlike the 

CA-SS-Luc method that requires transgenic luciferase expression, the [3H]-TC and [19F]-MRI 

techniques can be used in any research animal, and the [19F]-MRI approach may even be useful in 

the clinic. Nevertheless, neither the [3H]-TC nor [19F]-MRI methods are able to directly assess 

cellular uptake of bile acids in vivo, as they are confounded by the presence of bile acid export 

proteins. As shown in Figure 13, the method we developed appears to be dependent on ASBT 

expression in IECs isolated from transgenic mice that express luciferase (LucTg mice). Given the 

availability of these mice, validating our approach in vivo could provide an attractive and 

technically simple method to study in vivo bile acid homeostasis. 
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In order to apply this method to in vivo models, it will be crucial to ensure that when mice 

are gavaged with CA-SS-Luc, the bioluminescence signal generated is dependent on ASBT. Thus, 

these studies should be performed in ASBT-/- mice crossbred with LucTg mice, as well as in LucTg 

mice fed with an ASBT inhibitor. Once a method for in vivo measurement of real-time ASBT 

activity is optimized, a wide array of critical studies could be undertaken. Most importantly, this 

technique will allow for direct assessment of ASBT function in the context of disease models and 

therapeutic interventions. For instance, there is evidence that ASBT function contributes to 

metabolic syndrome. However, direct evidence of this is somewhat limited. It would be of great 

interest to compare ASBT activity in diabetic, obese, and/or hyperlipidemic mice. A major 

advantage of such an approach is that the same mouse could serve as its own control, so the effect 

of a given treatment or diet could be studied in the same animal. Also, this method could be used 

to study the activity of bile acid transporters throughout the lifetime of an animal. A great deal of 

evidence has shown that ASBT expression is low in the neonatal period and is enhanced after 

weaning (58, 61, 176). A recent study also showed that ileal ASBT expression and [3H]-TC uptake 

was markedly reduced in 2-year-old mice. However, it would be interesting to further examine 

these findings in live animals over the course of their lifetime. It will also be interesting to us CA-

SS-Luc to explore bile acid uptake in other tissues. Injection of CA-SS-Luc into the tail vein of 

LucTg mice could show bile acid uptake in organs previously not known to transport BAs, which 

may provide clues with respect to the role of BAs outside of the enterohepatic system. 

Furthermore, recent studies have demonstrated that ASBT is expressed in the brain. It is possible 

that cerebrospinal fluid infusion of CA-SS-Luc would provide an interesting way to study the 

relatively unexplored field of bile acid physiology in the brain. Undoubtedly, once the in vivo use 
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of CA-SS-Luc is optimized, it will be an exceptionally powerful tool to study bile acid transporters 

throughout the body. 

 

B. Regulation of ASBT by S-acylation 

In chapter III, we present a series of studies that demonstrate a novel mechanism by which 

ASBT activity and subcellular localization can be regulated. A vast array of evidence has 

demonstrated that ion channels and transport proteins are commonly subject to S-acylation. 

Indeed, more than 50 ion channel subunits and many other transporters are S-acylated (39, 227). 

In these proteins, S-acylation has been shown to regulate quaternary structure assembly, 

subcellular trafficking, transport kinetics, protein stability, and modification by other PTMs such 

as phosphorylation (39). In this way, S-acylation can be involved in virtually every aspect of 

channel and transporter biology. In these studies, we demonstrated that ASBT is subject to S-

acylation, and that this important PTM regulates protein function and subcellular localization. We 

first showed that ASBT is S-acylated in native intestinal tissues from mice and human donor 

samples using acyl resin-assisted capture (acyl-RAC) and further showed its S-acylation in 2BT 

cells by acyl-RAC and metabolic labeling with alkyne-palmitic acid (alk-PA) (Figures 14-15). 

These data demonstrated that ASBT S-acylation is well-conserved between species and model 

systems. We further demonstrated that ASBT S-acylation can be inhibited using the palmitoyl 

acyltransferase inhibitor 2-BP (25 µM, 15 h, Figure 16). It will be interesting in future studies to 

identify which zDHHC acyltransferase is responsible for ASBT S-acylation. Currently, identifying 

which enzymes are involved is technically challenging, as there are no specific inhibitors for 

individual zDHHC enzymes. Thus, these studies would likely need to be performed by 

overexpression and siRNA knockdown strategies. Overexpression and knockdown of these 
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enzymes must be confirmed by RT-PCR and western blotting, and ASBT S-acylation would be 

measured by alk-PA labeling. These experiments would be further complicated by the fact that 

many of these zDHHC enzymes display some redundancy (124). Thus, it may be necessary to 

perform combined siRNA knockdowns before an effect on ASBT S-acylation is observed. These 

experiments will be important in order to fully understand how ASBT S-acylation is regulated, as 

well as for targeting this pathway therapeutically. 

After demonstrating that ASBT is S-acylated and that this process can be inhibited by 2-

BP, we showed that ASBT S-acylation is important for ASBT function and subcellular localization 

(Figure 16). 15 h treatment with 2-BP significantly reduced ASBT-dependent [3H]-TC uptake in 

2BT cells, which was accompanied by a shift of ASBT out of detergent-insoluble lipid raft 

membrane fractions. These data indicate that S-acylation is important for targeting of ASBT to 

lipid raft domains, which has previously been shown critical for the function of this transporter 

(14). Interestingly, there was also a short-term effect of 2-BP treatment. 30 min incubation with 2-

BP was sufficient to decrease ASBT-dependent [3H]-TC uptake and reduce its plasma membrane 

expression, suggesting that ASBT S-acylation is also important for plasma membrane targeting. 

Importantly, this was further confirmed using real-time CA-SS-Luc-based imaging. When 2-BP 

treatment and CA-SS-Luc imaging were performed simultaneously, the rate of CA-SS-Luc 

luminescence production was significantly reduced compared to control at exceptionally early time 

points (<10 min). It is interesting that an effect of 2-BP could be observed within only a few 

minutes, which leads to questions about the mechanism underlying this rapid decrease in ASBT 

activity. If such a rapid effect is indeed the result of direct inhibition of ASBT acylation, that would 

first require deacylation of ASBT by acylthioesterases, as we have shown that the majority of 

ASBT is S-acylated at baseline. After this deacylation occurs, 2-BP inhibition of acyltransferases 
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would then result in the decreased activity seen in our studies. This is a reasonable hypothesis, as 

it has been shown that many S-acylated proteins are subject to rapid fatty acid turnover (167, 211, 

212). Nevertheless, it is possible that the short-term effect of 2-BP on ASBT function is not 

dependent on the direct acylation of ASBT, but rather may involve other intermediates or signaling 

pathways. In order to elucidate this mechanism, it will be important to quantify ASBT S-acylation 

following short-term 2-BP treatment using acyl-RAC and metabolic labeling approaches. 

Additionally, it will be useful to measure ASBT lipid raft and cell surface localization to determine 

whether short-term 2-BP treatment changes the subcellular distribution of ASBT. It should be 

noted that typical metabolic labeling studies cannot be performed at such short treatment time 

points, necessitating other approaches to measure the short-term effect of 2-BP on ASBT acylation. 

Instead of cotreating cells for 15 h with 2-BP and alk-PA, it may be useful to first label cells for 

15 h with alk-PA, followed by a short-term treatment with 2-BP and subsequent measurement of 

alkyne-palmitoylated ASBT. If short-term 2-BP treatment does reduce ASBT acylation, this would 

provide strong evidence that ASBT S-acylation is rapidly and dynamically regulated. It is key to 

mention that these findings highlight a major advantage of real time approaches for measuring bile 

acid transport activity. By comparing the two methods for measuring ASBT transport activity 

shown in Figure 16, it is clear that the real time method is a more sensitive method for detecting 

changes in transport function. At 30 min of treatment with 25 µM 2-BP, [3H]-TC uptake was 

reduced by ~50%. In contrast, the rate of CA-SS-Luc luminescence production after 30 min of 

treatment was ~90% lower than control cells. 

It was especially interesting to find that not only is ASBT S-acylation important for 

transport function, but that the specific fatty acid attached to ASBT also dramatically affects ASBT 

activity. We showed in Figure 17 that when 2BT cells were incubated for 15 h with 100 µM of 
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unsaturated OA, [3H]-TC uptake was reduced by >50%. Incubation with polyunsaturated fatty 

acids ALA and EPA further reduced [3H]-TC uptake by as much as 90%. However, incubation 

with saturated PA or SA did not significantly change [3H]-TC uptake. When confirming these 

findings by CA-SS-Luc luminescence, we found that OA incubation reduced AUC by ~75%, while 

PA incubation actually increased AUC by ~30%. Using alk-OA metabolic labeling, we 

demonstrated that alk-OA incorporates into ASBT, indicating that reduced ASBT function may be 

the result of changes in the S-acylated fatty acid. 

These studies provide cause for interesting speculation with respect to the role of diet in 

bile acid homeostasis. It is known that the proportion of S-acylated fatty acids is dependent at least 

in part on the relative availability of each fatty acid species (183). It is likely that diets high in 

unsaturated fatty acids lead to increased availability of these fatty acids within intestinal epithelial 

cells. It is then possible that S-acylation of ASBT by unsaturated fatty acids will be increased, 

resulting in reduced ASBT function, reduced intestinal bile acid absorption, and increased fecal 

bile acid excretion. This could have a variety of downstream effects that might be similar to the 

medications that target bile acid absorption, such as reduced intestinal FXR activation, enhanced 

hepatic bile acid synthesis genes, and reduced plasma LDL cholesterol (LDL-C). Interestingly, it 

is well-known that diets high in unsaturated fatty acids can reduce LDL-C. For instance, a 

Mediterranean diet has been shown to reduce LDL-C as well as the rate of cardiovascular events 

(67). The fatty acid composition of a prototypical Mediterranean diet comprises up to 10% 

polyunsaturated fatty acids and >80% monounsaturated fatty acids (67). It is therefore possible 

that incorporation of unsaturated fatty acids into ASBT is partly responsible for the 

cardioprotective effect of these diets. 
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Unfortunately, relatively little is known with respect to the role of dietary fatty acids on 

bile acid homeostasis. In order to elucidate the effect of dietary fats on bile acid homeostasis, it 

will be useful to look closely at how they affect the activity of ASBT and other bile acid 

transporters. Once an in vivo method for measuring real-time ASBT function using CA-SS-Luc 

has been developed and optimized, this will be an indispensable tool for studying the effect of diet 

on bile acid transporter activity. Such studies could involve feeding of a diet high in either saturated 

or unsaturated fatty acids, followed by in vivo measurement of ASBT activity. As an additional 

control, ASBT function could also be measured prior to initiation of the diet. If a change in ASBT 

function is observed with either diet, it would also be important to demonstrate that the dietary 

fatty acids were incorporated into ASBT at higher levels than in control animals. This could be 

accomplished by immunoprecipitating ASBT from ileal protein lysates, followed by cleavage of 

thioester bonds by hydroxylamine and mass spectrometric analysis of the released fatty acids. 

In addition to showing that the S-acylation of different fatty acids can affect ASBT 

function, it was also important for us to identify the precise cysteine residues that are subject to S-

acylation. We generated cysteine to serine mutants for nine individual cysteine residues, as well 

as one double mutant (Figure 18). All mutants showed cellular expression in HEK 293 cells, but 

several showed reduced [3H]-TC uptake compared to wild type ASBT. We identified five mutants 

with mutations present in the cytosolic domains of ASBT as the most likely sites of S-acylation, 

given that zDHHC palmitoyl acyltransferases have a cytosolic catalytic site. All five of these 

mutants displayed reduced [3H]-TC uptake, but only Cys314Ser showed reduced (but not 

abolished) S-acylation as measured by acyl-RAC. Future studies should aim to identify any other 

potential sites of S-acylation using a combination of acyl-RAC and metabolic labeling approaches. 

Furthermore, it will be important to determine whether nonacylated mutants have improper 
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subcellular localization. Such a defect could cause either poor lipid raft localization or could impair 

plasma membrane trafficking, which could provide crucial insight into the molecular mechanisms 

underlying ASBT regulation by S-acylation. 

In conclusion, our studies have established an innovative tool for assessing bile acid 

transporters, which has important in vitro and in vivo applications. We have also identified and 

characterized a novel post-translational lipid modification of ASBT that may be crucial for 

modulating bile acid absorption and homeostasis. 
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A. Appendix A 

 
 Phone (312) 996-1972 •   Fax (312) 996-9088 

 

  
 
 
 
 
 
 
 
April 16, 2018 
 
Waddah A. Alrefai  
Medicine/Gastroenterology and Hepatology 
Jesse Brown VA Medical Center 
R&D Room 7227, MP115-2030 W. Taylor St. 
Chicago IL 60612- 
 
Dear Dr. Alrefai: 
 
The modifications requested in modification indicated below pertaining to your approved protocol indicated 
below have been reviewed and approved in accordance with the Animal Care Policies of the University of Illinois 
at Chicago on 4/16/2018. 
  
Title of Application: Gut-Liver Crosstalk in Bile acid-induced Diarrhea 
 
ACC Number: 16-063 
 
Modification Number: 1 
 
Nature of Modification:   
1) Addition of FVB-Luciferase Tg (Total 124) Mice will be bred at VA and transferred to UIC, one week 
prior to IVIS study under the supervision of the veterinary staff.  Mice will be used for the following: 1) pilot 
study to determine proper dose of the luciferase probe.  To confirm that the bioluminescence is emanating 
from CA-SS-Luc that is absorbed in the distal ileum, excised intestine will be imaged.  2) Study to compare 
prenatal and preweaning exposure of offspring born from breeders fed a methyl donor-supplemented diet (MS 
diet) or control (CT diet) in order to determine the effect of prenatal exposure to hypermethylating conditions 
on bile acid absorption. On the day of IVIS imaging, they will be gavaged with CA-SS-Luc and imaged as 
above once every other week until 30 weeks of age.  This will allow quantification of bile acid absorption 
during development.  In addition, intestinal enteroids from isolated intestinal crypts for in vitro IVIS 
experiments 
2) Addition of Fgf15 Tg mice (Total 188) overexpression Fgf15 specifically in the intestine (BL6 
background) in order to examine the effect of MS diet and Fgf15 overexpression on experimental DSS-induced 
colitis.  Breeders will be fed diets as outlined above through weaning and the offspring switched to normal 
chow at weaning.  At 8 weeks, colitis will be induced as outlined in original protocol.  These studies will be at 
VA. 
3) Addition of C57 WT mice in order to examine the effect of MS diet on gene expression and DNA 
methylation in the intestine and liver, as well as plasma bile acid levels.  Breeders will be fed diets as above 
through weaning and offspring switched to normal chow at weaning.  Offspring will be euthanized at 4, 8 and 
16 weeks of age.  Breeders will also be analyzed.  These studies will be at VA. 
4) Addition of C57 WT (280)  for administration of Ad-viral vector expressing hepatic Cyp7a1 or control 
vector to investigate the effect of disrupting ileal FGF15-hepatic CYP7A1 axis on the development of intestinal 
inflammation of diarrhea.  This work will be at BSL2.  These studies will be at VA. 
 

Office of Animal Care and Institutional  
Biosafety Committee (M/C 672) 
Office of the Vice Chancellor for Research  
206 Administrative Office Building 
1737 West Polk Street 
Chicago, Illinois 60612 
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Waddah A. Alrefai  4/16/2018 
ACC 2016063 

Page 2 of 2 

5) Addition of F30 grant under institutional # 00401353. 
 
Protocol Approved: 4/25/2016 
 
Current Approval Period: 4/19/2017 to 4/19/2018.   
Approval Period for Year 3: 4/19/2018 to 4/19/2019.  Continuation has been submitted and approved 
 
Current Funding: Portions of this protocol are supported by the funding sources indicated in the table below. 
Number of funding sources: 2 
Funding 
Agency 

Funding Title Portion of Funding Matched 

NIH Gut Liver Crosstalk in Bile-Acid Included 
Diarrhea 

All matched 
 

Funding 
Number 

Current Status UIC PAF 
NO. 

Performance 
Site 

Funding PI 

RO1 DJ109709 
(years 1-5) 

Funded 201600739 JBVAMC Waddah Alrefai 
 

Funding 
Agency 

Funding Title Portion of Funding Matched 

NIH Epigenetic regulation of bile acids in health and 
disease (Institutional # 00401353) 

All matched 
 

Funding 
Number 

Current Status UIC PAF 
NO. 

Performance 
Site 

Funding PI 

F30DK117535 
(A1 version 
years 1-4) 

Pending  UIC and 
JBVAMC 

Alexander Ticho 

IVIS study at 
UIC 

 
This institution has Animal Welfare Assurance Number A3460.01 on file with the Office of Laboratory Animal 
Welfare, NIH.  This letter may only be provided as proof of IACUC approval for those specific funding 
sources listed above in which all portions of the grant are matched to this ACC protocol. 
 
Thank you for complying with the Animal Care Policies and Procedures of UIC. 
 
Sincerely yours, 

 
Timothy J. Koh, PhD 
Chair, Animal Care Committee 
TJK /mbb 
cc: BRL, ACC File, Pooja Malhotra, Ravinder Gill 
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B. Appendix B 

Permission for articles published in the American Journal of Physiology – GI & Liver and 

Comprehensive Physiology 

https://journals.physiology.org/author-info.permissions 
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Permission for article published in the Journal of Biological Chemistry 
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2013 –  MD, PhD 

 University of Illinois at Chicago College of Medicine, Medical Scientist Training 
Program, Department of Physiology and Biophysics, Chicago, IL 

2009 – 2012 BA summa cum laude, Chemistry 
  St Olaf College, Northfield, MN 
 
Publications 
1. Ticho AL, Calzadilla N, Malhotra P, Lee H, Anbazhagan AN, Saksena S, Dudeja PK, Lee D, 

Gill RK, Alrefai WA.  NPC1L1-dependent transport of 27-alkyne cholesterol in intestinal 
epithelial cells. Am J Physiol Cell Physiol. Under revision. 

2. Holton NW, Singhal M, Kumar A, Ticho AL, Manzella CR, Malhotra P, Jarava D, Saksena S, 
Dudeja PK, Alrefai WA, Gill RK. Hepatocyte Nuclear Factor 4α regulates transcription of the 
serotonin transporter in intestinal epithelial cells. Am J Physiol Cell Physiol 318: C1294-
C1304, 2020. 

3. Ticho AL, Malhotra P, Manzella CR, Dudeja PK, Saksena S, Gill RK, Alrefai WA. S-acylation 
modulates the function of the apical sodium-dependent bile acid transporter in human cells. 
Journal of Biological Chemistry 295: 4488-4497, 2020. 

4. Manzella C, Ackerman M, Singhal M, Ticho AL, Ceh J, Alrefai WA, Saksena S, Dudeja PK, 
Gill RK. Serotonin modulates AhR activation by interfering with CYP1A1-mediated clearance 
of AhR ligands. Cellular Physiology and Biochemistry 54: 126-141, 2020. 

5. Ticho AL, Malhotra P, Gill RK, Dudeja PK, Alrefai WA. Intestinal bile acid absorption in 
health and disease. Comprehensive Physiology 10:  21-56, 2020. 

6. Ticho AL, Malhotra P, Dudeja PK, Gill RK, Alrefai WA. Bile acid receptors and 
gastrointestinal functions. Liver Research 3: 31-39, 2019. 

7. Ticho AL, Lee H, Gill RK, Dudeja PK, Saksena S, Lee D, Alrefai WA. A novel 
bioluminescence-based method to investigate uptake of bile acids in living cells. Am J Physiol 
Gastrointest Liver Physiol 315: G529–G537, 2018. 

8. Sharma M, Ticho AL, Samankumara L, Zeller M, Brückner C. Conformational Landscapes of 
Metal(II) Porphyrinato, Chlorinato, and Morpholinochlorinato Complexes. Inorg Chem 56: 
11490–11502, 2017. 

9. Ticho AL, Alrefai WA. Chronic ethanol exposure closes the door to vitamin C in pancreatic 
acinar cells. Focus on "Uptake of ascorbic acid by pancreatic acinar cells is negatively 
impacted by chronic alcohol exposure". Am J Physiol Cell Physiol 311: C127–8, 2016. 

 
Research support 
Source: National Institutes of Health (NIDDK) F30 Predoctoral Fellowship – F30DK117535 
Dates: 5/2018 – 5/2021 
Title: Epigenetic regulation of bile acids in health and disease 
Role: PI 
Goals: Elucidate the mechanisms by which DNA methylation causes bile acid dysregulation 

 
Source: UIC Center for Clinical and Translational Science PECTS Fellowship 
Dates: 8/2017 – 7/2018 
Title: Regulation of the ileal bile acid transporter ASBT 
Role: PI 
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Goals: Develop a bioluminescence-based probe to evaluate ASBT-dependent, real-time bile acid 
uptake 
 
Source: National Science Foundation Research Experience for Undergraduates Fellowship – 
CHE-1062946 
Dates: 6/2011 – 8/2011 
Role: Trainee 
Goals: Synthesize and characterize a series of metal(II) porphyrinato, chlorinato, and 
morpholinochlorinato complexes 
 
Honors and awards 
2019 Early Career Investigator Award, American Gastroenterological Association 
2018 Honorable Mention for Poster Presentations by PhD and MD/PhD Students, UIC COM 

Research Forum 
2018 Editor’s Pick (October 2018), American Journal of Physiology – GI & Liver 
2018 APS Select Nominee (October 2018), American Physiological Society 
2018 International Bile Acid Congress Travel Award, Falk Foundation 
2017 Poster of Distinction, American Physiological Society GI & Liver Section, Experimental 

Biology 
2017 Predoctoral Travel Award, American Physiological Society GI & Liver Section, 

Experimental Biology 
2017 Cover Article (October 2017), Inorganic Chemistry 
2012 Bachelor of Arts summa cum laude, St Olaf College 
2012 Phi Beta Kappa Honor Society, St Olaf College 
2012 Phi Lambda Upsilon Honor Society, St Olaf College 
2012 Merck Award, St Olaf College and Merck & Co. 
 
Research experience 
2013 –  MD, PhD Candidate. University of Illinois at Chicago College of Medicine, 

Medical Scientist Training Program, Chicago, IL 
  Advisor: Waddah A Alrefai, MD 
  Thesis: S-Acylation is Crucial for ASBT-Mediated Bile Acid Uptake: Monitoring 

the Transport Activity in Real Time 
2012 – 2013 Research Assistant. Loyola University Chicago Stritch School of Medicine, 

Department of Cell and Molecular Physiology, Maywood, IL 
  Advisor: Seth Robia, PhD 
  Project: Structure transitions of the sodium, potassium-ATPase investigated 

by intramolecular FRET 
2011  Undergraduate Researcher – National Science Foundation REU Fellowship. 

University of Connecticut, Department of Chemistry, Storrs, CT 
  Advisor: Christain Brückner, PhD 
  Project: Conformational Landscapes of Metal(II) Porphyrinato, Chlorinato, and 

Morpholinochlorinato Complexes 
2010 – 2011 Undergraduate Researcher – CURI Program. St Olaf College, Department of 

Chemistry, Northfield, MN 
  Advisor: Peter Gittins, PhD 
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  Project: A greener approach to the synthesis of meso-monosubstituted porphyrins 
 
Teaching experience 
2017 – 2018 Lecturer, Gastrointestinal Physiology. Summer Pre-matriculation Program, 

University of Illinois at Chicago College of Medicine, Chicago, IL 
2010 – 2011 Chemistry Tutor, St Olaf College, Northfield, MN 
 
Volunteer experience 
2015 –  Alumni Mentor, Davidson Institute for Talent Development 
2009 – 2010 Mentor, TRiO Educational Talent Search, St Olaf College 
 
Abstracts and presentations 
1. Malhotra P, Ticho AL, Calzadilla N, Saksena S, Gill RK, Dudeja PK, Alrefai WA. Omega-3 

fatty acids reduce association with lipid rafts and inhibit the function of ileal apical sodium-
dependent bile acid transporter (ASBT). May 2021. Digestive Disease Week, National 
Meeting of the American Gastroenterological Association. Poster Presentation 

2. Ticho AL, Malhotra P, Lee H, Anbazhagan AN, Dudeja PK, Saksena S, Gill RK, Lee D, 
Alrefai WA.  NPC1L1-dependent transport of 27-alkyne cholesterol to measure intestinal 
cholesterol absorption. May 2020. Digestive Disease Week, National Meeting of the American 
Gastroenterological Association; Chicago, IL. Oral Presentation 

3. Ticho AL, Malhotra P, Manzella CR, Dudeja PK, Saksena S, Gill RK, Alrefai WA. A Novel 
Role of S-Acylation in the Modulation of Ileal Apical Sodium-Dependent Bile Acid 
Transporter (ASBT) Function. May 2019. Digestive Disease Week, National Meeting of the 
American Gastroenterological Association; San Diego, CA. Oral Presentation 

4. Manzella C, Ticho AL, Ackerman M, Singhal M, Saksena S, Alrefai WA, Dudeja PK, Gill 
RK. Serotonin modulates Aryl hydrocarbon receptor (AhR) activation in the intestine by 
interfering with CYP1A1-mediated clearance of AhR ligands. May 2019. Digestive Disease 
Week, National Meeting of the American Gastroenterological Association; San Diego, CA. 
Oral Presentation 

5. Manzella C, Ticho AL, Ackerman M, Singhal M, Saksena S, Alrefai WA, Dudeja PK, Gill 
RK. Serotonin modulates Aryl hydrocarbon receptor (AhR) activation in the intestine by 
interfering with CYP1A1-mediated clearance of AhR ligands. February 2019. Crohn’s & 
Colitis Congress; Las Vegas, NV. Poster Presentation 

6. Manzella C, Ticho AL, Ackerman M, Singhal M, Saksena S, Alrefai WA, Dudeja PK, Gill 
RK. Serotonin modulates AhR activation by interfering with CYP1A1-mediated ligand 
clearance. August 2018. AhR International Meeting; Paris, France. Poster Presentation 

7. Ticho AL, Lee H, Gill RK, Dudeja PK, Saksena S, Lee D, Alrefai WA. A novel 
bioluminescence-based method to investigate uptake of bile acids in living cells. October 2018. 
American Physiological Society Video Abstract; 
https://www.youtube.com/watch?v=rnx3mp6GoRs. Video Abstract 

8. Ticho AL, Lee H, Gill RK, Dudeja PK, Saksena S, Lee D, Alrefai WA. A real-time 
bioluminescent method for assessing bile acid transporter activity. July 2018. International 
Bile Acid Congress, Falk Foundation; Dublin, Ireland. Poster Presentation 

9. Ticho AL, Lee H, Gill RK, Dudeja PK, Saksena S, Lee D, Alrefai WA. A novel method for 
measuring bile acid transporter activity in real time. June 2018. Digestive Disease Week, 
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National Meeting of the American Gastroenterological Association; Washington, DC. Poster 
Presentation 

10. Ticho AL, Malhotra P, Manzella CR, Saksena S, Gill RK, Dudeja PK, Alrefai WA. The 5’-
UTR of Niemann-Pick C1-Like 1 enhances translation efficiency. April 2017. Experimental 
Biology, National Meeting of the American Physiological Society; Chicago, IL. Poster 
Presentation 

11. Malhotra P, Muthusamy S, Kumar A, Ticho AL, Saksena S, Gill RK, Dudeja PK, Alrefai WA. 
TNF decreases intestinal FGF15/19 expression via activation of NF-kB. April 2016. Digestive 
Disease Week, National Meeting of the American Gastroenterological Association; San Diego, 
CA. Poster Presentation 

12. Manzella CR, Singhal M, Kumar A, Coffing H, Ticho AL, Priyamvada S, Anbazhagan AN, 
Saksena S, Alrefai WA, Dudeja PK, Gill RK. Gene expression and miRNA profiling in ileal 
mucosa of SERT knock-out mouse using microarray approaches. April 2016. Digestive 
Disease Week, National Meeting of the American Gastroenterological Association; San Diego, 
CA. Poster Presentation 

13. Ticho AL, Abrol N, Bossuyt J, Bers DM, Robia SL. Structure transitions of the sodium, 
potassium-ATPase investigated by intramolecular FRET. February 2013. Biophysical 
Society Annual Meeting; Philadelphia, PA. Poster Presentation 

14. Ticho AL, Samankumara L, Zeller M, Brückner C. Metallomorpholinochlorins: Mapping the 
conformational space of morpholinochlorins. April 2012. National Meeting of the American 
Chemical Society; San Diego, CA. Poster Presentation 

 


