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Abstract 

 

Dissertation Title:  Molecular Insight into the Structure, Function, and Regulation of 

Bile Acid Transport 

Lindsay Christine Czuba, Doctor of Philosophy, 2017 

Dissertation Directed By: Dr. Peter W. Swaan, Professor and Associate Dean for 

Research and Graduate Education, Pharmaceutical Sciences 

 

The human Apical Sodium-dependent Bile Acid Transporter (SLC10A2), also 

known as hASBT, plays an integral role in the enterohepatic circulation of bile acid and 

cholesterol homeostasis. As a member of the solute carrier family of membrane 

transporters, it uses the established Na+ electrochemical gradient as an energy source to 

reclaim bile salts from the ileum. hASBT has been identified as a promising target for the 

management of hypercholesterolemia, cholestatic pruritis, and as a prodrug-targeting 

approach for improved bioavailability of drugs. 

Limiting the development of such therapeutics, is an incomplete understanding of 

hASBT’s structure. Extensive biochemical and mutagenesis studies for hASBT support a 

seven transmembrane model. Yet conflicting structures have emerged with the 

elucidation of the crystal structures of two putative homologues from Neisseria 

meningitidis (nmAsbt) and Yersinia frederiksenii (yfAsbt). In the absence of a 

physiological context, the use of their structure as models of the human transporter is 

limited. In addition to the discrepancy in hASBT’s fold, there is limited information 

regarding the specific proteoforms that are relevant to the functional expression of 



 

 

 

hASBT and in its regulation. 

In this work we provide novel molecular insight into the structure, function, and 

regulation of human ASBT. We contrasted the biochemical, inhibitory, and evolutionary 

attributes of nmAsbt, yfAsbt, and hASBT and identified their critical differences.  The 

fundamental differences in ion dependency, substrate specificity, and evolutionary 

context imply divergent structure-function relationships and negate the use of the 

bacterial transporters as suitable models for hASBT. 

 Additionally, we characterized the role of tyrosine phosphorylation in regulating 

the functional expression and stability of hASBT.  We identified Src family kinases as 

critical modulators and provide support for hASBT’s regulation by phosphatases. As the 

clinical relevance of PTMs is growing, so too are the number of FDA-approved 

therapeutics that target these modifications. In this regard, we have made critical 

advances and gained valuable insight into hASBT’s regulation.  

Finally, we have optimized the biological sample preparation methods and have 

significantly increased the purity of hASBT samples. When coupled with mass 

spectrometry analysis, these methods will identify critical proteoforms of hASBT and 

facilitate a global understanding of its structure-function relationship. 
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Chapter 1: Overview and Objectives 

1.1 Bile Acid Transport 

The enterohepatic circulation (EHC) of bile acid is a strictly regulated 

homeostatic process in vertebrates that is imperative for the solubilization of lipids and 

dietary vitamins, cholesterol balance, and bile acid-mediated signaling events.  This 

process begins in the liver where cholesterol is enzymatically transformed into cholic 

acid or chenodeoxycholic acid.  Following the production of bile acids, they are 

conjugated to taurine, glycine, or sulfate in order to decrease their lipophilicity. Key bile 

acid transporters, which line the canalicular membrane, actively efflux bile acids into the 

gallbladder for storage.  Postprandially, bile acids are secreted into the intestine to aid in 

digestion, after which the Apical Sodium-dependent Bile acid Transporter, or ASBT, 

reclaims bile acids. Once bile acids are taken up, they are subsequently shuttled through 

the enterocyte with the help of the ileal bile acid binding protein (iBABP).  Reaching the 

basolateral side, bile acids are actively effluxed into portal circulation by OSTα/β and 

returned to the liver.  In healthy individuals, this process has a net efficiency of 

approximately 95% with the portion lost being eliminated in the feces (1-5). 

 

1.2 The Human Apical Sodium-Dependent Bile Acid Transporter (hASBT; 

SLC10A2) 

While at the junction of each membrane barrier during the EHC, bile acids 

interact with a wide range of transporters belonging to both the ATP-binding cassette 
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(ABC) family and Solute Carrier (SLC) family.  Amongst those, ASBT is the rate-

limiting step of the EHC, as it is the sole transporter responsible for the retrieval of bile 

acids from the intestine.  ASBT is predominantly expressed in the distal ileum, but also is 

found to a lesser extent within the colon and kidney. It is the second member of the 

SLC10A family, a subfamily that also contains the closely related transporter NTCP, 

which takes up bile acids into the liver from portal circulation. As a secondary active 

transporter, ASBT harnesses the energy from chemical and electrical gradients across the 

ileocyte membrane, which are supported by the inward-directed negative membrane 

potential and the Na+/K+-ATPase.  In this regard, two Na+ ions are coupled to the 

transport of one bile acid molecule (5, 6). 

1.2.1 hASBT Structure-Function Relationship  

Biochemical studies have yielded a plethora of information about the structure-

function relationship of ASBT.  Initial hydropathy analysis suggested that hASBT has a 7 

or 9 transmembrane domain (TMD) fold with an extracellular N-terminus and 

intracellular C-terminus.  However, closer examination using cysteine scanning 

mutagenesis and epitope insertion scanning mutagenesis mapped the topology of hASBT, 

and provided irrefutable support for the 7 TMD model (Figure 1.1) (7, 8).  
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Figure 1.1 7 TMD Topology of hASBT.  Hydropathy analysis paired with biochemical 
and mutagenesis studies support a seven transmembrane domain fold for hASBT.  The 
348 amino acid transporter has an extracellular glycosylated N-terminus and an 
intracellular C-terminus.   

These studies also provided functional insight into contributions of individual 

TMDs and critical amino acid residues.  Na+ ions are thought to interact electrostatically 

with residues within extracellular loops (EL) 1 and 3 (9, 10).  Asp122 in particular is 

thought to be a sodium sensor for one of the Na+ binding sites, and Asp91 and Asp124 are 

important for binding (10, 11).  Suggesting that together, TM2, TM3, TM6, and TM7 

create the Na+ translocation pathway (11-14). TM4 forms the substrate translocation 

pathway, with the cytosolic half of TM3 serving as the exit route (11, 14).  TM1 and 

TM5 are important for stabilization (15, 16).   

 

1.2.2 Putative Bacterial Homologues 

hASBT has not been resolved by x-ray crystallography, nor has any of its 

eukaryotic homologues. Two putative bacterial homologues have been crystallized 

however, from Neisseria meningitidis (nmAsbt) and Yersinia frederiksenii (yfAsbt) (17, 

18). They possess minimal sequence identity (~22%) and marginal sequence similarity 
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(~50%) to the human transporter, yet they do have conserved Na+-interacting residues.  

The resolved structures have a remarkably divergent structure (Figure 1.2) from the 

validated biochemical model (Figure 1.1) (5, 7, 19), as both bacterial structures have 10 

TMD, intracellular termini, and disjointed TM4 and TM9 (17, 18).  The disjointed TMs 

in nmAsbt cross one another, but this is not the case in yfAsbt (17, 18).  While both 

bacterial proteins have conserved predicted sodium interacting residues, neither crystal 

structures had any apparent electronegativity at these sites, suggesting Na+ is not favored 

to bind there.  However, both proteins demonstrated Na+-dependent transport of 

taurocholic acid (20), albeit with low affinity (17, 18).    
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Figure 1.2 10 TMD Topology of nmAsbt and yfAsbt.  The putative bacterial bile acid 
transporters A) nmAsbt and B) yfAsbt have a 10 TMD fold with an intracellular N-
terminus and C-terminus.  They both feature a disjointed TM4 and TM9, however in 
nmAsbt TM4 and TM9 overlap, in contrast with the structure from yfAsbt. 

 

1.2.3 Post-translational Modifications of ASBT 

While there is over a decade of biochemical data that has been used to validate the 

7TMD topology of hASBT and identify critical amino acid residues, there is limited data 

regarding how post-translational modifications affect the structure.  ASBT has 348 amino 

acid residues, of which a fraction of them face the intracellular environment and are 

solvent accessible, suggesting that there is a capacity for modification.  hASBT is N-

glycosylated at Asn10, and disruption of glycosylation, either through cleavage or 

mutagenesis, reduces TCA transport (19, 21). The transporter is not dependent on the 

glycan to be expressed at the surface as both proteoforms are detectable via western blot 

at apparent masses of ~37kD and ~41kD. Interestingly, Alrefai et al. demonstrated that 

both bands of hASBT are glycosylated, with the lower band consisting of a mannose rich 

immature glycoprotein and the upper representing the mature glycoprotein (21). 

Aside from N-glycosylation, hASBT is ubiquitinated and degraded via the 

proteasomal pathway (5, 22, 23). Rat Asbt is phosphorylated at Ser335 and Thr339, 

although this has not been validated for the human protein (23).  Additionally, recent 

studies have suggested that virulence factors from pathogenic E. coli lead to 

dephosphorylation of hASBT tyrosine residues. However, specific residues were not 

identified, nor was the role of this modification determined in regards to the functional 

expression of hASBT. Overall, hASBT’s structure and function have not been 
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characterized from the context of post-translational modifications. 

1.3 Specific Aims 

The research for this dissertation aims to characterize the structure, function, and 

regulation of hASBT and to evaluate the role in which post-translational modifications 

connect them all.  To achieve this goal the work was split into three specific aims: 

1. To functionally and evolutionarily characterize the bacterial transporters yfAsbt 

and nmAsbt with respect to hASBT. 

2. To determine the role of tyrosine phosphorylation in regulating the function 

expression of hASBT 

3. To improve the biological sample preparation techniques for future proteomic 

identification of hASBT’s post-translational modifications 

These three specific aims test the following hypotheses: 

1. yfAsbt and nmAsbt are multi-specific organic anion transporters and do not serve 

as physiologically-relevant models for hASBT 

2. Tyrosine phosphorylation is required for the functional expression of hASBT on 

the membrane. 

3. Sample preparations techniques can be optimized to improve sample complexity 

and enrichment of hASBT  

1.4 Scope and Organization 

 Chapter 2 of this dissertation provides a perspective on the dynamic roles that 

post-translational modifications have in the regulation of solute carrier transporters.  It 
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highlights the overarching themes derived from recent literature and emphasizes the 

impact of post-translational modification crosstalk. Chapter 3 investigates the 

biochemical transport attributes of the putative bacterial homologue from Neisseria 

meningitidis, nmAsbt.  It also examines the capacity of nmAsbt to transport bile acids and 

other potential substrates.  Chapter 4 studies the ion dependency and inhibitory potential 

of yfAsbt, the bacterial transporter from Yersinia frederiksenii.  Additionally, Chapter 4 

evaluates the phylogenetic relationship of the bacterial transporters with the SLC10 

family.  Chapter 5 uses the 7TM-model as a template to study the role of tyrosine 

phosphorylation in regulating hASBT.  Extending from the questions that arose out of 

Chapter 5, Chapter 6 outlines the progress made in optimizing the biological sample 

preparation for the downstream proteomic analysis of hASBT. The development of these 

proteomic methods will facilitate the discovery of novel hASBT PTMs.  Particularly, 

Chapter 6 communicates the experimental decisions that were made, and identifies the 

challenges faced towards this goal.  Lastly, Chapter 7 summarizes the core conclusions 

resulting from this dissertation, and proposes future directions for the continuation of this 

research.  
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Chapter 2: The Role of Post-translational Modifications on Transporter Regulation 

and Function 

2.1 Introduction 

The SoLute Carrier (SLC) superfamily of transporters is a group of over 400 

integral membrane proteins subdivided into 50+ families.  Like their primary transporter 

counterparts, the ABC superfamily of transporters, they are critical for maintaining 

homeostatic processes and are responsible for the disposition of a wide range of 

endogenous solutes, ions, and xenobiotics (24).  SLC transporters are inherently 

hydrophobic and large transmembrane domains reside within and span the cellular 

membrane (25, 26). Despite their hydrophobicity, SLC transporters have dynamic 

structures, and can adopt confirmations that are not readily captured via x-ray 

crystallography. Therefore, specific proteoforms identified biochemically and 

computationally are often relied upon for mechanistic insight into the function of SLC 

transporters (27-29). Post-translational modifications (PTMs) are considered to be 

regulators of these structural events and are critical for the transporters’ structure, 

function, and regulation within the confines of their strict lipid environments. The 

hydrophilic loops and termini that may face the intracellular milieu may be accessible for 

these modifications if the exposed amino acid side chains are solvent accessible, and 

provide a mechanism for which the nature of the basic amino acid protein code can be 

expanded (30). 

While there are 400+ types of post-translational modifications that have been 
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identified to date, the most common variants in SLC transporters include 

phosphorylation, glycosylation, and ubiquitination. Biochemically, these modifications 

act as extensions to diversify the nature of the amino acid peptide-backbone or side chain 

through the addition of small chemical groups (e.g. phosphate group), lipids (e.g. palmitic 

acid), carbohydrates (e.g. mannose), small proteins (e.g. SUMO), among other entities 

(30-34).  

While most proteins undergo post-translational modifications, the likelihood for a 

given modification to occur is driven by the amino acid sequence, the structural and 

chemical constraints of the protein surface, and the availability of the necessary protein 

machinery and precursors to facilitate the modification (31, 33). For SLC transporters, 

this likelihood is complicated by the lipid-protein interactions driven by the buried 

transmembrane domains, which are obligatory to the functional expression of the protein. 

As such, solvent accessible residues located within the hydrophilic loops and termini of 

the membrane transporter often contain canonical consensus motifs that serve as 

recognition sites for not just the PTM, but also for the required adaptor proteins and 

enzymes needed to facilitate the modification (30). While common consensus motifs are 

conserved across the proteome, there also are non-canonical recognition motifs that have 

been identified under physiologically relevant contexts (35). Post-translational 

modifications have been shown to influence transporter kinetics both directly and 

indirectly and serve as critical regulators in this regard(36). Yet regardless of the intended 

regulatory outcome a PTM was signaled for, it is inevitable that the regulation of the SLC 

transporter will influence the kinetic parameters to some extent .  

These highly orchestrated chains of events which result from post-translational 
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modifications do not happen on random residues, but rather occur within predictable 

recognition motifs within the primary sequence. This network does not just regulate the 

innate structure-function relationship driven by the transporter’s global architecture, but 

rather is also able to regulate this relationship down to the resolution of the structural 

events occurring at a residue level.  From this level, PTMs are able to modulate an SLC 

transporter’s function, expression, efficiency, structure, fate, interactions, and more.  

Additionally, the complexity of the response of PTM modulation is a function of the 

extent of modifications a transporter is able to accept and the availability of the 

environmental cues to signal for the post-translational event (30, 32, 33). This results in 

an exponential increase in specific “species” of a given transporter, referred to as a 

proteoform (37), which can provide deeper mechanistic understanding in transporter 

biology.   

The consequence of PTM modulation has been investigated for wide range of 

SLC transporters, including but not limited to those described in the proceeding sections. 

The purpose of this review is intended to provide a broad overview of the roles of post-

translational modifications in regulating SLC transporters in higher vertebrates and 

humans, and consequently is not intended to be a comprehensive list of all of the PTMs 

identified to-date. A diverse set of examples was selected from the literature to support 

the overarching themes in the post-translational regulation of SLC transporters.  
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2.2 Post-translational Modifications as Vital Regulators of SLC Transporters 

2.2.1 Phosphorylation as a Regulator of SLC Transporters 

2.2.1.1 Background 

Protein phosphorylation is a reversible post-translational modification that affects 

an estimated 1/3 of the total human proteome, including SLC transporters. Protein 

phosphorylation involves the addition of the terminal phosphate group to a free hydroxyl 

on the side chains of primarily serine and threonine residues and to a lesser extent on 

tyrosine residues. The addition of the phosphate group is catalyzed by kinases, which are 

specific to the residue being modified (e.g. tyrosine kinase) and to the specific signal 

cascade initiated (e.g. the tyrosine kinase, Fyn). Protein phosphorylation is reversible, and 

protein phosphatases are integral to this reaction (30-32, 38, 39)  

2.2.1.2 Phosphorylation as Functional On/Off Switch 

Phosphorylation can act as a functional regulator of SLC transporters.  SLC 

transporters often have residues that can respond to a set of signals and cycle between a 

phosphorylated/dephosphorylated state to turn transport activity on or off.  While often 

this type of mechanism is coupled to adjacent modifications, it also can have reciprocity 

with PTMs on another protein or transporter.  

The divalent metal transporter (DMT1; SLC11A2) is an iron transporter in the 

intestine with numerous isoforms and subcellular distribution patterns that differ among 

tissues.  It has been observed that DMT1 is upregulated during iron deficiency, and that 

the ubiquitination-proteasome pathway also influences its expression and degradation. A 
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wide range of cannabinoids inhibits DMT1, in stably expressed HEK293T cells, 

including the classical cannabinoid Δ9-THC.  Serine-43 of DMT1 is vital to this 

regulatory mechanism, as it appears that the inhibitory response is facilitated by the role 

of the cannabinoid receptor type 2 (CB2) in disrupting kinase signaling cascades.  As 

DMT1 appears to be both functional and basally phosphorylated at S43, it appears that 

the anti-inflammatory effects of Δ9-THC that are modulated by CB2, result in the 

dephosphorylation of the transporter (40).   

OCT2 is also regulated by a PTM on/off switch, but via a tyrosine residue both in 

vitro and in vivo. OCT2 phosphorylation is mediated by the Src family kinase, Yes1, and 

Y362 was predicted to be the critical tyrosine (41, 42).  Dephosphorylation of OCT2 

diminished transport without altering its membrane expression.  Structural models 

suggest that the negative charge from the phosphotyrosine could aid the binding of 

cations to the adjacent substrate-binding pocket (41, 43).  Clinically, FDA approved 

tyrosine kinase inhibitors, including dasatinib, reduced OCT2 function in both cells and 

in kidney tissue via Yes1 inhibition. This mechanism may serve a clinical benefit for 

patients by decreasing OCT2 mediated transport of platinum-based medications into the 

kidney thereby potentially decreasing toxicities. However, TKIs appear to have the 

potential to deregulate many transporters, such as MATE1, OAT1, OATP1B1, OCT1, 

and OCT3 for which the clinical implications are not known(42, 43).   

Additionally, the Serotonin transporter (SERT; SLC6A4) (44, 45) and ASBT 

(46), are tyrosine phosphorylated and regulated by Src family kinases, suggesting that 

TKIs may have some off-target risk (41-43, 47-49).  Both ASBT and SERT have reduced 

pTyr status and reduced function during enteropathogenic E. coli (EPEC) infections (44-
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46).  For ASBT, this mechanism of inhibition is attributed to the bacterial T3SS effector 

molecules which activate PTPases (46).  For SERT, T3SS did not play a role in the 

dephosphorylation of the transporter, but rather resulted from an increased association 

with Src-homology-2 (SH2) domain containing PTPases (45). Together these studies 

demonstrate that a vast array of divergent signals ranging from the indirect action of 

endogenous receptors, pharmacological agents, to bacterial virulence factors have an 

influence on SLC transporter functional expression.  

2.2.1.3 Regulation of Phosphorylation by Protein Kinase C (PKC) Influences the 

Subcellular Fate of SLCs 

Most of the literature regarding SLC post-translational regulation is related to the 

promiscuous role of PKC in the endocytosis and trafficking of internalized transporters.  

Additionally, PKC is often the initiator of  signaling cascades that alter many other types 

of PTMs, some of which are mentioned in subsequent sections of this review.  Often 

PKC induced internalization involves ubiquitination of the target SLC transporters 

residing within lipid rafts, where the membrane is either constitutively endocytosed or 

internalized via regulated means.  The combined signals from multiple residues also have 

been implicated in the sorting mechanism as well. Transporters that have been observed 

to be regulated in this manner include GLYT2 (50, 51), DAT  (52-54), OATs (55-57), 

OATPs (58), GLUTs (59, 60), among many others. The role of PKC-regulation of drug 

transporters has been reviewed recently in great detail by Fardel and colleagues (61).   
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2.2.2 N-Glycosylation as a Core PTM of SLC Transporters 

2.2.2.1 Background 

More than half of the mammalian proteome and nearly all SLC transporters are 

glycosylated, with N-glycosylation predominating. N-glycosylation is the process of 

enzymatically adding an oligosaccharide to specific extracellular amino acid residues.  If 

the carbohydrate is added to an asparagine residue, signaled by the motif N-X-S/T, where 

X is any amino acid, then the modification is referred to as N-glycosylation. N-

glycosylation is a highly variable PTM, which is impacted by the availability of the sugar 

monomers at the time of protein folding and processing. Addition of the first sugar chain 

to an asparagine residue occurs within the ER from the coordination of a preassembled 

substrate scaffold and an oligosaccharyltransferase. The chain undergoes subsequent 

trimming while in the ER by exoglycosidases.  Properly folded proteins are transported to 

the Golgi where the remaining glycan chain is trimmed down to the mannose-rich core 

and rebuilt by resident glycosyltransferases.  The resulting product falls into three broad 

categories: mannose-rich core glycosylated, complex glycosylated, and hybrid 

glycosylated (30).  While highly studied in vitro, the complex interactions as a 

consequence of glycosylation regulation are lacking.  Critically, biochemical assays often 

fail to capture the structural diversity of glycan chains resulting from the random 

interactions during the glycan processing stages.   

Peterson and colleagues recently extensively reviewed the role of glycosylation in 

modulating SLC transporters and highlighted the limitation of over-interpreting and SLC 

glycan data between the various cellular contexts.  Among these variables are observable 
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glycosylation differences between species, organs, carbohydrate accessibility, 

metabolism, and more (62).  

2.2.2.2 N-glycosylation Status is Variable but Protects SLCs from Proteases 

PEPT1 has a wide range of apparent molecular weights in various organs and 

species, which is attributed to the variations in the glycosylation pattern (63-66).  In 

intestinal tissues, murine PEPT1 (mPept1) was demonstrated to be N-glycosylated by 

predominantly complex-type glycans, and contributed to nearly 1/3 of the overall 

apparent molecular weight of ~95 kD. In contrast to to the intestine, mPept1 was 

observed to be ~105 kD in the colon, and ~75 kD in the kidney (64, 67). Using site-

directed mutagenesis and protein expression in Xenopus laevis oocytes, six putative 

glycosylation sites were kinetically characterized, and N50 identified as a critical residue 

in determining the efficiency of peptide transport. N50 lies close to the membrane surface 

in extracellular loop 1 (EL1) and when glycosylated is hypothesized to have a negative 

steric effect on both the substrate binding-site and transport mechanism.  Therefore, it is 

expected that deglycosylation at this residue, or alterations in the glycosylation pattern, 

will positively modulate PEPT1 function (64).  However, further investigation suggested 

that the fundamental role of N-glycosylation at N50 is to protect the extracellular loops 

from protease degradation in oocytes, and further studies are needed to see if this 

mechanism is consistent in other expression models (63). This finding may 

mechanistically explain the variability in function between species and tissues (64) 
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2.2.2.3 N-Glycosylation Dysregulation in Disease Regulates SLCs 

Non-alcohol fatty liver disease (NAFLD) is a disease characterized by fat 

accumulation in the liver.  Aggravated cases of NAFLD often lead to the development of 

non-alcoholic steatohepatitis (NASH), typified by excess fat, inflammation, and liver 

damage.  These conditions have been shown to not only cause altered metabolism in 

patients (68), but also to alter the glycosylation status of critical SLC transporters in the 

liver (69).  Gene array data and subsequent western blot analysis of human liver donors 

indicate that the expression of non-glycosylated OATP1B1/3, OATP2B1, and NTCP was 

increased in NASH as a result of altered gene expression of the necessary enzymes in the 

ER and Golgi (68). Interestingly, NTCP mRNA is upregulated in NASH, yet down 

regulated in morbidly obese NASH patients, whereas in both patient subsets, transporter 

protein levels were diminished.  Together, this suggests that non-glycosylated NTCP may 

be destined to the ER for degradation, and that there may be confounding transcriptional 

mechanisms with comorbid pathologies.  In support of this hypothesis, a recent study 

found that NTCP deglycosylation, or mutagenesis at N5 and N11, promoted rapid 

endocytosis and degradation in the lysosome (70).  It would be interesting to determine if 

there is a difference in handling in the ER/Golgi of the mutated protein facilitating it 

membrane targeting in lieu of a glycan chain, or if a the non-glycosylated NTCP in 

NASH patients trafficks to the membrane.   

2.2.2.4 N-Glycosylation May Regulate Microdomain Partitioning of SLC transporters  

An intriguing feature of some multi-antennary N-glycans (complex) is the 
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enrichment of Gal-Glc-NAc moieties on the terminal ends, which serve as recognition 

sites for a class of lectins called Galectins.  This weak interaction creates a structural 

lattice between the glycan and the lectin that alters the lateral movement of surface 

proteins. This lattice formation occurs between GLUT2 glycan and galectin9, and 

anchors the transporter within non-lipid raft domains to facilitate glucose uptake in the 

pancreas. In pancreatic beta cells, altered glycosylation or disruption of the glycan lattice 

on GLUT2 was shown to lead to a shift in the transporter into lipid raft domain where 

GLUT2 function is significantly diminished.  It is hypothesized that this mechanism is 

integral for glucose sensing and insulin secretion. In support, a high-fat diet alters the 

glycan pattern of GLUT2, potentially implicating this glycan-Galectin lattice interaction 

in the development of type 2 diabetes (71). 

2.2.3 Acetylation as an On/Off Switch for Mitochondrial SLC Transporters  

Within the mitochondrial proteome, acetylation has been identified as a common 

PTM occurring enzymatically and non-enzymatically, the later due from high 

concentrations of acetyl-CoA (30).  Mitochondrial SLC transporters Carnitine-

acylcarnitine transporter (CACT; SLC25A20) and citrate transporter (CIC; SLC25A21), 

have recently been shown to play opposing roles in the feedback mechanism for β-

oxidation pathway in liver mitochondria (72). For both transporters, acetylation of 

intracompartment-facing lysine residues functions as an on/off switch for the transporter 

(72, 73).  CACT is inhibited by acetylation (72), and CIC is activated by acetylation (73). 

For CACT, putative lysine residues were first identified with MS (74, 75) and coupled 

with homology modeling and functional studies in proteoliposomes, K148, K157, K170, 
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and K244 were identified as the likely modification sites (72).  

2.2.4 Palmitoylation May Facilitate Lateral Partitioning of SLC transporters  

2.2.4.1 Background 

Palmitoylation involves the enzymatic addition of the C16 saturated fatty acid, 

palmitic acid, to a free cysteine that lies close to, or adjacent to, the protein-lipid 

interface. Palmitoylation differs greatly from the relatively static nature of similar lipid 

modifications, such as myristoylation, in that it is highly dynamic.  It has been observed 

that the reversal of protein palmitoylation can occur at variable rates from minutes to 

days depending on the protein target (76, 77).  

2.2.4.2 Palmitoylation often Cross-talks with Phosphorylation to Regulate SLC 

Transporters 

Phosphorylation has been implicated in Dopamine Transporter (SLC6A3; DAT) 

palmitoylation reciprocity.  rDAT is palmitoylated at Cys580 (and potentially at a 

secondary location) and has been shown to increase rDAT transport efficiency without 

modulating rDAT surface expression (78).  The increase in transport efficiency appears 

to be mechanistically linked to the reciprocal decrease in Vmax resulting from PKC-

mediated phosphorylation at Ser7 (78-80).  Interestingly, pSer7 is enriched in lipid rafts 

(79, 80), whereas the enrichment of palmitoylated DAT remains unresolved but may 

suggest that palmitoylation is not sufficient in signaling the lateral partitioning of DAT 

(81).  Additionally, long-term inhibition of DAT palmitoylation drives the subsequent 

degradation of phosphorylated DAT, suggesting that there is a time-dependent 
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component for the reciprocal regulation of the transporter.  This also points to the greater 

role of palmitoylation in modulating transporter stability and expression levels (78). 

2.2.4.3 Palmitoylation Potentiates SLC Clustering in Lipid Rafts  

In contrast to the role of palmitoylation in modulating SLC stability, the 

electrogenic Na+/Ca2+ exchanger (NCX; SLC8A1) is functionally unaffected by its 

palmitoylation status directly.  In ventricle muscles, 60% of the total pool of NCX is 

palmitoylated, and only during metabolic stress does transport become affected with the 

depletion of intracellular Ca2+.  Transport inactivation occurs on the palmitoylated 

transporter, and results in clustering within lipid raft domains. This crowding exacerbates 

the innate curvature of the microdomain and triggers ‘Massive Endocytosis’ (MEND) (6, 

82). MEND is a physiological phenomenon in which ≤70% of the plasma membrane is 

endocytosed during a single event (82). PKC appears to be activated during this process, 

but whether this is related to the previously discussed mechanism of DAT modulation is 

unknown. 

Curiously, detergents encourage the clustering of palmitoylated proteins in lipid 

rafts, potentiating the MEND event (83). Along those lines, bile acids have been shown 

to solubilize non-raft domains thus leading to a stabilization of lipid rafts and the raft-

resident proteins (84).  It is worth noting that clustering and enrichment of SLC 

transporters within lipid rafts has been observed as referenced herein, suggesting that 

studies are warranted to determine if palmitoylation serves as a protective mechanism for 

SLC transporters exposed to high concentrations of bile acids.  If implicated, it may 

suggest a novel on/off mechanism for transporters lining the intestinal tract pre- and post-
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prandial whereby a) palmitoylated SLC transporters selectively partition to lipid rafts b) 

bile acids stabilize lipid rafts c) lipid raft proteins cluster to increase signaling and/or 

transporter efficiency d) SLC-mediated transport is terminated via MEND resulting in 

membrane and transporter turnover. 

2.2.5 Ubiquitination Modulates the Degradative Fate of SLC Transporters  

2.2.5.1 Background 

The ubiquitin proteosome pathway is a physiological system for the signaling and 

subsequent degradation of unstable proteins via the proteasome. Ubiquitin (Ub), a small, 

8 kD polypeptide, is covalently linked to accessible lysine residues via a three-step 

process.  Initiation of the reaction is carried out by a ubiquitin-activating enzyme (E1).  

Following activation, Ub structurally associates with a carrier protein (E2) which coupled 

with a ubiquitin-protein-ligase (E3) modifies the target protein.  While this mechanism 

requires an available lysine residue, most ubiquitinated proteins are conjugated to 

multiple Ub polypeptides driven by the presence of seven lysine residues on Ub itself.  

Therefore, a target protein can be mono-, multi-, or poly-ubiquitinated (85-88). 

2.2.5.2 Ubiquitin as a Degradative Signal 

This degradative pathway is vital for short-lived proteins like the Apical Sodium-

dependent Bile Acid Transporter (ASBT; SLC10A2), which has an approximate half-life 

of six hours.  Additionally, it has been observed that inflammation within the ileum 

signals a phosphorylation-dependent activation of the ubiquitin-proteosome pathway. Rat 

Asbt (rAsbt) requires JNK-mediated phosphorylation at S335 (pS335) and T339 (pT339) 
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to be ubiquitinated and degraded (85).  Curiously, in contrast to this finding, Chothe et al. 

observed that ubiquitination of rAsbt occurred in lieu of pS335 and pT339 following 

treatment with resveratrol (RSV) (22).   

RSV, a phytoalexin found in red grapes, has been extensively studied for a wide 

range of promising health benefits.  Among its many attributes, it is well known to have 

anti-inflammatory properties that have been characterized in animal models of 

gastrointestinal inflammation.  This contrast between the JNK-mediated and phospho-

independent modulation of rAsbt ubiquitination suggests that that there are diverse 

signaling mechanisms that target transporters to the same degradative fate (89-93). In line 

with this hypothesis is the existence of two predominant families of E3 ubiquitination 

ligases in mammals: HECT and RING.  Both families have been structurally resolved and 

shown to have different binding mechanisms to Ub potentially explaining how 

ubiquitination may occur via alternative signaling events (94).   

Many SLC transporters are ubiquitinated by HECT ligases, and specifically by the 

subfamily Nedd4.  Nedd4 ligases contain domains with a conserved pair of tryptophans 

that recognize the structural motif (L/P)PxY, and which are implicated in PKC-induced 

ubiquitination mechanisms.  Organic Anion Transporters 1 and 3 (OAT1/3; SLC22A6/8) 

both are signaled for Nedd4-2 ubiquitination by PKC, resulting in the internalization of 

the transporters and a consequential decrease in the transporters’ function (55, 57, 88, 95, 

96).  

2.2.5.3 Ubiquitination Status of SLC Transporters as a Clinical Biomarker 

Additionally, adapter proteins and their relative expression also can influence the 
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ubiquitination of SLC transporters.  For instance, the serotonin transporter (SERT; 

SLC6A4) binds to a protein called MAGE-DI, facilitating the modification of SERT with 

Ub.  Mechanistically, a decreases in MAGE-D1 expression, such as in the case in manic 

depressive disorder (MDD), leads to a decrease in ubiquitinated SERT and a subsequent 

increase SERT expression, thus promoting hyposerotinergic conditions (97-99).  While, 

the administration of sertaline and imipramine improved the depressive behavior in 

MAGE-D1 knockout mice, it did not modulate the increased stability of SERT (99).  

Additionally, fluvoxamine resistant MDD patients had a global decrease in the Ub-status 

of SERT.  This resulted in the upregulation of SERT in leukocytes and lymphoblasts 

signifying their potential as a novel biomarker for the efficacy of MDD therapies (97, 

99).   

2.2.5.4 Modulating the Ubiquitination Status of SLC Transporters Therapeutically  

Therapeutically, knock down or inhibition of E3 ligases has been proposed as a 

means to modulate the Excitatory Amino Acid Transporter 2 (EAAT2; SLC1A2) to 

ameliorate Parkinson’s Disease (PD) after it was observed that EAAT2 was modified by 

Ub through cooperation with Cav-1 in the PD mouse model (100). Complicating that 

finding, it has been shown that increased Ub expression has a dose-dependent affect on 

motor function, and that the availability of free Ub is the rate-limiting step in the 

ubiquitination-dependent degradation of proteins. Modest increases in the free Ub pool, 

restored the balance and improved motor function in wt-mice, but as the availability 

increased, motor function declined (101). As numerous SLC transporters like SERT (97, 

99), the neuronal glycine transporter (GlyT2;SLC6A5) (50, 51), and DAT (102) are 
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ubiquitinated in the brain, the overall homeostasis between ubiquitination and 

deubiquitination may be fundamental to restoring balance in neurodegenerative disorders, 

suggesting that deubiquitinating enzymes may be a more appropriate therapeutic target. 

2.2.6 SUMOylation as a Gatekeeper of SLC Transporter Intracellular Pools 

EAAT2 expression is not just influenced by ubiquitination, but also is influenced 

by the closely related PTM, SUMOylation (103-105).  Like ubiquitin, SUMO (Small 

Ubiquitin-like MOdifier) is a reversible modification that involves the enzymatic addition 

of a small protein SUMO to an accessible lysine (106).  EAAT2 is modified at Lys580 

under normal physiological conditions causing internalization of the transporter.  Unlike 

Ub, modification by SUMO does not cause degradation, but rather facilitates the 

formation of an intracellular holding pool that is available for the rapid response to CNS 

signaling.  Curiously, while this process appears vital in the context of normal 

physiology, SUMO-EAAT2 is cleaved by caspase3 in a mice model of ALS, leading to 

the accumulation of the cleaved product the spinal cord (103-105).   

In a similar fashion, SUMOylation acts as a sorting mechanism for GLUT4.  

While GLUT4 is minimally expressed on the plasma membrane of adipocytes, under 

normal conditions in response to insulin signaling GLUT4 readily shuttles to the surface 

and increases glucose transport significantly.  This dynamic response results from storage 

of GLUT4 in specific vesicles that have been shown to increase the half-life of the 

transporter considerably.  SUMOylation is thought to be the sorting signal to these 

specialized vesicles (107).  Additionally, a proteomic analysis was carried out to derive 

the global SUMOylation changes during hypoxia (108). This study identified numerous 
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metabolic associated proteins, including GLUT1, which had increased SUMOylation, and 

experimental evidence suggests that leads to a decrease in levels of GLUT1 surface 

expression, in contrast to GLUT4 (109, 110).  It was hypothesized that perhaps this may 

be a mechanism for a cell to preferentially express GLUT4 to potentiate insulin 

responsiveness (110). Upregulation of hypoxia signaled SUMOylation might serve as a 

mechanism to increase stability of the transporter, increase glucose sequestering in the 

brain, and minimize ischemia-related consequences (111). SUMO1’s neuroprotective 

effects also translate to NCX3 (SLC8A3) in the ipsilateral temporoparietal cortex (112). 

Ischemia pre-conditioning leads to an increase in SUMOylated NCX3 and silenced the 

resident neurons, preventing appreciable damage to this region during further glucose and 

oxygen deprivation (112, 113).   

2.3 Conclusions 

The extent of post-translational modifications in regulating SLC transporters is far 

from being fully appreciated, however it can expected that not every proteoform will 

have a unique and clinically relevant phenotype.  However, those that do must be 

considered not only in the context of human health but also in the context of the safety 

and efficacy of therapeutic interventions. While transporters play significant role in the 

pharmacokinetics and pharmacodynamics of drugs, the capacity of drug to modulate a 

signaling pathway is regularly recognized in development, the indirect implications of a 

pharmacological agent on the endogenous regulation of SLC transporters may be 

significant in characterizing off targets effects. 

Abrogation of the signaling mechanisms driving the functional integrity of 
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homeostatic processes and of the ability to transport endogenous and exogenous solutes, 

may have profound consequences. However, as more information accumulates regarding 

the consequence of modulating post-translational modifications, SLC transporter 

proteoforms may be viable targets and/or biomarkers for the safe and efficacious 

treatment a profound range of clinical manifestations.   
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Chapter 3:  “nmAsbt” Is a Misnomer and Does Not Represent A Physiological Bile 

Acid Transporter 

3.1 Introduction 

The Apical Sodium-dependent Bile Acid Transporter (ASBT; SLC10A2) is an 

integral modulator of the enterohepatic circulation of bile acids and cholesterol 

homeostasis.  It aids in the absorption of dietary lipids, vitamins, cholesterol, and it is the 

sole specific membrane transporter responsible for reclaiming bile acid from the ileum.  

ASBT has high affinity for bile acids, particularly when conjugated to taurine and glycine 

(3, 15).  Although structurally non-related inhibitors of ASBT have been described, there 

is limited evidence to date for non-bile acid substrates(114). 

Recently, two putative bacterial orthologs of human ASBT (hASBT) from 

Neisseria meningitidis (nmAsbt) and Yersinia frederiksenii (yfAsbt) were crystalized, and 

their topologies span ten transmembrane (18) domains with intracellular C- and N- 

termini (17, 18).  nmAsbt, shares 26% identity with ASBT, 22% with NTCP, and 

possibly has conserved sodium-interacting residues as indicated via computational 

methods; however, according to a phylogenetic analysis by Lionarons and colleagues, it 

is not a member of the SLC10A1/2 gene family (115). In fact, it shares lower homology 

to hASBT than SLC10A3-7, which do not transport bile acids. 

Furthermore, there are distinct topological discrepancies.  hASBT was initially 

predicted by hydropathy analysis to have an odd number of transmembrane domains, and 
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projected to have either a 7-TM or a 9-TM fold (116).  Extensive biochemical analysis, 

performed over the course of a decade in independent labs and with various 

methodologies, has reinforced the 7-TM configuration with an extracellular N-terminus 

and intracellular C-terminus as the prevailing biochemical model (7, 19).  Additionally, 

biochemical data that were used to suggest a 9-TM fold, were later refuted in follow-up 

studies by the same investigators (8).  Combined, these detailed analyses have identified 

critical substrate recognition sites, sodium-binding regions, post-translational 

modification sites, and thoroughly characterized individual transmembrane domains(11, 

14, 16, 21, 22, 117, 118).  

In contrast with the biochemically validated 7-TM topology of hASBT, the crystal 

structure of nmAsbt appears to share a similar fold with the sodium/proton antiporter, 

NhaA, despite a lack of sequence homology (18).  While a crystal structure is critical for 

understanding the mechanisms of ASBT-mediated bile acid transport, a lack of 

agreement between the bacterial crystal structure and the biochemically-supported model 

has raised concerns over the functional similarity and annotation of the evolutionary 

distant homologs.  Additionally, as bile acids are only synthesized in vertebrates and are 

generally toxic to bacteria, including the gut microbiome (119-121), there is unlikely to 

be a physiological need for a bacterial bile acid uptake transporter; in fact, commensal 

enteric bacteria such as Listeria and E. coli actively efflux BAs to avoid toxicity (119-

123), which raises the question whether bile acids are endogenous substrates for these 

transporters. While many transporters non-specifically handle bile acids as anionic 

compounds, nmAsbt’s capacity for specific transport of bile acids is lacking (124). 

 



 

28 

 

3.2 Materials and Methods 

3.2.1 Materials 

[3H]-Taurocholic acid (1 mCi/mmole) (20) was purchased from American 

Radiolabeled Chemicals, Inc, (St. Louis, MO); Bovine serum albumin (BSA), TCA and 

other chemicals (unless otherwise stated) were from Sigma (St. Louis, MO). Cell culture 

media and supplies were obtained from Invitrogen (Rockville, MD). All other reagents 

and chemicals were of highest purity available commercially. 

3.2.2 Bacteria culture and nmAsbt expression verification 

The plasmid construct carrying the bacterial homologue of the bile acid 

transporter from Neisseria meningitidis was kindly provided by Dr. David Drew from 

Imperial College London.  In this construct, nmAsbt was cloned into the vector 

pWaldoGFP. Fluorescence from a c-terminal tagged GFP was used as an indication of 

expression of the transporter. Expression and verification of the bacteria transporter was 

conducted as described by Drew and colleagues (18). Briefly, overexpression of the 

fusion protein in E. coli CD43(DE3) cells was achieved by induction with 0.4 mM IPTG 

at 25°C overnight after the OD reached 0.4.  nmAsbt expression was estimated on the 

basis of GFP fluorescence measurement (excitation wavelength at 488 nm and emission 

wavelength at 510 nm) using 96-well SpectraMax Gemini XS (Molecular Devices, 

Sunnyvale, CA). 
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3.2.3 Site-directed mutagenesis  

Mutations were incorporated into nmAsbt cDNA containing pWaldo-GFP 

plasmid using site-directed mutagenesis. Mutagenesis primers were custom designed and 

purchased from Sigma (St. Louis, MO).  Phusion high-fidelity DNA polymerase (Thermo 

Scientific, NJ) was used for the PCR and mutations were confirmed with sequencing at 

University of Maryland School of Medicine sequencing facility. Plasmid constructs were 

transformed into CD43 (DE3) competent cells for expression. 

3.2.4 Uptake study 

4 mL of E. coli overexpressing wild type nmAsbt were centrifuged at 1500 x g for 

2 minutes.  After removing the supernatant, cells were resuspended with 1 mL of warm 

pre-wash buffer containing 1 mM CaCl2, 1 mM MgCl2, 10 mM Tris-HCl, pH 7.5, with 

either 137 mM NaCl or 137 mM ChCl.  Cells were incubated for 1 min at 37 °C, 

followed by centrifuged at 2500 x g for 1 min.  Cell pellets were resuspended in uptake 

buffer consisting of 1 mM CaCl2, 1 mM MgCl2, 10 mM Tris-HCl, pH 7.5, with either 

137 mM NaCl or 137 mM ChCl. Cells were incubated at 37 °C with uptake buffer 

containing 5 µМ taurocholate spiked with 0.2 µМ [3H]-TCA for indicated time intervals. 

1 mL ice-cold termination buffer consisting of 1 mM CaCl2, 1 mM MgCl2, 10 mM Tris-

HCl, pH 7.5, 137 mM NaCl or ChCl, and 1 mM taurocholate was added to each uptake 

cell suspension.  After mixing well by flipping the tubes multiple times, cells were 

centrifuged at 21000 x g for 1 min.  Cell pellets were washed two more times with the 

termination buffer.  Final cell pellets were resuspended with 250 µL H2O. 200 μL of the 
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suspension were added to 3 mL scintillation cocktail, and subjected to counting using an 

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

remaining 50 µL cell suspensions were mixed with 350 µL 1N NaOH. After 2 h 

incubation at room temperature, 50 µL concentrated HCl was added each vial to 

neutralize the cell lysate. Total protein levels were quantified using Bradford protein 

assay (Bio-Rad Laboratories, Hercules, CA).  Nonspecific uptake was measured by 

carrying out uptake study using CD43 cells only and was subtracted from the total uptake 

using E.coli overexpressing nmAsbt-GFP.  Uptake activity was calculated as picomoles 

of [3H] TCA per minute per milligram protein. 

3.2.5 Monovalent ion kinetics 

E.coli cells harboring nmAsbt-GFP were resuspended in uptake buffer containing 

5 µM taurocholate spiked with 0.2 µM [3H] TCA.  The uptake buffer contained either 

137 mM Na+ or other monovalent cations (Li+, K+, Rb+, and Cs+).  The uptake study was 

carried out for 2 min before being halted by adding termination buffers containing the 

corresponding monovalent cations.  The final uptake results were normalized to total 

protein amount.  Uptake activity was calculated picomoles [3H]-TCA per minute per 

milligram protein. 

3.2.6 Activity of nmAsbt mutants 

E.coli cells bearing nmAsbt-GFP mutants were incubated with pre-wash buffer 

containing either 137 mM NaCl or KCl.  After centrifuging at 2500 x g for 1 min, cells 

were resuspended in uptake buffer containing 5 µM taurocholate spiked with 0.2 µM 
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[3H]-TCA.  The uptake buffer contained either 137 mM NaCl or KCl.  After 2 min 

incubation, uptake was halted with the addition of the termination buffer containing 

either 137 mM NaCl or KCl.  The final uptake results were first normalized to total 

protein amount in each vial, followed by normalization to the GFP fluorescence 

measurements. 

3.2.7 nmAsbt inhibition study 

nmAsbt inhibition studies were carried out similarly to that described for uptake 

study, except that 200 µM of compound was added to the uptake study.  The uptake was 

carried out for 5 min at 37 °C.  Uptake values were corrected by subtracting values from 

uptake study carried out without NaCl (replaced with molar equivalent ChCl).  Inhibition 

results were plotted as percentages of the control (absence of any inhibitor). 

3.2.8 Sodium and potassium kinetics 

The initial velocity of taurocholate uptake at 37 °C was measured at 2 min after 

the addition of the uptake solution containing increasing concentrations of either Na+ or 

K+ in the range from 0 to 137 mM.  

3.2.9 Cell culture and transient transfection of hASBT 

The monkey kidney fibroblast cell line, COS-1 (ATCC CRL-150), was 

maintained in Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum, 4.5 

g/L glucose, 0.1 mM nonessential amino acid at 37 °C in a humidified atmosphere with 

5% CO2.  hASBT transfection and expression was carried out as described preciously 
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(11).  Briefly, COS-1 cells were seeded on 24-well plates (Costar, Corning, NY).  After 

reaching more than 90% confluence, cells were transfected with pCMV5-hASBT using 

Turbofect transfection agent (Thermo Scientific, NJ).  Approximately 48 hours after the 

transfection, cells were used for inhibition study. 

3.2.10 hASBT inhibition study 

In 24-well plates, COS-1 cells were transiently transfected with pCMV5 plasmid 

carrying wild type hASBT cDNA. 48 hours after transfection, cells were washed twice 

with warm phosphate-buffered saline (PBS) and incubated with 200 µL of modified 

Hanks’ balanced salt solution containing 5.0 µM cold TCA spiked with 1 µCi/mL [3H]-

TCA and 200 µM of various test compounds.  The uptake study was carried out for 12 

min to ensure steady-state kinetics. Transport was halted by washing the cells three times 

with ice-cold PBS containing 0.5 mM TCA. Cells were lysed by incubating with 350 µL 

NaOH for 2 h at room temperature.  Cell lysates were neutralized by adding 50 µL high 

concentration HCl and 250 µL of sample from each well were subjected to scintillation 

counting.  Total protein levels were quantified using Bradford protein assay (Bio-Rad 

Laboratories, Hercules, CA).  Uptake activity was calculated as picomoles of [3H]-TCA 

per minute per milligram protein. 

3.2.11 Data Analysis 

Transport studies were carried out in two to three different experiments in 

triplicate.  The data are presented as mean ± S.E.M. GraphPad Prism 5.0 (GraphPad 

Software, San Diego, CA) was used for data analysis, except for the inhibition study 
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where KaleidaGraph 4.5 (Synergy Software, Reading, PA) was used.  Statistical analysis 

was carried out using one-way ANOVA with Dunnet’s posthoc test. Data are considered 

statistically significant at * p ≤ 0.05; **, p < 0.01; ***, p < 0.001. 

3.3 Results 

3.3.1 Sequence Alignment and Conservation of Sodium Binding Coordinates  

 nmAsbt sequence was aligned against the sequences of human bile acid 

transporters hASBT and hNTCP, human organic anion transporter hSOAT, and yfAsbt 

(Figure 3.1). nmAsbt shows low sequence identities, 26%, 24% and 23%, to hASBT, 

hNTCP and hSOAT, respectively.  On the other hand, it showed 44% identity to the 

recently proposed bile acid transporter yfAsbt.  We have previously reported that Gln75, 

Met79, Thr82 and Leu86 from transmembrane domain II of hASBT (corresponding to 

Gln77, Met81, Thr84 and Leu88 in nmAsbt as labeled in Figure 3.1) are involved in 

sodium binding/translocation.  In addition, Ser114, Asn115, Ser128, Glu260 and Glu264 

were shown in the nmAsbt crystal structure to coordinate sodium binding to the 

transporter.  Strikingly, these residues are identical among the five sequences compared, 

indicating that these transporters may share a similar sodium binding/translocation 

mechanism. 
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Figure 3.1 Sequence alignment of nmAsbt to SLC10A members and yfAsbt.  
Sequence alignments of nmAsbt to the human apical sodium-dependent bile acid 
transporter hASBT, human Na+/Taurocholate Cotransporting Polypeptide (hNTCP), 
human organic anion transporter (hSOAT) and bacteria homologue from Y. frederiksenii. 
The alignment was calculated with Clustal Omega. Identical residues among five 
sequences are labeled with * at the bottom. Residues involved in sodium interaction in 
hASBT and nmAsbt are numbered on the top. Gaps are introduced to maximize 
alignment. 
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3.3.2 Na+ Specificity of nmAsbt  

hASBT relies on energy from the physiological inward sodium gradient, with a 

2:1 Na+ to bile acid co-transport stoichiometry, in order to translocate bile acids (125) 

TCA uptake was studied in the presence of 137 mM monovalent cations (Li+, Na+, K+, 

Cs+ and Rb+). hASBT was shown to be specific to sodium ion as previously reported 

(Figure 3.2A) (126). As a proposed distant bacteria homologue of hASBT, nmAsbt 

demonstrated sodium sensitivity (18).  However, when subjected to the TCA uptake 

study in the presence of various monovalent cations, nmAsbt did not show specificity to 

sodium. Instead, all of the monovalent cations activated nmAsbt (Figure 3.2B), in line 

with the observation that the non-specificity in monovalent cations makes bacteria viable 

in various ionic environments (127, 128).  

 

Figure 3.2 Monovalent cation-dependency of nmAsbt and hASBT.  A. COS-1 cells 
transfected with pCMV5-hASBT were incubated with 5 µM cold TCA spiked with 1 
µCi/ml [3H]TCA under 137 mM monovalent cations (Li+, Na+, K+, Cs+ and Rb+) at 37 °C 
for 12 min. Uptake under 137 mM ChCl was used as the control.  B. E.coli harboring 
pWaldo-nmAsbt-GFP was induced overnight with 0.4 mM IPTG. Cells were incubated 
with uptake buffer containing 5 µM cold TCA spiked with 0.2 µM [3H] TCA under 137 
mM of various monovalent cations. The specific uptake under each ion was calculated as 
picomoles [3H]TCA per minute per milligram protein and normalized to total protein 
amount. Bars represent the mean ± S.E.M of two experiments in triplicate.  Statistical 
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analysis was carried out using one-way ANOVA with Dunnet’s posthoc test (* p ≤ 0.05; 
**, p < 0.01; ***, p < 0.001). 

3.3.3 Na+ and K+ Kinetics  

Sodium activation of nmAsbt-mediated transport of TCA displays saturable 

kinetics.  To illustrate that other monovalent cations follow similar kinetics, potassium 

was selected as a representative for monovalent cations, based on the assumption that 

aside from Na+
, K+ is a monovalent cation that the bacteria transporter may likely 

encounter in a physiological environment. Potassium activation displayed saturable 

kinetics (Figure 3.3A).  The binding affinity of K+ to nmAsbt (KK
+ = 38.82 ± 9.3 mM) is 

comparable to that of Na+ (KNa
+ = 35.68 ± 10.63 mM) (Figure 3.3B).  The maximum 

velocities of transport with these two cations are also comparable, indicating that 

potassium can activate nmAsbt in a similar manner as sodium ion. 

 

Figure 3.3 Potassium and sodium kinetics of nmAsbt.   E.coli cells expressing nmAsbt-
GFP fusion protein was used for the kinetic study. [3H]TCA uptake was measured over 
the concentration range 0 – 137 mM of (A) potassium and (B) sodium. Changes in 
potassium or sodium concentration were compensated with choline chloride to maintain 
the ionic strength of the uptake solution.  The specific uptake was calculated as picomoles 
[3H]TCA per minute per milligram protein and normalized to total protein amount.  
Experiments were carried out three times in triplicate.  Kinetic data was fit with 
GraphPad Prism 5.0 software. 
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3.3.4 Identical Residues May Interact with Na+ and K+     

In the highly conserved core domain of the nmAsbt crystal structure, two sodium 

binding sites have been proposed via molecular modeling (18).  Carbonyl oxygens on the 

backbone of Glu260, Val261, Met263, and side chains of Gln264 and Gln77, coordinate 

the binding of one of the sodium ions to the transporter (Figure 3.4A).  Alanine 

substitution was introduced at these five residues individually using GFP tagged wild 

type nmAsbt as the scaffold. TCA uptakes by the mutants in the presence of 137 mM 

NaCl or KCl were compared to the uptake by the wild type transporter.  Significant 

decreases in mutant activity were observed in the presence of either cation (Figure 3.4B); 

furthermore, the activity profiles for these two sets (with Na+ or with K+) are similar.  

While this investigation focused only on one of the two sodium-binding sites as a proof-

of-concept, it is worth noting that Gln260 was shown in the crystal structure to be critical 

to both sodium-binding sites.  Gln77, corresponding Gln75 in hASBT (11), was 

important for sodium binding and translocation in both systems. Alanine mutations at 

either of these two residues significantly reduced activity in presence of Na+ or K+.  

These observations strongly suggest that both Na+ and K+ are binding to the same pocket 

in nmAsbt. 
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Figure 3.4 Effect of mutation on sodium interacting residues.  A. Stick model of the 
amino acids that coordinate one of the Na+ binding in the nmAsbt crystal structure. The 
figure was generated using PyMOL (version 1.7). B. E.coli cells bearing wild type and 
mutant nmAsbt were incubated with uptake solution containing either 137 mM NaCl or 
KCl for 3 min at 37 °C. Specific activity was calculated by subtracting non-specific 
uptake by control (CD43) cells from the total uptake by nmAsbt expressing bacteria. 
Experiments were carried out twice in triplicates. Bars represent the mean ± S.E.M. 
Statistical analysis was carried out using one-way ANOVA with Dunnet’s posthoc test (* 
p ≤ 0.05; **, p < 0.01; ***, p < 0.001). 

2.3.5 Effect of Chloride Ion on nmAsbt Function   

Chloride ion has been shown to be critical in the function of several transporters 

(129, 130). To determine the involvement of chloride on the transport activity of nmAsbt, 

[3H]TCA uptake by nmAsbt was carried out by replacing sodium chloride with molar 

equivalent sodium gluconate.  A significant decrease in taurocholic acid uptake was 

observed (Figure 3.5).  To clarify if the decrease in taurocholate uptake was due to the 

presence of the gluconate ion or the lack of a chloride ion, sodium chloride was replaced 

by the molar equivalent of sodium cyclamate.  No significant change in TCA uptake was 

observed, indicating that Cl- is not directly involved in nmAsbt function.  
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Figure 3.5 Effect of chloride ion on nmAsbt function.  [3H]-TCA uptake was carried 
out in the presence of 137 mM sodium chloride (control), sodium gluconate or sodium 
cyclamate.  Uptake by bacteria (CD43) was subtracted from the total uptakes.  Specific 
uptake was normalized to total protein levels and presented as the percentage of the 
control. Bars represent the mean ± S.E.M of at least two experiments in triplicate (* p ≤ 
0.05; **, p < 0.01; ***, p < 0.001). 
 

3.3.6 Substrate Specificity of nmAsbt and hASBT    

To compare the substrate specificity of nmAsbt and hASBT, an array of 23 

compounds were tested for their ability to interact with the transporters.  Cold (non-

radiolabeled) TCA was used as the positive control.  Compounds, including bile salts, 

organic anions and steroid sulfates, were tested at 200 µM concentrations, as this 

concentration is sufficient for taurocholate to significantly inhibit it’s own transport in 

hASBT.  The effect of various compounds on the intracellular accumulation of [3H]TCA 

in hASBT transfected COS-1 cells and nmAsbt expressing E.coli was investigated.  
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Bile salts, such as LCA, TDCA, TCDCA, TLCA and GCDCA, almost abolished 

[3H]TCA uptake by hASBT (Figure 3.6A), whereas none of them showed significant 

reduction on TCA transport in nmAsbt expressing E.coli cells (Figure 3.6B).  

Interestingly, a significant increase in [3H]TCA uptake by nmAsbt was observed in the 

presence of LCA.  Methotrexate and cimetidine, MRPs/OAT3 inhibitor and 

OCTs/MATEs inhibitor, respectively, had opposite effects on the activities of nmAsbt 

and hASBT. It may be worth pointing out that several compounds, including estradiol-

17β-glucuronide, L-carnitine, 5α-cholanic acid-3α-ol-6-one, LCA, methotrexate, 

cimetidine, TLCA and Bromosulphthalein, significantly increased taurocholic acid 

uptake by nmAsbt, whereas they reduced or had no effect on hASBT transport activity. 



 

41 

 

 

Figure 3.6 Inhibition profile of nmAsbt and hASBT.  A. COS-1 cells transfected with 
hASBT were incubated with 5 µM cold TCA spiked with 0.2 µM [3H]TCA in the 
presence or absence of 200 µM inhibitors for 12 min at 37 °C. Uptake measurements 
were normalized to protein amount of the cell lysate.  B. E.coli cells overexpressing 
nmAsbt were collected and incubated with [3H]TCA uptake solution containing 200 µM 
various compounds or DMSO (control) for 5 min at 37 °C. Background levels derived 
from uptake under 137 mM Choline Chloride were subtracted from the total uptake under 
137 mM NaCl. Specific activities were normalized to the total bacteria protein and 
presented as the percentage of the control.  At least two experiments were performed in 
triplicates.  Statistical analysis was carried out in KaleidaGraph 4.5. Data are showns as  
mean ± SEM considered statistically significant at * p ≤ 0.05; **, p < 0.01; ***, p < 
0.001. 
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3.3.7 Inhibition of nmAsbt by Gluconate   

Inhibition by gluconate observed in Figure 3.5 prompted further interest to 

investigate the interaction between gluconate and nmAsbt.  E.coli cells expressing 

nmAsbt were incubated with 0.2 µM [3H]TCA at 37 °C for 3 min in the presence or 

absence of increasing concentrations of sodium gluconate.  Gluconate inhibited nmAsbt-

mediated uptake of the taurocholate substrate in a concentration-dependent manner 

(Figure 3.7).  The Ki value for the nmAsbt -mediated uptake of [3H]-TCA was 5.43 ± 

0.0019 mM.  Whether gluconate is an endogenous substrate for nmAsbt will be the focus 

of future studies. 

 

Figure 3.7 Inhibition of nmAsbt activity by gluconate.  [3H]TCA uptake by nmAsbt 
was carried out in the presence or absence of increased concentrations (0 to 100 mM) of 
sodium gluconate under either 137 mM NaCl or ChCl for 5 min at 37 °C.  Uptake 
activities in the presence of 137 mM ChCl were subtracted from the activity with NaCl. 
Data are presented mean ± S.E.M of three experiments in triplicates.  Data was fit with 
GraphPad Prism 5.0 software 
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3.4 Discussion 

Recently, the crystal structures from two putative bacterial homologs from 

Neisseria meningitidis (nmAsbt) and Yersinia frederiksenii (yfAsbt) were elucidated and 

proposed to be homology models for hASBT, despite their low sequence identity (Figure 

3.1).  Unlike the biochemically-validated topology for hASBT, the bacterial structures 

have ten transmembrane domains with intracellular C- and N- termini (17, 18).  While 

they share conserved residues with SLC10A family proteins, a phylogenetic analysis by 

Lionarons and colleagues refuted nmAsbt’s orthology to hASBT and other SLC10A 

family proteins.  In that study, the authors inspected sequence homology and substrate 

specificity for evolutionary primitive vertebrate orthologs of ASBT, the sea lamprey 

(Petromyzon marinus) and little skate (Leucoraja erinacea), both of which share 

approximately 60% identity with hASBT (115).  Throughout vertebrate evolution, the 

ASBT orthologs show an expansion of their substrate recognition from the primitive 5α-

C27 sulfated bile acids to include a broad range of diverse bile acid substrates, likely for 

the purpose of maximizing the recycling potential.  As bacteria do not produce bile acids 

endogenously as vertebrates do, nor do they have a nutritional need for the compounds, 

there does not appear to be a relevant purpose for a bile acid uptake transporter.  In fact, 

bile acids are generally toxic to bacteria, even to those that reside in the human gut (119-

121), and exposure has been shown to cause widespread protein aggregation and 

disulfide stress (131). Additionally, to overcome the bactericidal properties of bile acids, 

gram-negative bacteria have evolved intricate systems to actively efflux bile acids that 

breach the cell membrane.  A significant loss or decrease in function of these efflux 
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pumps leads to an increase in susceptibility to the toxic effects of bile acids (121, 132). 

The current study sought to address this conundrum from two angles.  First, we 

biochemically determined if nmAsbt shared electrogenic transport properties with 

hASBT while in its endogenous lipid environment. Secondly, we determined the 

substrate specificity of nmAsbt to characterize the specificity for bile acids. 

Even though the overall sequence identities between nmAsbt and hASBT, hNTCP 

or hSOAT are low (around 25%), the residues associated with sodium binding and/or 

translocation are highly conserved (Figure 3.1).  The crystal structure of nmAsbt has 

revealed the involvement of Ser114, Asn115, Ser128, Thr132, Glu260 and Gln264 in 

sodium binding (18). In a recent study, we have reported that Gln75, Met79, Thr82, 

Leu86 from TM2 of hASBT are implicated in sodium binding/translocation (11). 

Interestingly, most of these residues were identical in all five of the transporter sequences 

compared.  hASBT not only functions as an electrogenic sodium-solute cotransporter, but 

it also has a strict requirement for the cation (126).  Monovalent cations, such as 

potassium, lithium, rubidium and cesium cannot substitute for sodium in hASBT function 

(Figure 3.2A).  Surprisingly, when subjected to taurocholate uptake in the presence of 

these various monovalent cations, nmAsbt showed no specificity for Na+.  All of the 

monovalent cations could activate nmAsbt-mediated transport (Figure 3.2B). In fact, not 

only was transport initiated by the presence of all monovalent cations tested, the affinity 

of K+ for the transporter was similar to the affinity of Na+ (Figure 3.3a and 3.3b).  

Together, this indicates that the cation-binding pockets are more promiscuous in their 

coordination of ions in nmAsbt than in hASBT.  This notion resonates well with the 

finding in the recently solved crystal structure of yfAsbt that the residues forming the 
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sodium binding sites are not in positions that are optimal for Na+ binding (17).  

Furthermore, molecular dynamics simulations of the bacterial proteins suggest that the 

Na+ binding at site I, binds in a looser manner and one of the two Na+ may favor a 

computationally predicted and energetically favorable third binding site (133). 

Gln77, Glu260, Val261, Met263 and Gln264 were shown to coordinate one of the 

Na+ ions in the nmAsbt crystal structure (Figure 3.4a).  To characterize the coordination 

requirements for various monovalent cations, these residues were mutated to alanine 

using wild type nmAsbt as a scaffold.  Transport functions of most of the mutants were 

significantly reduced regardless of which monovalent cation was present, suggesting that 

the same residues may be coordinating the different monovalent cations (Figure 3.4b).  

On the other hand, these mutants showed variable sensitivity to the presence of Na+ or 

K+, further indicating that the degree of interaction of these residues to Na+ or K+ may 

differ.  Together, it demonstrates that Na+ is sufficient to activate transport, but that 

nmAsbt-mediated transport of taurocholate is not a strict sodium-dependent process. 

While the selectivity of monovalent cations was broad for nmAsbt, we sought to 

determine if chloride influenced the bacterial transport properties, as the chloride salt of 

the cation source was used in our studies.  When Cl- was replaced with gluconate, a 

significant decrease in nmAsbt uptake was observed (Figure 3.5).  However, when Cl- 

was replaced with cyclamate, no significant changes in transport function were observed.  

This differential inhibition in nmAsbt-mediated transport of TCA indicates that Cl- is not 

involved in nmAsbt function, at least not directly, and transport is driven by the 

monovalent cations.  

Drew and colleagues initially demonstrated that nmAsbt-mediated transport of 
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taurocholate (20) is activated by Na+, albeit with low affinity (18).  However extensive 

characterization is lacking demonstrating that nmASBT is a specific bile acid transporter.  

Numerous transporters have been shown to handle bile acids non-specifically (134-136). 

As such, to verify whether nmAsbt is an ortholog of hASBT, we compared their substrate 

specificities, assuming that the bile acid specificity for ASBT orthologs should be 

conserved to an extent over its evolutionary pathway.  Surprisingly, bile acids, such as 

LCA, TCDCA, TLCA or GCDCA (200 µM) used in this study, could not inhibit TCA (5 

µM) uptake by nmAsbt, in contrast to the inhibition profile of hASBT (Figure 3.6A and 

3.6B).  The only exception was TDCA, which showed weak inhibition of nmAsbt-

mediated transport of TCA.  This observation corroborates Lionarons and colleagues 

conclusion that nmAsbt may not belong to a SLC10A family, as even the most primitive 

vertebrate ortholog, skAsbt, shared a similar inhibition profile to hASBT (115).  Further 

evidence of this functional divergence, and an indication that nmAsbt was not specific for 

bile acids, was the inhibition by gluconate (Figure 3.5).  Additional investigation 

demonstrated that gluconate could inhibit nmAsbt-mediated transport in a concentration-

dependent manner (Figigure 3.7).  Several human intestinal bacteria, such as B. 

adolescentis, B. pseudocatenulatum and B. catenulatum, can take up gluconic acid for 

nutritional needs (137). Determining whether gluconate is an endogenous substrate for 

nmAsbt will require further investigation in the future. 

Interestingly, the presence of 200 µM estradiol-17β-glucuronide, methotrexate, L-

carnitine, or 5a-cholanic acid-3a-ol-6-one stimulated TCA uptake by nmAsbt.  This 

observation suggests the presence of an allosteric binding site, a mechanism similar to the 

P-gp, MRP4 and nucleotide sugar transporters (138-140). Alternatively, the alternating-
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access model (141, 142) in which the binding of these compounds to nmAsbt could 

stabilize the transporter into a conformation that is optimal for TCA transport could 

explain the stimulatory effects observed.  This is in line with the findings in the recent 

crystal structure of yfAsbt (17) in which, Zhou and colleagues suggested that the 

transporter may possess another TCA binding site, different from the binding site 

observed in nmAsbt.   

While nmAsbt may not be a direct ortholog of ASBT, we cannot exclude the 

possibility that it is an evolutionary distant homolog.  As primitive vertebrates that 

diverged ~380 million years ago use 5α-C27	 sulfated	 bile	 acids,	 modern	 mammals	

primarily	produce	5β-C24	conjugated	bile	acids.	 	 It	has	been	suggested	 that	ASBT 

emerged at the beginning of vertebrate evolution with a low affinity for bile acids.  As 

evolution progressed, hASBT evolved and gained affinity for the modern 5β-bile acids 

and retained the potential to transport the primitive 5α-bile	acids.  In other words, over 

the evolution pathway, the sequence and functional features of ASBT have changed 

drastically compared to the primitive homologs (115). On-going biochemical analysis of 

the putative homologue from Yersinia frederiksenii, yfAsbt, may help to shed light on the 

evolutionary relatedness of primitive bacterial transporters to modern vertebrate ASBT.   

Overall, our studies on hASBT and nmAsbt indicate that the ion-dependency and 

substrate specificities of these two transporters are quite different from each other.  These 

functional differences implicate discrepancies in the structure and evolutionary 

relatedness of these transporters.  Therefore, nmAsbt is misclassified as a bile acid 

transporter and more adequately represents a multi-specific anion transporter that non-

specifically handles taurocholate as an archetypical substrate.  Further structural and 
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functional study of hASBT using the nmAsbt crystal structure as a scaffold is not a 

physiologically relevant option. 
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Chapter 4: Characterization of the Bacterial Homologue of the Apical Sodium 

Dependent Bile Acid Transporter from Yersinia frederiksenii (yfAsbt) 

4.1 Introduction 

Bile acid transporters play a critical role in the homeostatic balance of bile salts, 

cholesterol, energy, and fat-soluble vitamins in higher eukaryotes (1, 84, 122, 131, 143-

145). In humans, these transporters constitute an orchestrated multi-organ system known 

as the enterohepatic circulation (EHC) that is critical to the efficient shuttling and 

conjugation of bile acids in vivo (1-3, 5, 15, 21, 22, 116, 124, 126, 142, 146, 147).  

While all living organisms appear to have a vast network of channels, 

transporters, and receptors that are integral to adapting and thriving in their respective 

environments, specific bile acid transporters appear to be a result of the evolutionary 

emergence of bile acids and alcohols with ancestral vertebrates (4, 5, 115, 145, 148).  

From a physiological perspective, bile acids are a class of very diverse compounds with a 

wide range of functions in vivo (1, 145).  In addition to their roles in energy and 

metabolism, they are critical gate-keepers of the microbiota and prevent the overgrowth 

of bacteria in the intestinal tract, especially in regards to the growth of non-symbiotic and 

pathogenic bacteria (1, 11, 119, 128, 131).  Normal inhabitants of the healthy human 

microbiota are highly efficient at reconciling the distress caused by bile acids, These 

bacterial species are critical modulators of bile acid decongjugation and for the 

production of the secondary bile acids. This is due to the expression of vital enzymes and 

efflux transporters.  (119-121, 123, 132, 149). Bacteria lacking these compensatory 
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mechanisms, are susceptible to disulfide stress and protein aggregation (119, 121, 122, 

131).  

Recently, two crystal structures of ASBT were elucidated in Neisseria 

meningitidis and Yersinia frederiksenii (17, 18).  The two structures are remarkably 

different from hASBT’s biochemically validated structure, and our recent work into 

nmAsbt suggests it has a divergent endogenous role, which is unrelated to being a 

specific bile acid transporter, and subsequently likely functions as a multi-specific 

organic anion transporter (Chapter 3).  Y. frederiksenii is a part of the highly diverse 

genus of Yersinia that are considered model organisms for the study of modern day 

prokaryotic evolution.  These bacteria have adapted and diverged into both pathogenic 

and/or opportunistic species through the selective gain, loss, or shuffling of their genomes 

(150-154).   

In this study we sought to determine the biochemical attributes of the putative bile 

acid transporter from Y. frederiksenii, yfAsbt. We further sought to determine if yfAsbt is 

a specific bile acid transporter with the objective of the clarifying the conflicting notion 

of opportunistic bacteria retaining a highly efficient transporter for a biologically toxic 

substrate. We demonstrate that despite appearing to transport taurocholic acid, yfAsbt is 

overwhelmingly divergent from the human protein.  yfAsbt is not sodium-selective and 

our data suggests transport may be influenced by pH and Cl-.  Additionally, bile acids and 

known ASBT inhibitors failed to inhibit yfAsbt transport at high concentrations.  Rather, 

we demonstrate that yfAsbt transport of TCA is influenced by amino acids and thus, like 

nmAsbt, may be a multi-specific anion transporter that is adaptable to the needs within a 

given extracellular environment (Chapter 3). 
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4.2 Materials and Methods 

4.2.1 Materials 

[3H]-Taurocholic acid (1 mCi/mmole) (20) was purchased from Perkin Elmer 

(Waltham, MA); Bovine serum albumin (BSA), TCA and other chemicals (unless 

otherwise stated) were from Sigma (St. Louis, MO). Cell culture media and supplies were 

obtained from Invitrogen (Rockville, MD). All other reagents and chemicals were of 

highest purity available commercially. 

4.2.2 Bacterial Culture and yfAsbt Expression 

  The yfAsbt plasmid was provided by the lab of Dr. Ming Zhou (Baylor College of 

Medicine).  It is cloned in a modified pET vector with N-terminal His8 and Flag tags with 

a kanamycin resistance gene.  The plasmid was transformed into BL21(DE3) cells.  The 

control BL21(DE3) cells were transformed with a vector control containing an ampicillin 

resistance gene provided by the manufacturer.  Protein expression was induced with 

0.5mM IPTG when cultures reached an OD600=0.8-0.9 and shaken overnight at 25°C at 

250 rpm (17).  

4.2.3 Alignment of yfAsbt 

Sequence alignment of hASBT, yfAsbt, and nmAsbt was determined with the 

EMBL-EBI program Clustal Omega.  Identical residues among all three species are 

indicated with a * below the alignment sequence.  Residues with strongly similar 

physiochemical properties are indicated with a : and weakly similar properties with a . 
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(155-157).  

4.2.4 Phylogenetic Reconstruction 

PSI/TM-Coffee (158-160) was used to align vertebrate and non-vertebrate 

members of the SLC10 protein family against transmembrane proteins in the UniRef 100 

database.  Phylogenetic reconstruction with Bayesian inference was carried out using Mr. 

Bayes 3.2 (161).  Model jumping was used to determine the best model of amino acid 

evolution and converged on the Jones model. 1,000,000 generations were sampled and 

every 10 saved. The first 25,000 generations were disregarded as burn-in (148).  The 

consensus tree was visualized and rooted in FigTree v.1.4.2. 

4.2.5 Cell Culture and Transient Transfection of hASBT 

COS-1 cells were cultured in Dulbecco’s modification of Eagle’s medium 

(DMEM) with 10% FBS, penicillin (100 IU/ml) and streptomycin (100 µg/ml) (Life 

Technologies, Inc., Rockville, MD). COS-1 cells were transiently transfected with 

Turbofect (Thermo Scientific) transfection reagent according to the manufacturer’s 

directions. Briefly, COS-1 cells were seeded in 24-plate at an initial density of 0.065 × 

106 cells per well. After 24 hr, cells were transfected with hASBT expression plasmid 

with Turbofect transfection reagent (1:4). 48 hr post-transfection, cells were used for 

functional uptake studies. 

4.2.6 Bacterial Uptake Study 

BL21(DE3) cells containing the yfASBT plasmid were pelleted at 1500 x g for 2 
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minutes, followed by a prewash with a buffer containing 1mM CaCl2, 1mM MgCl2, and 

10mM Tris-HCl (pH 7.5) and subsequent pelleting.  Cell pellets were resuspended with 

uptake buffer containing 1mM CaCl2, 1mM MgCl2, and 10mM Tris-HCl (Mes or Mops 

buffer for pH dependency), 137mM NaCl or N-methyl-D-glucamine HCl (NMDG-Cl), 

and 5µM cold TCA spiked with 0.2µM [3H]-TCA.  Uptake was terminated after the 

indicated time periods by the addition of ice cold termination buffer followed by 

centrifugation for 1 minute at 21,000 x g.  Cell pellets were washed and centrifuged two 

additional times.  Final pellets were resuspended in 250 µL H20 and 225 µL aliquots were 

added to 3mL scintillation cocktail.  Radioactivity was analyzed using a LS6500 liquid 

scintillation counter (Beckmann Coulter, Inc., Fullerton, CA).  Total protein was 

determined by Bradford protein assay after lysing the remaining cells with 350 µL 1N 

NaOH for 2 hours, followed by 50 µL concentrated HCl 

4.2.7 Ion Dependency 

  To determine the monovalent cation dependency of the proteins, the ion source in 

the prewash and uptake buffers were varied by substituting 137mM NaCl with 137mM 

KCl, LiCl, RbCl, CsCl, or ChCl. NMDG-Cl was used in place of ChCl in all other assays 

(no significant difference).  Sodium Gluconate and Sodium Cyclamate where used in 

place of NaCl to determine the effect of the chloride ion on transport of TCA.  Uptake 

was terminated after 2 minutes and results were expressed as % NaCl control 

4.2.8 pH Dependency 

BL21(DE3) cells expressing yfASBT were used in [3H] Taurocholate uptake 
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assays in buffers over a pH range of 4.5-8.5 and spiked with 0.2µCi of [3H] Taurocholate. 

Uptake was terminated after 5 minutes.  Data was normalized to total protein levels and is 

expressed as pmol/min/mg protein. Bars denote standard error of the mean (162) for n ≥ 6 

4.2.9 yfAsbt Inhibition Studies 

Inhibition of uptake was determined for various bile acids and a set of 

functionally diverse compounds.  All compounds were tested at a concentration of 

200µM, a concentration considered effective at inhibiting hASBT uptake of taurocholate.  

Experiments were carried out in the presence of 137mM NaCl or NMDG-Cl.  Results are 

representative of Na+ dependent inhibition only, shown as a % control (lacking 

inhibition), and normalized to total protein.  

4.2.10 hASBT Inhibition Study 

COS-1 cells transiently transfected with hASBT and mutants (48 hr post-

transfection) were used for uptake studies. Briefly, cells were washed twice with DPBS 

and then incubated at 37 0C for 12 min MHBSS pH 7.4, containing 5 µM cold TCA 

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

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

and radioactivity associated with the cells was measured by liquid scintillation counting, 

using a LS6500 liquid scintillation counter (Beckmann Coulter, Inc., Fullerton, CA). 

Uptake rates are represented as a % control 
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4.2.11 Data Analysis 

Data was analyzed using one-way ANOVA with a Dunnett’s post hoc test. 

Significant variation was found at  * p ≤ 0.05, ** p ≤ 0.005, and ***p ≤ 0.0001 Bars 

denote standard error of the mean and experiments were repeated twice in triplicates. 

4.3 Results 

4.3.1 Alignment of yfAsbt 

yfAsbt was aligned against hASBT and nmAsbt using Clustal Omega to 

determine the overall sequence similarity and sequence identity.  yfAsbt shared ~24% 

identity to hASBT and ~44% identity to nmAsbt (Figure 4.1).   
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Figure 4.1 Multiple Sequence Alignment of hASBT, yfASBT, and nmASBT. Sequence 
alignment was determined using Clustal Omega.  Conserved residues among hASBT and 
the two bacterial homologues, nmASBT and yfASBT are designated with a *.   

4.3.2 Na+ Specificity  

Zhou et al previously have shown that yfAsbt was able to use Na+ as the ion 

source for taurocholate transport (17).  hASBT is known to rely on the inward directed 

sodium gradient in vivo and in vitro (125).  In order to compare the specificity for 

sodium, hASBT and yfASBT [3H]-Taurocholate uptake studies were carried out using 

137mM of various monovalent cations (Na+, K+, Li+, Rb+, and Cs+).  As a control, n-
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methyl-D-glucamine (NMDG-Cl) was used.  As expected, hASBT- mediated transport of 

taurocholate was specific for Na+ (Figure 4.2).  yfAsbt was activated by Na+, but did not 

show specificity for the cation as all of the monovalent cations tested activated 

taurocholate transport.  Interestingly, NMDG-Cl also could activate yfAsbt-mediated 

transport of taurocholate, albeit at a reduced amount (Figure 4.2).  This observation did 

not change if NMDG-Cl was substituted with choline chloride (data not shown). 

 

Figure 4.2 The Effect of Monovalent Cations on Taurocholate Uptake. (A) COS-1 
cells, transiently expressing hASBT were used for [3H]-Taurocholate uptake assays with 
a buffer spiked with 0.2µCi of [3H] Taurocholate and 137mM XCl {where X= NMDG, 
Na+. K+, Li+, Rb+, Cs+}.  Uptake was terminated after 12minutes. (B) BL21(DE3) cells 
expressing yfASBT were used in parallel transport assays.  Uptake was terminated after 2 
minutes.  Data was normalized to total protein levels and is expressed % Control of NaCl. 
Significance represented as * p ≤ 0.05, ** p ≤ 0.005, and ***p ≤ 0.0001. Bars denote 
standard error of the mean and experiments were repeated twice in triplicates. 

4.3.3 Chloride Dependency 

As yfAsbt showed transport capacity for taurocholate in the absence of a 

monovalent cation, [3H]-Taurocholate uptake studies were carried out to determine if 

transport was also dependent on Cl-. Sodium Gluconate and Sodium Cyclamate were 
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used as chloride-free cation sources and cells exposed them had diminished transport 

capacity in comparison to NaCl controls (Figure 4.3).    

 

Figure 4.3 The Effect of Chloride on Taurocholate Uptake BL21(DE3) cells 
expressing yfASBT were used in [3H]-Taurocholate uptake assays in a buffer containing 
137mM NaCl, NaGluconate, or NaCyclamate and spiked with 0.2µCi of [3H]-
Taurocholate. Uptake was terminated after 2 minutes.  Data was normalized to total 
protein levels and is expressed as % Control NaCl. Significance represented as * p ≤ 
0.05, ** p ≤ 0.005, and ***p ≤ 0.0001. Bars denote standard error of the mean and 
experiments were repeated twice in triplicates. 

4.3.4 pH Dependency 

To determine the impact of pH and/or [H+], [3H]-Taurocholate uptake studies 

were carried out over the range of pH 4.5-8.5. yfAsbt was capable of transporting TCA in 

the presence NaCl in all pH environments.  The lowest transport rate was observed at pH 

7.5 (Figure 4.4).    
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Figure 4.4 The Effect of pH on Taurocholate Uptake BL21(DE3) cells expressing 
yfASBT were used in [3H]-Taurocholate uptake assays in buffers over a pH range of 4.5-
8.5 and spiked with 0.2µCi of [3H]-Taurocholate. Uptake was terminated after 5 minutes.  
Data was normalized to total protein levels and is expressed as pmol/min/mg protein. 
Bars denote standard error of the mean and experiments were repeated twice in 
triplicates. 

4.3.5 Sodium-dependent Bile Acid Inhibition  

To determine if yfAsbt is in fact a specific bile acid transporter, we probed the 

inhibitory potential of a diverse set of primary and secondary bile acids, as well as an 

analog of the ancestral α-bile acid.  Interestingly, none of the bile acids tested were able 

to inhibit yfAsbt-mediated transport of TCA at a concentration of 200 µM.  Additionally, 

TCA itself, while significantly significant, showed a marginal inhibitory potential (~30%) 

towards its own transport.  These findings are in contrast to the transport and inhibitory 

potential of hASBT-mediated transport, in which all of the bile acid species were 

inhibitors to TCA. 
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Figure 4.5 Sodium-dependent Bile Acid Inhibition Profile of hASBT and yfAsbt. (A) 
COS-1 cells were transfected with hASBT and uptake of [3H] TCA was measured for 12 
min in MHBSS buffer in the presence of 137mM NaCl and 200uM of the test compound. 
Similar studies for the uptake of [3H] TCA was measured for (B) BL21(DE3) cells 
expressing yfAsbt as described in the experimental section.  Data was normalized to total 
protein levels and is expressed as a % control uptake in the absence of inhibition. 
Significance represented as * p ≤ 0.05, ** p ≤ 0.005, and ***p ≤ 0.0001. Bars denote 
standard error of the mean and experiments were repeated twice in triplicates. 

4.3.6 Sodium-dependent Non-bile acid Inhibition 

As yfAsbt transport was not impacted by the presence of excess bile acids, we 

sought to determine the specificity of the transporter using a wide range of compounds 

such as amino acids, organic anions, steroids, and the known ASBT inhibitor fluvastatin 

(5).  Similar to the bile acid inhibition panel, compounds were screened at a standard 

concentration of 200 µM, as this concentration was a) sufficient to bile acids to inhibit 

hASBT mediated transport and b) was a sufficient to for TCA to inhibit its own transport 

by yfASBT (Figure 4.6).  For yfAsbt, fluvastatin and bromosulfophthalein were not 
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shown to be inhibitors.  Additionally, neither sodium gluconate or sodium cyclamate 

were inhibitors, further suggesting that the inhibitory effect in the chloride dependency 

study was in fact from the loss of the Cl- ion and not a result of inhibition of transport.  

Interestingly, the only inhibitors identified for yfAsbt were the L-isomers of the amino 

acids lysine, arginine, histidine, and phenylalanine. Citrate on the other hand had the 

opposite effect on yfAsbt, and TCA transport was stimulated ~1.5-fold.  This is 

surprising as the crystal structure from Zhou et al. showed citrate interacting within the 

predicted TCA binding site (17), and consequently may suggest an alternative binding 

site, or cooperation between the TCA and Citrate anions.   
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Figure 4.6 Sodium Dependent Inhibition Profile of hASBT and yfAsbt(A) COS-1 
cells were transfected with hASBT and uptake of [3H] TCA was measured for 12 min in 
MHBSS buffer in the presence of 137mM NaCl and 200uM of the test compound. 
Similar studies for the uptake of [3H] TCA was measured for (B) BL21(DE3) cells 
expressing yfAsbt as described in the experimental section.  Data was normalized to total 
protein levels and is expressed as a % control uptake in the absence of inhibition. 
Significance represented as * p ≤ 0.05, ** p ≤ 0.005, and ***p ≤ 0.0001. Bars denote 
standard error of the mean and experiments were repeated twice in triplicates . 
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In contrast to the bacterial transporter, hASBT was inhibited by fluvastatin and 

bromosulfophathalien, and all bile acids tested significantly inhibited TCA transport.  

Additionally, hASBT, as expected and shown by others, was not influenced by steroid 

sulfates or metformin (Figure 4.6).  Unexpectedly, hASBT function was inhibited by L-

amino acids glutamate, tyrosine, and tryptophan.  All together, the inhibitory panel of 

yfAsbt and hASBT are remarkably different, and do not share any similar statistically 

significant inhibitors.   

4.3.7 Phylogenetic reconstruction 

yfAsbt was aligned to eukaryotic SLC10 family members to determine if it was a 

true homologue of the ASBT or a distant family member.  As the term homologue 

implies a close evolutionary relatedness and by extension implies a common fold (163-

166), we aligned all of the sequences with PSI/TM-Coffee.  PSI/TM-Coffee is an 

iterative multiple sequence alignment that is able to use homology extension to consider 

the structural components of a protein’s similarity.  The program is able to create 

homology profiles from the subset of transmembrane proteins in the UniRef100 database, 

essentially enabling a forward thinking alignment based on the variability in sequence of 

a protein’s closest homologues (158-160).  The resultant alignment was used for a 

phylogenetic analysis using Mr.Bayes3.2.6 (161) as described in the ‘Materials and 

Methods’.  The consensus tree appropriately aligned each of the SLC10A members 

(Table 4.1) into their respective nodes (Figure 4.7).  As previously described (115, 148), 

SLC10A1 and SLC10A4 shared close common ancestor, whereas SLC10A2 and 
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SLC10A6 did as well (Figure 4.7).  Orphan transporters SLC10A3 and SLC10A5 also 

were closely related, with the divergent SLC10A7 as its own node. Interestingly, nmAsbt 

and yfAsbt appeared to share a closer ancestor with SLC10A7 than with ASBT.  

SLC10A Family Member Protein Name Abbreviation 

SLC10A1 
Na+/Taurocholate Co-transporting 

Polypeptide 
NTCP 

SLC10A2 
Apical Sodium-dependent Bile 

Acid Transporter 
ASBT 

SLC10A3 P3 P3 

SLC10A4 P4 P4 

SLC10A5 P5 P5 

SLC10A6 
Sodium-dependent Organic Anion 

Transporter 
SOAT 

SLC10A7 P7 P7 

Table 4.1 List of SLC10A Family Members and Abbreviations 
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Figure 4.7 Phylogenetic Reconstruction of SLC10 Family. PSI/TM-Coffee was used to 
align vertebrate and non-vertebrate members of the SLC10 protein family against the 
UniRef100 database.  Phylogenetic reconstruction with Bayesian inference was carried 
out using MrBayes 3.2.6 and visualized with FigTree v.1.4.2. 
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4.4 Discussion 

Yersinia is a genus of gram-negative bacterium that includes both pathogenic 

members and nonpathogenic species. Owing to the divergence and rapidly evolving 

nature of this genus, Yersinia often is used as a model for bacterial evolution (150, 153, 

154). Yersinia frederiksenii is a non-pathogenic member of the family, and in 2017 the 

complete draft genome was published  (167). While predominantly known as a soil 

bacterium, it is often isolated as facultative anaerobe in raw sewage, contaminated animal 

milk, and water sources.  Unlike the archetypical species Yersinia pestis, Y. frederiksenii 

is considered an opportunistic bacterium, and has been identified as the source of some of 

rare, but self-limited, intestinal illnesses predominantly in animals, and occasionally 

humans (151, 153).  

Despite little being known overall regarding Y. frederiksenii, in 2014 Zhou et al. 

successfully expressed and crystallized an inner membrane transporter with 24% identity 

to the human bile acid transporter, hASBT (17).  Furthermore, this protein bared 

significant sequence similarity to the previously crystalized putative homolog in 

Neisseria meningitidis (Figure 4.1) (18). Critically, however, these bacterial structures 

contrast greatly from the biochemically validated seven transmembrane model of the 

human transporter (7, 19). Further, there does not appear to be a biological requirement 

for these bacteria to express a specific bile acid transporter.  Bile acids are products of 

vertebrate evolution, and are thought to have appeared with the emergence of the early 

vertebrate. As vertebrates have evolved within their suitable environments, both bile 

acids and the proteins for which they are substrates for have also evolved to satisfy the 
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adapting needs (1, 115, 145). In vertebrates, these diverse compounds serve as critical 

modulators in cholesterol and energy homeostasis (1).  They are vital for the prevention 

of overgrowth and management of a healthy microflora, which are capable of 

compensating for bile acid stress via the expression of efflux transporters, bile salt 

hydrolases, and cell membrane associated structural proteins (1, 119, 123, 149).  Outside 

of adaptations of strains residing in the digestive system, the toxicity of bile acids is 

readily apparent.  They are efficient surfactants that are able to solubilize the bacterial 

cell wall and various cellular membranes (119, 122).  They also rapidly cause disulfide 

stress and aggregation of proteins (119, 121, 131).  Additionally, bile salts have been 

shown to promote the oxidation of GSSG and subsequent decrease in cellular GSH in a 

manner only comparable to the toxicity of bleach (HOCl) (131).  With these facts in 

mind, we sought to characterize the biochemical attributes of yfAsbt.  

Eukaryotic ASBT is a sodium dependent bile acid transporter utilizing the inward 

directed Na+ gradient established by the Na+/ K+ -ATPase, and the membrane electric 

potential (5, 125, 126). Its transport of bile acid is coupled the transport of two sodium 

ions (125), and has a strict dependency on sodium ions to initiate the transport 

mechanism (Figure 4.2).  Unlike hASBT, transport of TCA by yfAsbt is not sodium-

selective.  While there is some dependence on monovalent cations for transport, all of the 

monovalent cations tested were equally suitable for the initiation of transport (Figure 

4.2).    

Curiously, we observed that cells harboring yfAsbt (but not control BL21(DE3) 

cells) still had significant transport of TCA in the absence of monovalent cations.  As all 

of the monovalent cations were tested as the chloride salt, we tested whether transport 
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was appreciable in the absence of chloride by using the gluconate and cyclamate salts of 

sodium.  We found that transport was significantly inhibited in the absence of chloride.  

Interestingly, our previous work, nmAsbt did not demonstrate chloride sensitivity, but the 

inhibition observed with the loss of chloride was rather due to inhibition by gluconate 

(Chapter 3).  This suggests that chloride ions, may not be necessary for activity, but 

preferentially assist in the transport mechanism.   

Consequently, we looked at the proton concentration in our buffer as a potential 

monovalent cation source in our NMDG-Cl samples (Figure 4.4). We screened the 

transport potential of yfAsbt and BL21(DE3) blank cells in either MES  (pH 4.5 and 5.5) 

or MOPS (pH 6.5, 7.5, 8.5).  Interestingly, we observed that pH effects the rate of 

transport of TCA in yfAsbt, with higher transport rates at both low and high pH, and the 

least amount of transport was observed at pH 7.5. From an environmental standpoint, 

Yersinia frederiksenii is often isolated from sewage water, which has a range of pH up to 

a pH of 8.0 (151, 152, 168), and spoiled animal milk around a pH of 4.5 (151, 152, 169), 

suggesting that perhaps the increase in activity near these pH ranges are a result of 

environment adaptation (170-172).  While pH appears to influence transport of TCA by 

yfAsbt, the exact mechanism cannot be discerned from this experiment alone as the 

proton motive force is determined from the additive effects of both pH (delta pH) and 

proton gradient (delta psi) (173).  Additionally, it has been shown that planktonic (i.e. in 

the body) and adhered gram negative bacteria (i.e. in the soil) have drastically different 

cell surface chemistries due to the charge regulation effect (174, 175). This results in 

significant changes of the proton motive force across both the inner and outer membranes 

and subsequently modulates the concentration of ATP in bacteria and the overall 



 

69 

 

metabolic activity (175). As such, further biophysical studies or computational methods 

are needed to tease apart the relative cooperation between Na+, Cl-, and H+. 

As Zhou et al demonstrated that the purified transporter demonstrated saturable 

kinetics, we wanted to determine if yfAsbt was a specific bile acid transporter (Figure 

4.5). We chose a panel of bile acids that represented both the primary and secondary bile 

acids, as well as an analog of the ancestral α-bile acid.  It is important to note that we 

chose to correct for the transport activity unrelated to Na+ (assayed via NMDG-Cl) in 

yfAsbt, as the exact nature of the contributions from chloride ions and pH were not fully 

discerned. In all of these control studies the transport of TCA appeared to be consistent 

and unaffected by inhibition at physiological pH (data not shown). While hASBT-

mediated transport of TCA was significantly inhibited by all of the bile acids screened, 

yfAsbt was not inhibited by any (Figure 4.5a and 4.5b, respectively).  In fact, while TCA 

was statistically an inhibitor to its own transport in yfAsbt at [200 µM], transport was still 

approximately 70% of the uninhibited control, whereas hASBT transport was critically 

diminished.  Further, if yfAsbt was a specific bile acid transport it could be expected that 

it would have some affinity for the unconjugated parent bile acid, cholic acid, or the 

closely related glycine conjugate.  As neither was observed to significantly inhibit yfAsbt 

transport of TCA, if can be concluded that yfAsbt is not a specific bile acid transporter. 

In lieu of any significant inhibition of yfAsbt-mediated TCA transport, we probed the 

substrate specificity of the transporter with a wide range of inhibitors, including known 

ASBT inhibitors, steroids, amino acids, and common nutrients.  Remarkably hASBT and 

yfAsbt did not share any common inhibitors.  As expected, hASBT was inhibited by 

fluvastatin, as well as L-tyrosine, L-tyrptophan, and L-glutatmate, although, the exact 
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mechanism was not determined in the current study.   

yfAsbt was inhibited by L-isomers of phenylalanine, lysine, arginine, and 

histidine, but not by the D-isomers which play a role in the structural composition and 

remodeling for the bacterial cell wall, and also appear to be import signaling regulators 

for aging bacterial colonies (176). Interestingly, the genetic organization of the yfAsbt 

gene in relation to its adjacent genetic environment in the publically available draft 

genome supports the hypothesis that it might transport amino acids (150, 152, 167, 177).  

We observed that yfAsbt resides immediately downstream of psiE and LysC, and implies 

that there may be a genetic explanation to the transport of amino acids by yfAsbt.  LysC 

encodes a lysine-sensitive aspartokinase involved in the synthesis of lysine in bacteria.  

While lysine is often synthesized in bacteria, the proximity of yfAsbt and LysC to psiE, a 

gene predicted to play a role phosphate starvation, suggests that perhaps the transporter is 

integral in the uptake of key amino acids during nutritional stress (20, 178, 179).  It is 

also worth noting that while the overall genetic organization appears conserved across 

Yersinia strains, yfAsbt is only present in few specific strains. As such, it is possible, that 

as rapidly evolving bacteria, yfAsbt may not have been gained from selective pressure, 

but rather a random event that just as likely will be lost with further adaptation and 

genetic refinement.  Further studies are warranted to determine if these genes belong to 

an operon, and what if any is the physiological role in the subset of Yersinia strains of 

which they are all present (179). 

As our results indicate that yfAsbt is biochemically and functionally divergent 

from the human transporter, we sought to determine the evolutionary relationship of the 

bacterial transporter with other SLC10A family members.  While yfAsbt and hABST do 
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share conserved residues and predicted binding sites, it is worth noting that sequence 

similarity and identity are potentially misleading for multi-spanning transmembrane 

domain proteins (165).  The physiochemical requirements for transmembrane regions 

often leads to long regions of hydrophobic amino acids that may point to a similarity 

based not on evolutionary relatedness, but rather a convergence based evolutionary 

constraints (165).  To overcome this, we created an alignment with PSI/TM-Coffee with 

UniRef100 database, as it was created and validated to more accurately align the 

sequences of transmembrane proteins. PSI/TM-Coffee functions by creating sequence 

based homology profiles for each sequence, factoring in the variability of the amino acid 

exchanges of the closest relatives, then aligns each sequence to the profile created for 

each sequence until a consensus alignment is reached (156, 158-160, 164, 166).  The 

resultant alignment was applied to a phylogenetic analysis based on Bayesian Inference 

and a model of amino acid substitution using Mr.Bayes3.2 (161).  We modeled our 

analysis off of the previously published methods by Geyer et al (4), however we 

expanded the analysis to include the orphan transporter family P7 (180) and the bacterial 

proteins nmAsbt and yfAsbt.  The final analysis converged to an average standard 

deviation of 0.00289, and the consensus tree was assembled with FigTree (Figure 4.7). 

Each family class (i.e. SLC10A2) was placed appropriately into the in the corresponding 

clade.  As previously described,(148) SLC10A2 and SLC10A6 shared a distant common 

ancestor, which diverged from SLC10A1 and SLC10A4.  Additionally, SLC10A3 and 

SLC10A5 shared a common ancestor.  yfAsbt and nmAsbt was not associated with the 

SLC10A2 , but rather shared a common ancestor with SLC10A7 (also referred to as P7).  

Interestingly, P7 is an orphan member of the bile acid transporter family that does not 
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transport bile acids or steroid sulfates, and has a higher sequence similarity to bacterial 

homologue than it does to the other human SLC10 family members (180).  Our findings 

suggest that perhaps, like yfAsbt and nmAsbt (unpublished), SLC10A7 is a multi-specific 

transporter, and may share common transport functions with the bacterial proteins as the 

functionality is in contrast to the rest of the eukaryotic SLC10 family (180). 

Together, our data suggests that yfAsbt is biochemically, functionally, and 

evolutionarily divergent from ASBT, and subsequently is not an appropriate 

physiological substitute for hASBT structural models.  We show that yfAsbt is 

monovalent cation dependent, but not Na+ selective.  There also appears to be a 

functional gain in the presence of Cl- and the proton motive force may be implicated as 

well, although more sophisticated studies are warranted to characterize the mechanism on 

transport.  yfAsbt is not a bile acid transporter, but transport is susceptible to inhibition 

by charged amino acids and phenylalanine and further studies with an alternative probe 

substrate are warranted to determine the transport potential of those substrates.  The 

genetic organization of Yersinia frederiksenii and the proximity of yfAsbt downstream of 

LysC strengthens the hypothesis this the transporter likely has a promiscuous binding site 

capable of transporting lysine and other nutrients during times of starvation or stress. 

Lastly, our phylogenetic analysis predicts that yfAsbt may be more closely related to 

SLC10A7 than to hASBT. 
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Chapter 5: Tyrosine phosphorylation regulates plasma membrane expression and 

stability of the human bile acid transporter ASBT (SLC10A2) 

5.1 Introduction 

The human apical sodium-dependent bile acid transporter (hASBT; SLC10A2) 

plays a central role in bile acid and cholesterol homeostasis by providing the first step in 

the reabsorption and enterohepatic circulation of bile acids (2, 181).  Following uptake by 

hASBT in the ileum, bile acids are shuttled to the liver via the portal circulation, 

temporarily stored in the gallbladder and then secreted into the duodenum; here, they aid 

in the digestion of food as well as the absorption of lipids, cholesterol and fat-soluble 

vitamins (1, 181).  Since the initial cloning of hASBT in the early 1990s (182-184), 

extensive research has delineated its physiological role, structure-function relationship, 

and suitability as a target in prodrug design (7, 16, 19, 143, 146, 185-189).  Numerous 

studies have provided evidence to support the role of hASBT in cholesterol homeostasis. 

For that reason, hASBT has become a promising target for the treatment of 

hypercholesterolemia (190-192). More recently, hASBT has been recognized as a 

potential target for the treatment of type 2 diabetes mellitus (85, 193, 194).  

Owing to its central role in the enterohepatic circulation of bile acids, hASBT is 

strictly regulated at the transcriptional level via various transcription factors including, 

but not limited to, hepatocyte nuclear factor (HNF-1α), peroxisome proliferator-activated 

receptor (PPARα), farnesoid X-receptor (FXR), and GATA transcription factor 4 

(GATA4) (124, 144, 147, 149, 195-197).  However, there is limited information about 
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the post-transcriptional and post-translational regulation of hASBT.  Recently, Alrefai 

and colleagues (198) partly delineated the role of N-linked glycosylation in the regulation 

of hASBT protein and in its role as a protective mechanism against protease degradation. 

Additionally, Xia and colleagues (23) showed ubiquitin-proteasome dependent 

degradation of rat ASBT through a process involving JNK-mediated serine/threonine 

phosphorylation, followed by independent studies reporting the short-term regulation of 

hASBT by various kinases such as PKC, PKA, and MAP kinases (199, 200).  Together 

these findings demonstrate that post-translational modifications, especially 

phosphorylation, are critical for the functional expression of ASBT.  

Src-family kinases (SFKs) are members of the non-receptor tyrosine kinase 

family, and have crucial roles (through several cellular substrates) in various biological 

processes such as cell adhesion, invasion, proliferation and tumorigenesis (201).  In 

recent years,Src family kinase has been explored in regulating the function of GPCRs, 

ion channels, and membrane transporters, in addition to its typical cytoplasmic substrates 

(44, 202, 203). Particularly, the serotonin transporter (SERT) has been shown to be 

tyrosine phosphorylated bySrc family kinases, and this post-translational modification 

appears to be critical for the stability and transport function of the protein (44). In 2012, 

Annaba and co-workers (46) showed the inhibition of hASBT function via 

enteropathogenic E. coli, which could be reversed with the inhibition of protein tyrosine 

phosphatases.  In the study, it was noteworthy that hASBT appeared to be tyrosine 

phosphorylated at the basal level.  However, information pertaining to the involvement 

ofSrc family kinases and the identity of the tyrosine phosphorylated residue(s), which 
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may be implicated in the regulation of ASBT surface expression and function, is lacking 

in the literature.  

In the present study, we tested the hypotheses that hASBT basal tyrosine 

phosphorylation status is regulated via Src family kinases, and that it is critical for 

hASBT membrane expression, function and stability. Our results show that Src family 

kinases and protein tyrosine phosphatases (PTPs) regulate surface expression, transport 

function and stability of the hASBT protein.  Additionally, Src family kinase inhibition 

leads to proteasome-dependent degradation of hASBT protein, while PTP inhibition 

results in an increase in hASBT transport function and surface expression. Multiple 

intracellular tyrosine residues among Tyr148, Tyr216, Tyr308, Tyr311 and Tyr337 are 

implicated in Src family kinases mediated phosphorylation and subsequent regulation of 

hASBT, as the combined mutant lacked a phosphotyrosine signal and had a significantly 

decreased surface expression. 

5.2 Materials and Methods 

5.2.1 Materials 

Taurocholic acid (20) was from Sigma (St. Louis, MO) and MG132 from Cayman 

Chemical (Ann Arbor, MI). [3H]-TCA (3 Ci/mmol) was purchased from PerkinElmer 

health sciences (Shelton, CT). EZ Link Sulfo-NHS-SS-biotin was purchased from Pierce 

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

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

commercially. Goat polyclonal anti-hASBT antibody and Protein G PLUS-Agarose were 
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procured from Santa Cruz Biotechnology Inc. (Santa Cruz CA). Mouse anti-

phosphotyrosine, anti-HA and anti-calnexin antibodies were from Sigma (St. Louis, MO). 

PP2 (1-tert-Butyl-3-(4-chlorophenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine) and PP3 (4-

Amino-1-phenyl-1H-pyrazolo[3,4-d]pyrimidine) were from Abcam (Cambridge, MA). 

5.2.3 Cell Culture and Transfection 

COS-1 and Caco-2 cells were cultured in Dulbecco’s modification of Eagle’s 

medium (DMEM) with 10% FBS, penicillin (100 IU/ml) and streptomycin (100 µg/ml) 

(Life Technologies, Inc., Rockville, MD). Transient DNA transfection in COS-1 cells 

was carried out using Turbofect (Thermo Scientific) transfection reagent according to the 

manufacturer’s directions. Briefly, COS-1 cells were seeded in 24-plate at an initial 

density of 0.065 × 106 cells per well. After 24 h, cells were transfected with hASBT with 

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

uptake measurements or Western blot analysis. Caco-2 cells were seeded in 24 well plate 

at an initial density of 0.05 × 106 cells per well. Cells were used for uptake studies on the 

14th day, as ASBT is robustly expressed in differentiated Caco-2 cells (204, 205). 

Medium was changed on every alternate day after confluency.  

5.2.4 Site-directed Mutagenesis 

hASBT cDNA in the pCMV5 vector was used as a template for mutagenesis 

reaction. Site-directed mutations at Tyr148, Try216, Tyr308, Tyr311 and Tyr337 introduced a 

phenylalanine in place of the tyrosine residue using site-directed mutagenesis kit from 

Stratagene (La Jolla, CA). All the mutations were confirmed by sequencing.  
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5.2.5 Uptake Assay and Transporter Kinetic Measurements 

COS-1 cells transiently expressing hASBT and Caco-2 cells were used for uptake 

studies. Briefly, cells were washed twice with DPBS and then incubated in Modified 

Hanks’ balanced salt solution (MHBSS), pH 7.4, containing 5 µM cold TCA spiked with 

1 µCi/ml [3H] TCA at 37 °C for 12 min and 10 min for COS-1 and Caco-2 cells 

respectively (previous studies have shown that TCA uptake is linear up to 15 min in 

COS-1 and 10 min in Caco-2 cells) (126, 204). Uptake was stopped by washing cells 

with ice-cold DPBS containing 0.2% BSA and 0.5 mM TCA. Cells were lysed in 350 µl 

of 1N NaOH, and radioactivity associated with cells was measured by liquid scintillation 

counting, using a LS6500 liquid scintillation counter (Beckmann Coulter, Inc., Fullerton, 

CA). Protein quantification was measured via the Bradford method. Vector transfected 

COS-1 cells has minimal taurocholate uptake presumably via passive diffusion (< 5% of 

ASBT expressing cells) therefore, taurocholate uptake measured in ASBT-expressing 

COS-1 cells is considered as ASBT-specific. In Caco-2 cells, taurocholate uptake was 

measured in the presence of NaCl (Na+-dependent) and choline chloride (Na+-

independent). ASBT-specific TCA uptake was measured by subtracting the uptake in 

choline chloride from the uptake in NaCl.  

Substrate kinetics were analyzed by measuring the uptake with increasing 

concentrations of TCA (0 – 200 µM). The Michaelis constant (86) and the maximal 

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

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

Vmax·S/(Kt + S) where v is the uptake rate, S is the substrate concentration, Kt is the 
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Michaelis-Menten-type constant, and Vmax is the maximal velocity.  

5.2.6 Western Blot and Surface Biotinylation 

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

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

protease inhibitor mixture (Roche Applied Science). Protein concentrations were 

measured via the Bradford method. 35 µg of protein lysate was loaded and resolved with 

10% SDS-PAGE. Proteins were transferred to PVDF membrane at 100v for 1h. 

Membranes were blocked in 2% non-fat dry milk in TBS followed by incubation with 

respective antibodies: goat anti-hASBT, mouse anti-HA, anti-Flag (1:1000), rabbit anti-

cadherin and mouse anti-calnexin (1:3000). An Odyssey imaging system (Licor, NE) was 

used for visualizing protein bands. 

For surface biotinylation, COS-1 cells, transiently expressing WT or tyrosine 

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

as described previously (206). Briefly, cells were washed with ice cold DPBS twice and 

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

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

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

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

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

proteins were used for immunoblotting for the analysis of hASBT protein expression 

using goat anti-hASBT (1:1000). Labeling specificity to the cell membrane proteins was 

confirmed by the absence of ER protein calnexin (90 kDa) and presence of a cell surface 
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marker pan cadherin (140 kDa).  

5.2.7 Immunoprecipitation 

COS-1 cells were transiently transfected with WT or the combined tyrosine 

mutant (Y148F+Y211F+Y308F+Y311F+Y337F). 48 h post-transfection, cells were 

washed twice with ice-cold PBS and solubilized in NP-40 lysis buffer. 500 µg of cell 

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

separated and incubated with 1 µg of either mouse IgG or anti-HA antibody for 4 h at 4 

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

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

phosphotyrosine antibody. Membrane was stripped with Gn-HCl stripping buffer (6M 

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

previously described (207) and then probed with anti-HA antibody for the input analysis. 

5.2.8 Data analysis 

Statistical analysis was performed using one-way analysis of variance (ANOVA) 

with Dunnett’s post-hoc test. P< 0.05 was considered as statistically significant. 

Experiments were repeated at least two times, and measurements were made in triplicate 

for each experiment. Data are presented as means ± SE. 
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5.3 Results 

5.3.1 Effect of Src-kinase inhibitor (PP2) and Protein Tyrosine Phosphatase 

Inhibitor (activated orthovanadate (OV)) on hASBT function in COS-1 Cells 

To determine the short term and prolonged effects of PP2 and OV on hASBT 

function in COS-1 cells, cells transiently expressing hASBT were treated with 10 µM 

PP2 and 50 µM OV for 1h and 24h followed by [3H]TCA uptake as described under 

‘Materials and Methods’.  PP3, an EGFR kinase inhibitor, was included as a negative 

control for PP2. Both PP2 and OV showed significant effect on hASBT function only 

after 24h treatment.  PP2 inhibited hASBT function by ~40% (Figure 5.1A) while OV 

induced hASBT function by ~50% (Figure 5.1C).  To analyze the dose-dependent effect 

of PP2, COS-1 cells expressing hASBT were treated with PP2 at 2.5, 5 and 10 µM for 

24h and ASBT-mediated [3H]TCA uptake was monitored. PP2 dose dependently 

inhibited hASBT function (Figure 5.1B).   
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Figure 5.1 Src-kinase inhibitor (PP2) and tyrosine phosphatase inhibitor (OV) 
regulate hASBT function in COS-1 cells. A. COS-1 cells were transiently expressed 
with hASBT and then treated with PP2 at 10 µM for 1h and 24h. PP3, EGFR kinase 
inhibitor, was used as a negative control at 10 µM. [3H]TCA uptake was performed as 
described in ‘Materials and Methods’. B. hASBT expressing COS-1 cells were treated 
with PP2 at 2.5, 5 and 10 µM for 24 h followed by [3H]-TCA uptake. C. COS-1 cells 
were transiently overexpressed with hASBT and then treated with activated 
orthovanadate (OV) for 1h and 24h. [3H]-TCA uptake assay was carried out as described 
under ‘Materials and Methods’. Data is represented as percent of control (DMSO for PP2 
and PP3). Statistical significance *p<0.05, **p<0.01 and ***p<0.001.    

5.3.2 Saturation Kinetics of hASBT with PP2  

As Src family kinase inhibition significantly reduced hASBT function, kinetic 

experiments were carried to determine the effect of PP2 on hASBT affinity (149) for 

taurocholate and for its maximum velocity (Vmax). COS-1 cells expressing hASBT were 

treated with PP2 or OV for 24h and substrate kinetics were carried out as mentioned in 
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‘Materials and Method’.  The Kt values of hASBT and PP2 treatment were 15.37 ± 1.15 

µM and 14.53 ± 2.6 µM while Vmax values were 2.88 ± 0.07 and 1.27 ± 0.06 nmol/mg 

protein/12 min in the absence and presence of PP2 respectively (Figure 5.2A).  PP2 

inhibited maximum velocity (Vmax) by more than 2-fold without altering the affinity (86) 

of hASBT, suggesting that the reduced function of hASBT after PP2 treatment is 

associated with a decrease in Vmax of the transporter.  In contrast, the Kt values of OV 

treatment were 20.58 ± 5.02 µM and 35.44 ± 11.96 µM while Vmax values were 3.166 ± 

0.227 and 7.368 ± 0.8511 nmol/mg protein/12 min in the absence and presence of OV 

respectively (Figure 5.2B) 

 

Figure 5.2 Src-kinase inhibitor (PP2) and protein tyrosine phosphatase inhibitor 
(OV) alter maximum velocity (Vmax) without altering affinity (86) of hASBT. COS-1 
cells, transiently expressing hASBT, were treated with PP2 or OV, along with their 
appropriate vehicle controls, for 24h prior to substrate kinetic analysis of hASBT. Cells 
were incubated with increasing concentrations of cold (non-radiolabeled with trace 
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amount of [3H]-TCA) TCA ranging from 5-200 µM as detailed in ‘Materials and 
Methods’. Data was generated and subjected to Michaelis-Menten equation to obtain Km 
and Vmax values. 
 

5.3.3 PP2 and OV Regulate Plasma Membrane Expression of hASBT 

The kinetic study revealed that inhibition of Src family kinases significantly 

reduced the Vmax of hASBT, which is often related to the abundance of the transporter 

protein on the plasma membrane.  Surface biotinylation was performed in COS-1 cells 

expressing hASBT after treatment with PP2 (10 µM) and OV (50 µM) for 24h. For PP2 

control, cells were treated with DMSO.  PP2 treatment significantly reduced (Figure 

5.3A, lanes 2 and 3) while OV significantly induced (Figure 5.3A, lanes 1 and 4) surface 

expression of hASBT (Figure 5.3B) by ~50% and 40% of control respectively. Along 

with hASBT surface expression, PP2 also decreased hASBT total protein expression 

(Figure 5.3A, lower panel, lane 3).  It was therefore hypothesized that hASBT is 

degraded in the presence of PP2 via the ubiquitin-proteasome pathway (22, 23).  To test 

this hypothesis, surface expression of hASBT was measured in COS-1 cells in the 

presence of PP2 (10 µM) with and without the proteasome inhibitor, MG132 (5 µM).  

Interestingly, MG132 rescued PP2-mediated degradation of hASBT protein as both 

whole (total) cell expression and surface expression of hASBT was restored (Figure 5.3C, 

lane 3). 
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Figure 5.3 PP2 and OV Regulate Plasma Membrane Expression of hASBT. A. Total 
(whole cell) and surface (biotinylation) expression of hASBT COS-1 cells- COS-1 cells 
were treated with PP2 and OV for 24h prior to surface biotinylation and Western blot 
analysis as described in ‘Materials and Methods’. Cell surface protein labeling selectivity 
was confirmed by the absence of ER protein calnexin (~ 90 kDa, mouse anti-calnexin 
1:1000) and the presence of cell surface marker pan-cadherin (~ 120 kDa, rabbit anti-
cadherin 1:2000). hASBT being a glycoprotein is visualizes as the glycosylated (~41 
kDa) and non-glycosylated (~37 kDa) band. B. Densitometric analysis of hASBT 
selective bands normalized to cadherin to indicate surface expression. Data is represented 
as percent of pixel volume of DMSO control for PP2 and medium (devoid of OV) for OV 
respectively. C. Total and surface expression of ASBT – ASBT expressing COS-1 cells 
were co-treated with PP2 (10 µM) in the absence and presence of MG132 (5 µM) for24 
h. Surface expressed of ASBT was analyzed by surface biotinylation and Western blotting 
as described in Materials and Methods’ 
 

5.3.4 PP2 and OV Regulate Endogenous hASBT function in Caco-2 Cells 

To delineate the role of Src family kinase and tyrosine phosphatase in the 

regulation of endogenous hASBT, the effects of PP2 and OV on the transporter’s 
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function in Caco-2 cells, which express hASBT endogenously and robustly, were 

investigated (22, 124). A relatively higher concentration of both PP2 (25 µM) and OV 

(100 µM) was used, in line with a previous report indicating that Src family kinases are 

considerably affected at 20 µM of PP2 treatment for a prolonged period of three days 

(47). Additionally, there was no modulation of hASBT function at 10 µM and 50 µM 

dose of PP2 and OV respectively in Caco-2 cells (data not shown). Subsequently, Caco-2 

cells were treated with PP2 and OV at 25 µM and 100 µM respectively for 48h followed 

by [3H]-TCA uptake as described in ‘Materials and Methods’. PP2 significantly reduced 

(~40%) while OV significantly stimulated (~60% higher) hASBT function in Caco-2 

cells (Figure 5.4).  

 
Figure 5.4 Regulation of endogenous hASBT by PP2 and OV in Caco-2 cells. Caco-2 
cells were cultured for 4 weeks and then treated with 25 µM PP2 and 100 µM OV for 48h 
followed by [3H]-TCA uptake analysis. Data are represented as percent of control. 
***p<0.001. 

 

5.3.5 Functional Analysis and Membrane Expression of hASBT Tyrosine Mutants 

Following an initial bioinformatics prediction using using KinasePhos2.0, an 
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iterative approach was used to target five tyrosine residues as potential sites for Src 

family kinase-mediated phosphorylation of hASBT.  Single-point mutations were 

introduced by site-directed mutagenesis in order to generate Y148F, Y216F, Y308F, 

Y311F, Y337F single-point mutants, and a combined 

Y148F+Y216F+Y308F+Y311F+Y337F mutant. The six mutants were subjected to 

functional and membrane expression studies in COS-1 cells by [3H]TCA uptake and 

surface biotinylation respectively.  All mutants showed significantly impaired transport 

function, ranging from ~30 to 90% of wild type hASBT, with the exception of Y337F, 

which on the contrary, had a significantly higher uptake rate (~200%) than wild type 

hASBT (Figure 5.5A). While the surface expression of the mutants with significantly 

reduced function (Y216F, Y308F, and Y311F) was comparable to wild type hASBT, the 

surface expression of Y148F, Y337F, and the combined mutant 

(Y148F+Y216F+Y308F+Y311F+Y337F) was impaired. Interestingly, Y148F and Y337F 

displayed reduced expression of the glycosylated form of hASBT (upper band) (Figure 

5.5A). 
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Figure 5.5 Functional Analysis and Membrane Expression of hASBT Tyrosine 
Mutants. COS-1 cells were transiently overexpressed with Y148F, Y216F, Y308F, 
Y311F, Y337F, Y148F+Y216F+ Y308F+Y311F+Y337F and wild type hASBT. 48h post-
transfection, cells were used for A. uptake analysis using [3H]-TCA and B. Surface 
biotinylation and, Western blotting which were performed as described under ‘Materials 
and Methods’. Top and bottom panel of the blot represent surface expression and whole 
cell of wild type and single-point tyrosine mutants of hASBT respectively. Initial uptake 
rates of wild type and tyrosine mutants were normalized to their respective surface 
expression and represented as a percent of WT control. ***p<0.001. 

 

5.3.6 PP2 and OV Regulate Transport Activity of Tyrosine Mutants of hASBT 

To pinpoint specific tyrosine residue(s) that might be implicated in 

phosphorylation and regulation of hASBT, the effect of OV (Figure 5.6A) and PP2 

(Figure 6B) on the transport activity of the single-point tyrosine mutants was examined. 

The combined tyrosine mutant was not included as it was non-functional. COS-1 cells, 

transiently overexpressing single-point mutants, were treated with 50 µM OV or 10 µM 

PP2 for 24h before their functional analysis with [3H]TCA uptake. Although single-point 

mutants had lower initial uptake rates (Figure 5.5A), OV treatment increased their 
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function ranging from ~1.4 to 2.2 of the untreated mutants (Figure 5.6A). PP2 treatment 

also significantly reduced transport by ~20 to 30% in comparison to the untreated 

mutants (Figure 5.6B).  This result indirectly suggests multiple tyrosine residues are 

phosphorylated and subsequently regulate hASBT function. 

 

Figure 5.6 OV and PP2 Treatment Modulates Transport Activity of Tyrosine 
Mutants of hASBT. Wild type hASBT and its single point tyrosine mutants: Y148F, 
Y216F, Y308F, Y311F, Y337F were transiently transfected in COS-1 Cells. 48h post-
transfection, cells were treated (A) with and without 50 µM OV or (B) with and without 
10 µM PP2 for 24h followed by [3H]TCA uptake analysis. Data are represented as 
percent of initial uptake rate of each mutant without any treatment. *p<0.05 **p<0.01.  
 

5.3.7 Wild Type hASBT is Tyrosine Phosphorylated but not its Tyr-free Mutant 

Immunoprecipitation was used to demonstrate the tyrosine phosphorylation status 

of wild type hASBT and the mutant bearing no intracellular tyrosine residue 

(Y148F+Y216F+Y308F+Y311F+Y337F). For this experiment HA-tagged wild type 

hASBT and the multiple tyrosine mutant were used. HA tag (YPYDVPDYA), which 

includes 3 tyrosine residues, was introduced at the extracellular N-terminal of hASBT to 
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avoid possible interference in Src family kinase mediated phosphorylation of hASBT. 

Wild type hASBT and the multiple tyrosine mutant were transiently expressed in COS-1 

cells. Previous studies (22, 23) and the present study (Figure 5.3C) have highlighted the 

role of ubiquitin-proteasome pathway in the degradation of hASBT protein.  As such, the 

mutant expressing cells were treated with MG132 (proteasome inhibitor) to prevent its 

proteasome-dependent degradation, as the surface and whole cell protein expression of 

this mutant was significantly reduced in earlier experiments (Figure 5.5B). As 

summarized in figure 5.7, wild type hASBT, but not the combined mutant, was tyrosine 

phosphorylated (top panel). The lower panel of the blot indicates equal amounts of wild 

type and mutant protein. 

 

Figure 5.7 Tyrosine phosphorylation of wild type and multiple tyrosine mutant 
(Y148F+Y216F+ Y308F+Y311F+Y337F) of hASBT. COS-1 cells were transiently 
transfected with HA-ASBT and its multiple tyrosine mutant (Y148F+Y216F+ 
Y308F+Y311F+Y337F). After 24h, only tyrosine mutant expressing cells were treated 
with 5 µM MG132 for 6 hr. Cells were harvested and lysates were prepared for 
immunoprecipitation using anti-HA antibody as described under ‘Materials and 
Methods’. The immunoprecipitates were then separated on 10% SDS-PAGE followed by 
Western blot analysis using mouse anti-phosphotyrosine antibody (top panel). The blot 
was stripped as described under ‘Materials and Methods’ and then reprobed with mouse 
anti-HA antibody for input analysis (bottom panel). 
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5.4 Discussion 

In the present study, Src family kinases and PTPs were shown to modulate the 

surface expression, function, and stability of the hASBT protein in two different cell 

types: COS-1 and Caco-2. Inhibition of Src family kinase activity by its selective 

inhibitor, PP2, drastically reduced hASBT function and protein expression. The decrease 

in protein level was attributed to proteasome dependent degradation. Additionally, PTP 

inhibition by activated orthovanadate (OV) significantly induced ASBT function and 

surface expression. The combined tyrosine mutations 

(Y148F+Y216F+Y308F+Y311F+Y337F) rendered hASBT protein completely non-

functional, with poor plasma membrane expression. Interestingly, hASBT was found to 

be tyrosine phosphorylated, while the combined mutations of five intracellular tyrosine 

residues completely abolished tyrosine phosphorylation of hASBT protein.  

Previously, ASBT has been shown to be acutely regulated by PKC, PKA and 

MAP kinases (199, 200). Additionally, recent evidence also suggests Ser/Thr protein 

kinases may be involved in ASBT regulation (23).  In the present study, hASBT is not 

subjected to acute regulation rather it is modulated by a prolonged exposure to family 

kinases and PTPs inhibitors PP2 and OV respectively (Figure 5.1). Inhibition and 

induction of hASBT function and surface expression by PP2 and OV respectively 

confirm the regulatory role of Src family kinases and PTPs and indicate that tyrosine 

phosphorylation is critical for the plasma membrane expression of hASBT. Kinetic 

analysis also corroborated this observation, as PP2 significantly reduced maximum 
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velocity (Vmax) but not the affinity (86) of the hASBT (Figure 5.2). Thus, reduced surface 

expression is responsible for the decreased Vmax. Interestingly, the prolonged Src family 

kinase inhibition led to proteasome-dependent degradation of hASBT protein as a result 

of PP2 mediated tyrosine dephosphorylation. Annaba F. et al. (46) recently reported that 

ASBT is tyrosine phosphorylated as the basal level and enteropathegenic E. Coli 

infection negatively affects the phosphorylation status, leading to inhibition of the 

transporter’s function. Based on this observation, it was hypothesized that tyrosine 

phosphorylation might aid in plasma membrane expression. The present study supports 

this assumption and indicates that dephosphorylation induces internalization of ASBT 

from the surface with subsequent degradation via proteasome-dependent mechanism.  

Interestingly, we observed that while treatment with the proteasomal inhibitor MG132 

recovered the expression of hASBT at the surface, it selectively increased the amount of 

unglycosylated hASBT at the membrane, while both forms of hASBT were equally 

affected in whole cell lystates. The mechanism of MG132 and the degradation of the 

different glycoforms is difficult to tease out in the current study, and at this time we do 

not have an explanation for the treatment’s selective repression of glycosylated hASBT at 

the membrane.  

This regulation of hASBT expressed endogenously in human intestinal Caco-2 

cells, was mediated by Src family kinases and PTPs, albeit under slightly higher 

concentrations and prolonged exposure of PP2 and OV (Figure 5.4). These conditions 

were adopted based on the fact that Src family kinases delays the process of terminal 

differentiation and polarization in Caco-2 cells and inhibition of Src family kinases by 

PP2 at least 20 µM for 3 days is required to abolish the effect of Src family kinases (47). 
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To gain more insight into how tyrosine phosphorylation modulates hASBT, an 

iterative approach was used to create single-point tyrosine mutants, which were 

subsequently characterized to identify potential tyrosine phosphorylation sites. Initial 

analysis of hASBT protein using KinasePhos2.0, a kinase-specific phosphorylation site 

prediction tool (39), resulted in ten potential tyrosine sites.  However, five tyrosine 

residues (Tyr148, Tyr216, Tyr308, Tyr311 and Tyr337) were chosen for study, as the 

combination of the five mutations completely abolished the phosphotyrosine signal 

(Figure 5.7).  Of the five residues, three residues are in close proximity to the intracellular 

C-terminal sequence (Tyr308, Tyr311, and Tyr337) of hASBT.  Since the C-terminus of 

ASBT is essential in apical membrane targeting and localization of ASBT (208) it was 

hypothesized that tyrosine kinase mediated phosphorylation might have a physiological 

relevance in these regulatory processes. Based on this hypothesis one would expect a 

tyrosine mutant (at a potential phosphorylation site) to be less functional with poor 

surface expression. However, functional expression data presented in the current study 

suggests that individual tyrosine residues may have an a variable effect on ASBT 

function via a direct or indirect role in substrate translocation pathway, as surface 

expression of Y216F, Y308F and Y311F (with less  than ~25% activity) remained 

unaltered (Figure 5.5B). Only Y148F demonstrated reduced function along with reduced 

surface expression, possibly indicating its role in the internalization of hASBT.  . Y337F 

curiously demonstrated increased funtion with reduced expression, which implies that if 

this residue is phosphorylated it serves a repressive role in the functional expression of 

hASBT. Interestingly, with all five of the mutations combined (Y148F+Y216F+ 

Y308F+Y311F+Y337F), the protein was found to be non-functional (Figure 5A) and 
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with significantly diminished surface expression (Figure 5B).  Additionally, when all five 

intracellular tyrosine residues were mutated, no signal for tyrosine phosphorylation was 

observed, indicating the importance of multiple tyrosine residues in the transporter’s 

phosphorylation status. Furthermore, induction and inhibition of the transport function of 

tyrosine mutants, by OV (Figure 5.6A) and PP2 (Figure 5.6B) respectively, support the 

previous observation of the involvement of multiple tyrosine residues in Src family 

kinases-mediated phosphorylation and regulation of hASBT. While multiple tyrosine 

residues appear to be involved in the overall pTyr-dependent regualtion of hASBT, our 

data cannot discern the individual contributions of the specific residues.  Additionally, an 

alternative explanation for the functional effects observed in these studies may be that the 

loss of –OH from the tyrosine to phenylalanine mutations has a significant structural 

effect on the transporter.  

 In the present study, Src family kinases is associated with the tyrosine 

phosphorylation status of hASBT in support of previous studies reporting that ASBT is 

tyrosine phosphorylated at basal level (38).  More interestingly, mutations at five 

intracellular tyrosine residues yielded no signal for tyrosine phosphorylation indicating 

the importance of multiple tyrosine residues in the transporter’s phosphorylation status 

and ultimately for the membrane expression, function, and stability of hASBT. Although 

the present study does not highlight the specific interaction of hASBT with Src family 

kinases, the use of the wild type protein and the combined tyrosine mutant will be 

intergral in aiding in our understanding of the molecular events pertaining to this protein-

protein interaction. Further studies are warranted to comprehensively identify the role of 

individual tyrosine phosphorylated residues in the Src family kinase interaction 
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obligatory to the regulation of hASBT.  Our data provides novel insights into the Src 

family kinase-mediated tyrosine phosphorylation of hASBT and its relevance to the 

expression and stability of transporter, as well as its role in maintaining bile acid and 

cholesterol homeostasis. 
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Chapter 6: Evaluation and Optimization of Sample Preparation Methods for the 

Proteomic Analysis of ASBT 

6.1 Introduction 

Membrane proteins play critical roles as channels, transporters, receptors, and cell 

adhesion molecule. Many non-receptor signaling proteins and trafficking proteins are 

considered ‘peripheral membrane proteins’, and their interacions with the cellular 

membrane tend to be transient (209). Intergral membrane proteins on the other hand, are 

proteins that are incorporated within the membrane and whose transmembrane domains 

span the width of the bilayer . 

The Human Apical Sodium-dependent Bile Acid Transporter, hASBT, is an 

integral membrane protein that plays a crucial role in the enterohepatic circulation (EHC) 

and overall reclamation of bile acid in the eukaryotic brush border membrane (126). 

ASBT has been shown to have a seven transmembrane domain topology, with an 

extracellular N-glycosylated N-terminus and an intracellular C-terminus.  Further, residue 

level functional characterization has been carried out to elucidate the overall substrate/ion 

binding and permeation pathways (5, 7, 19). While biochemical evidence has provided 

significant information about the structure-function relationship of hASBT, further 

analytical insight is vital for both understanding the dynamics of the transport mechanism 

and for elucidating the influence of post-translational modifications hASBT’s functional 

expression.  
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Critical to successful use of any analytical technique is the quality of the protein 

sample. This ultimately is an inherent challenge with membrane proteins and a critical 

bottleneck in the successful investigation of hASBT proteoforms. The following sections 

outline the progress made towards that goal in collaboration with the lab of Dr. Maureen 

Kane (UMBaltimore), and is intended to serve as a starting place for further sample 

preparation optimization for downstream proteomic study of hASBT. 

6.2 Materials and Methods 

The following materials and methods are generalized for the entirety of the 

sample optimization described herein. A summary of methods is described in Table 6.1. 

6.2.1 Cell Culture and Protein Transfection 

COS-1 cells, isolated from African Green monkey kidney epithelium, were grown 

in Dulbecco’s Modification of Eagle’s Medium (DMEM) with 10% FBS, penicillin (100 

IU/mL), and streptomycin (100µg/mL). Cells were transfected with N-terminal HA-

tagged ASBT in a pCMV5 vector with Turbofect Transfection Reagent (Thermo 

Scientific) at a ratio of one μg plasmid DNA to four μl of reagent. 48 h post-transfection, 

cells were treated for one hour with 50 μM Orthovanadate (New England Biolabs) and 

harvested via cell scraping and centrifugation. Cell pellets were washed 3x with ice-cold 

PBS and stored at -80°C until further analysis.  

6.2.2 Protein Purification Techniques 

Cell pellets were homogenized in lysis Buffer (50 mM Tris-HCl, 150 mM NaCl, 
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1-2% detergent) or sucrose buffer (20 mM Tris-HCl and 250 mM sucrose). All buffers 

contained protease inhibitors (Roche complete-mini EDTA-free cocktail tablet), one 

phosphatase inhibitor tablet (PhosphSTOP), and 1 mM sodium orthovanadate. Cell 

lysates were centrifuged at 1000 x g for 2 minutes to pellet intact cells and cellular debris. 

Total protein concentrations were measured using either the Bradford method or Biorad’s 

RC/DC kit as appropriate.   

Cell lysates were pre-cleared of non-specific proteins with Protein G-PLUS 

Agarose beads (Santa Cruz Biotechnology) and 2 μg of anti-β-actin (Invitrogen). Cleared 

lysates were separated from the agarose beads by centrifugation for one minute at 1000 x 

g, and added to 20 μL of Anti-HA agarose beads (Sigma).  Following overnight 

incubation at 4 °C. IP reactants were washed with detergent lysis buffer three times and 

protein was eluted for downstream analysis. 

6.2.3 Protein Detection  

Pooled protein elutions and/or total protein samples were resolved on 10% SDS-

PAGE. For western blot analysis, proteins were transferred to a PVDF membrane at 100 

V for 1 h. Membranes were blocked in 2% non-fat dry milk in TBS-T followed by 

incubation with mouse anti-HA (10:10,000) or rabbit anti-ASBT (25:10,000). Protein 

blots were imaged on an Odyssey Imaging System (Licor, NE) following incubation with 

a fluorescent anti-mouse or anti-rabbit secondary antibody.   

For silver staining, SDS-PAGE gels were stained with Pierce’s ‘Silver Stain for 

Mass Spectrometry’.  Alternatively, gels were stained with Biosafe Coomassie (Biorad) 

and destained in MilliQ H20. 
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6.2.4 Protein Extraction and Clean-up  

Eluted protein samples were precipitated with a liquid-liquid extraction of CHCl3: 

MeOH: 1% Formic Acid (1:3:3).  The aqueous layer was removed after centrifugation, 

leaving the precipitated protein interface and non-polar chloroform layer.  The protein 

interface and non-polar layer were washed with an additional layer of MeOH and 

centrifuged 14,000 x g for 5 min to pellet precipitated hydrophobic proteins. 
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6.2.5 Data Analysis 

 

 

Table 6.1 Sample Preparation Method Development and Outcomes. Sample 
Preparation Method Development and Outcomes.  Cumulative list of the sample 
preparation steps that were addressed during the optimization process.  Bolded rows with 
a ‘✔’ designate the currently optimized protocol. 
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6.3 Experimental Design Decisions and Optimization  

6.3.1 Overview of Challenges 

ASBT is inherently hydrophobic and is victim to numerous complications during 

both the sample preparation stage and downstream analytical characterization (37, 210-

212).  One measure of a protein’s hydrophobicity relative to others, is a value called the 

Grand Average of Hydropathicity, or GRAVY score. The higher the positive value on 

this scale (-2 to +2), the more indicative it is of a protein of a hydrophobic nature(213). 

ASBT has a value of +0.724 indicating that it has a similar in hydrophobicity as the 

common proteomic model membrane protein, bacteriorhodopsin, which is often purified 

in excess quantities from large scale bacterial cultures (Table 6.2) (210, 212, 214-217) 

Protein	 MW	(kD)	 GRAVY	Score	

hASBT	 37	 0.724	
yfAsbt	 37	 0.908	
Bacteriorhodopsin	 28	 0.725	
ConA	 31	 -0.021	
Ovalbumin	 45	 -0.001	

Table 6.2 GRAVY Scores of Relevant Proteins 

 

ASBT has multiple proteoforms; it has two main glycoforms (21) and has been 

shown to be tyrosine phosphorylated at multiple residues amongst Y148, Y216, Y308, 

Y311, and Y337 (Chapter 5) (46). Additionally, hASBT has been shown to be 

palmitoylated (unpublished data), homo-oligomerized, and ubiquitinated in vitro (22, 23). 

In addition to the limited information about how PTMs regulate the functional expression 

of ASBT, there also are few studies identifying where these modifications are located.  
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Bottom-up analysis, which involves the digestion of a protein with endoproteases 

such as Trypsin and LysC, is often used for at identifying post-translational modifications 

on peptides (162, 210, 211, 218, 219), but in a complex setting it is not a useful method 

for determining which combination of modifications exists within specific proteoform 

populations. Additionally, ASBT’s hydrophobicity prevents the efficient digestion of the 

protein by Tryspin. As an example of this, Table 6.3 describes the predicted peptides 

resulting from hASBT’s digestion with Trypsin via ExPASY’s PeptideCutter program.  

 

Table 6.3 Predicted Peptides Following Trypsin Digestion.  Expasy’s PeptideCutter 
program was used to predict the sites of tyrpsin cleavage on ASBT. 

 

Experimentally, only the C-terminus peptides have been detected (162) owing to 

the hydrophobic nature of the protein’s sequence. Despite the complications with digest 

efficiency and sequence coverage of ASBT, a mass spectrometry bottom-up approach 

utilizing protein digestion methods can provide valuable information about the purity of 

the protein samples and effectiveness of the sample handling techniques.   
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As an alternative, top-down proteomic approach does not require the efficient 

digestion of a protein, but rather involves the analysis of the intact protein (37). 

Consequently, it is a valuable tool for investigating proteoforms, such as those expected 

to exist for ASBT. For a successful analysis, a protein of interest has to be concentrated 

relative to the surrounding protein matrix, as well as solublilized prior to ionization. 

Purity is highly desirable, and for complex samples various separation techniques like 

electrophoresis (37, 220, 221) and liquid chromatography are often employed prior to 

introduction into the mass spectrometer (37, 220, 222, 223).  

Unfortunately, expression and solubility tend to be the bottlenecks in membrane 

protein studies. Exemplifying these challenges, the initial SDS-PAGE gels of cell lysates 

expressing ASBT were highly complex and the protein bands of interest were not 

observed to be different from control lane (Figure 6.1). Western blots however, showed 

that ASBT was over expressed, suggesting that even with transient expression protein 

concentrations were very low.   

 



 

103 

 

 

Figure 6.1 Cell Lysate of hASBT Overexpressed in COS-1 cells.  hASBT was 
transiently overexpressed in Cos-1 cells. 48 hours post-transfection, cells were lysed and 
homogenized. Protein samples were boiled in Leamelli Loading Buffer with 5% β-
mercapatoethanol. hASBT is detectable as two distinct bands in A) Western Blots, carried 
out with a polyclonal rabbit anti-hASBT and a fluorescent goat anti-rabbit secondary, but 
not in B) SDS-PAGE stained with Coomassie.   

 For the proteomic analysis of hASBT, the biological method required significant 

optimization to ensure that the end protein sample was a) relatively pure b) concentrated 

c) in solution. The method development carried out thus far has been aimed at evaluating 

the contributing factors to heterogeneous ASBT samples, addressing protein 

concentration and production limitations, and evaluating solvent systems for future 

chromatography and proteomic applications. It should be noted that there were multiple 

iterations of the method optimization and that the proceeding sections are organized by 

the specific challenges that were addressed rather than in the order in which they were 

evaluated.   
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6.3.2 Proteoforms of Interest 

The initial interest in developing the proteomic method stemmed from the 

inability to identify the individual pTyr status for the five tyrosines in our previous study 

(Chapter 5).  The primary objective thus was to detect the phosphorylated protein and 

characterize those residues. ASBT also is N-glycosylated and has two main proteoforms 

associated with modification, an immature glycoprotein (~37 kD), which may either be 

non-glycosylated or be core glycosylated (21), and a mature glycoprotein (~41 kD) 

whose chain is relatively uncharacterized. There also is support for ASBT to be 

ubiquitinated (22, 23) and palmitoylated.  Consequently, we tried to develop a general 

sample preparation that could be flexible for PTM or non-biased for mapping onto the 

transporter.  

6.3.3 Protein Production 

6.3.3.1 Tag Choice 

As previously discussed, our lab has biochemically-characterized hASBT’s 

structure-function relationship and recently extended the knowledge relationship to the 

post-translational regulation of the transporter (Chapter 5).  In our studies, we commonly 

employ both Flag tags (DYKDDDDK) and Hemagglutinin (HA) tags (YPYDVPDYA), 

to overcome the lack of a monoclonal antibody for human ASBT. Our lab has observed 

that the introduction of the HA-tag to hASBT is less detrimental to hASBT transporter 

function and expression than FLAG. This likely is attributed to charged nature of the 

FLAG tag (7). In our pTyr study (Chapter 5) we chose to use an N-terminal HA-tag 
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(referred to as HA-ASBT for the remainder of Chapter 6) that was characterized 

previously in our lab, (7) to avoid the introduction of exogenous pTyr sites. Therefore, 

we chose to maintain the use of HA-ASBT to further characterize the tyrosine 

phosphorylation status of hASBT.  

6.3.3.2 Scale of cultures 

 In order to produce HA-ASBT in vitro, we transfected COS-1 cells with a 

pCMV5 construct containing HA-ASBT.  The initial immunoprecipitation method 

employed one T-75 cm2 flask, and cells were transfected 6 μg plasmid DNA.  However, 

it was readily apparent that higher protein production was needed.  For quality mass 

spectra a sufficient signal-to-noise ratio has to exist for high-resolution peak 

identification and molecular weight determination. Typically, proteins of interest should 

be identifiable on either coomassie or silver-stained gels. HA-ASBT was not identifiable 

on a coomassie stain and, in fact, it appeared that artifacts in non-transfected controls 

were identifiable at the same MW as expected for the transporter (Figure 6.1).  

The first attempt to increase the protein concentration in each sample was to pool 

multiple IP reactions from the same lysate preparation. Usually each reaction required 

500 µg total lysate, yet each lysate usually contained ~2 mg/ml total protein 

concentration.  Parallel reactions and pooling of the eluted proteins increased the total 

protein in the final sample (Table 6.4).  
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Sample Protein (µg) 

Untransfected COS-1 Cells (5 pooled 

samples) 

32.4 

HA-ASBT Transfected COS-1 Cells (5 

pooled samples) 

82.8 

Positive control HA-protein (1x50 µg IP) 56.7 

 

Table 6.4 Protein Content from Pooled IP Reactions.  5µl of the pool protein samples 
were quantified with Biorad RC/DC kit in a 96-well plate format.  Fluorescence was 
measured at 750nm and quantified against a standard curve.   

Additionally, we found through the use of a positive HA-tagged control protein, 

supplied with the Pierce Anti-HA kit to determine IP efficiency, that a coomassie signal 

could be achieved with a single 50 µg, or one efficient, IP reaction at its loading capacity 

(20µl bead suspension).  To test the success of our pooled protein content, HA-ASBT 

elutions were used for both western blot and coomassie staining. Figure 6.2 is a 

coomassie gel imaged on a Licor Odyssey Imaging Platform.  The stain was able to give 

off a signal and faint signals for ASBT can be seen as annotated (224).  An important 

observation is that the Western Blot image had the same bands when visualized with a 

mouse anti-HA primary and an anti-mouse fluorescent secondary antibody.  While HA-

ASBT was seen on a coomassie gel, it was still a very faint band that required imaging to 

confirm. 
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Figure 6.2 Expression of HA-ASBT from Multiple pooled IPs. Gels were visualized 
with A) coomassie staining or B) western blot staining. 

To further address the protein concentration, cell cultures flasks were scaled up to 

a T-175 cm2 flask and transfection ratios were empirically increased to 8 μg plasmid 

DNA.  Eventually, a T-225 cm2 flask was used, however the transfection was not 

increased to avoid potential cytotoxicity from the transfection reagent.  The increased 

surface area for cell growth resulted in a parallel increase in the availability of protein for 

immunopurification (data not shown). 

6.3.4 Protein Isolation and Immunopurification 

6.3.4.1 Agarose beads 

One of the initial problems with the early stage protocol was that protein eluted 
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with the antibody (Figure 6.3).  The easiest fix was to purchase agarose beads that were 

conjugated to the anti-HA antibody. We initially tried a Pierce Kit that included spin 

columns for affinity purification, however, experience in the lab suggested that hASBT 

elution yields were higher when centrifugation was used to isolate IP beads.  By using the 

conjugated beads coupled with the previously described centrifugation protocol, protein 

could be eluted under non-reducing conditions with minimal antibody fragment 

contamination (Figure 6.4) (225, 226).  

 

Figure 6.3 Detergent Optimization of HA-ASBT and Antibody Co-elutions.  HA-ASBT 
was only detectable in the presence of 2% DDM (lane 4).  Antibody heavy chains can be 
seen in lanes 1-4. 

6.3.4.2 Detergents 

In order to identify detergents that are efficient at solubilizing the transporter, two 
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mass spectrometry compatible detergents were compared to the efficiency of NP-40. N-

dodecyl-β-maltoside (DDM) is a non-ionic detergent that is widely used in purifying 

membrane proteins.  It has a critical micelle concentration (CMC) of 0.18 mM in water 

(<0.01% w/v) .  Octyl-β-glucoside (OG) is a milder non-ionic detergent with a CMC of 

22mM (<0.7% w/v) (227-231).  While both detergents were tested over the CMC, we 

hypothesized that there would be clear differences between the solubility of the 

transporter in 1% DDM, 2% DDM, and 1:1 DDM/OG (1% each) due to both 

concentration and stringency (225, 228, 231). Western blot analysis of HA-ASBT 

indicated that 2% DDM was efficient as solubilizing the transporter in contrast to the 

other two detergents (Figure 6.3). DDM is considered to be mass spectrometry 

“compatible” in comparison with NP-40, but does require removal as it can cause ion 

suppression during analysis. 

6.3.4.3 Homogenization methods  

Initial IP protocols used multiple vortex steps while incubated for an hour on ice 

during the lysis process.  This was optimized for a lysis buffer containing NP-40 and 

downstream western blotting. The first stage of optimization used a handheld battery 

powered mechanical pestle. Cells suspensions in lysis buffer were homogenized using 

20x1second bursts, and repeated after a brief rest period for settling. Centrifugation of the 

homogenate still showed cellular pellets, albeit reduced from vortexing alone. Yet 

visualization under a microscope showed that there was sufficient homogenization of the 

cells (data not shown). Unfortunately, the overall gains in protein concentrations were 

modest and were variable between individual preparations.   
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 The second stage of optimization utilized a Precellys 24 Homogenizer (Bertin 

Instruments) with a CK14 Lysis Kit. Homogenization was carried out according to the 

manufacturer’s recommended protocol of 5000rpm 2x30 seconds, with a 20 second break 

between cycles in a sucrose buffer described in the ‘Materials and Methods’. Automation 

ensured efficiency and reproducibility. The total protein concentration in each membrane 

sub-fraction (described in subsequent sections) contained about 1mg/ml total protein (per 

T-175 cm2 flask of cells). While this step increased total protein yield, it did not address 

the sample complexity, necessitating additional optimization of membrane fractionation 

(and sub-fractionation), protein precipitation, and immunoprecipitation steps.  

6.3.4.4 Efficient Elution of HA-ASBT from IP Reactions 

Elution of proteins from the agarose beads with the loading buffer and under 

reducing conditions led to significant elution of the antibody as well.  The antibody was 

observed on both western blot and SDS-PAGE with coomassie staining as clear bands in 

control and transfected lanes at apparent molecular weights (MW) of 55 kDa (heavy 

chain) and 25 kDa (light chain).  According to the manufacturers instructions, there are 

multiple ways to elute proteins from anti-HA agarose beads. Two alternative methods 

were tested based on their ability to preserve binding of the antibody on the beads and 

overall efficiency of the elution: 1) 50 mM NaOH with 1 M Tris pH 9.5 quenching and 2) 

Low pH Glycine buffer (~pH 3.5). 
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Figure 6.4 Elution Method Optimization using a Pure HA-tagged Control Protein IP 
reactions were carried out with 50µg of pure protein and resolved on a 10% SDS-Page 
gel.  Protein gels were stained with Coomassie and lanes corresponding to elution method 
are as followed:  1) Laemelli buffer with reducing conditions 2) Low pH, and 3) 50 mM 
NaOH.  Boxes designate heavy (top) and light (bottom) chains of the Anti-HA primary 
antibody. 

Figure 6.4 shows the elution method optimization of the pure HA-tagged control 

protein, which was supplied by the manufacturer of the Anti-HA agarose IP kit. The lane 

corresponding to the elution with 50 mM NaOH had similar elution efficiency to the lane 

corresponding to the loading buffer with β-mercapatoethanol. The heavy chain (top box) 

was significantly reduced in the 50 mM NaOH elution, although there was still visible 

reduction of the antibody as seen by the presence of the light chain band.  While the 

antibody does appear to be reduced, it is important to recognize that actual elutions for 

downstream proteomic analysis will not be processed under reducing, and therefore a 

reduction in antibody elution should be sufficient as is.   

6.3.5 Protein Complexity 

6.3.5.1 Membrane Isolation using Ultracentrifugation 

Initial MALDI spectra (Figure 6.5) were of poor resolution due to high sample 
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complexity, low signal-to-noise ratios, and ion suppression. Bottom-up mass 

spectrometry also indicated that using whole cell lysates for immunoprecipitation led to 

samples that were heterogeneous. Despite HA-ASBT being the precursor of the second 

most abundant peptide, there were over 800 proteins that pulled-down with the 

transporter (Figure 6.7). Additionally, amongst these proteins were many cytosolic, 

nuclear, and cytoskeletal proteins co-eluting.   

 

Figure 6.5 Poor Spectra-to-Spectra Reproducibility with Initial MALDI Mass 
Spectra MALDI mass spectra taken from different regions of the same spotted sample. 
Several low intensity ions can be observed in the mass region from m/z 20,000-90,000, 
some of which may be associated with ASBT.   
 

 
Table 6.5 HA-ASBT Elutions are Highly Heterogeneous. A wide range of associated 
and/or non-specific contaminating proteins were identified following trypsin digestion 
and LC-MS/MS. 
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We hypothesized that by fractionating cells and isolating the membrane and 

cytoplasmic proteins in separate samples we could not only decrease sample complexity, 

but also gain valuable insight into how PTMs modulate expression and localization.   

Ultracentrifugation is commonly used for fractionating cells.  After homogenization in 

sucrose buffer, lysates were cleared of nuclear proteins and intact cells by centrifugation 

at 1,000 x g for 5 min, followed by centrifugation at 100,000 x g for 1 h at 4 °C.  The 

pellet was designated the membrane fraction and the supernatant was designated the 

soluble (cytosolic) fraction. 500 µg protein samples were taken for multiple 

immunoprecipitation reactions, and western blot was used for determining HA-ASBT 

expression in each fraction. A parallel gel stained with coomassie checked for non-

specific co-eluting proteins (Figure 6.6). HA-ASBT was expressed in both the Soluble 

and Membrane fractions, in lanes 4 and 5. Coomassie staining (right gel) indicates that 

there is still significant nonspecific binding in COS-1 samples.  
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Figure 6.6 HA-ASBT was expressed in both the Cytosolic/Soluble and Membrane 
Fractions.  Pooled elutions were visualized with A) western blotting and B) coomassie 
staining. 

6.3.5.2 Ultracentrifugation and Differential Detergent Fractionation 

As it was apparent that low protein content in the cytosolic compartment 

(expected an intracellular pool of ASBT being trafficked) and the high abundance of 

nonspecific protein would hinder further investigation on the PTMs of HA-ASBT within 

this compartment, we turned to fractionating the membrane compartment further.  Lipid 

rafts, which are microdomains of the plasma membrane enriched with sphingomyelins 

and cholesterol, are thought to play vital roles in concentrating specific signaling proteins 

together (232, 233). ASBT has been shown to be expressed in both raft and non-raft 

membrane domains but modulation of ASBT’s function with the removal of cholesterol 
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indicates that “functional expression” of the transporter occurs in lipid rafts domains 

(234-236).  PTMs, specifically modifications with lipids and phosphorylation, likely play 

a role in determining the fate within membrane microdomains, and for hASBT, in turn its 

functionality.  This hypothesis is supported by data from [3H]-Taurocholate transport 

assays with hASBT in COS-1 cells.  Disruption of lipid rafts with the cholesterol 

modulator methyl-β-cyclodextrin (5 mM for 30 minutes) significantly impaired the 

transport of TCA. ASBT inhibition in function is not exacerbated by the combination of 

MβCD and the PTM inhibitor tunicamycin, (1 µg/ml for 24 hours) which has been shown 

to inhibit glycosylation in vitro (21). 

 

Figure 6.7 Deglycosylation and Lipid Raft Disruption Inhibits hASBT Function. COS-1 
cells were transiently overexpressed with hASBT and then treated with Tunicamycin for 
16 hours or MβCD for 30 min. [3H]-TCA uptake assay was carried out as described 
previously. Data is represented as percent of control (DMSO). Mean ± S.E.M. is shown 
for two experiments in triplicate. Statistical significance ***p<0.001. 

Interestingly, there is a significant discussion in the literature regarding whether 
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both the isolation of lipid rafts and if how they are isolated is a true representation of their 

in vivo existence.  The general consensus however, seems to be that the use of ‘detergent 

resistance’ in isolating lipid rafts is highly efficient, but leads to lipid artifacts.  It is 

therefore recommended that the term “detergent-resistant membranes” be used in 

describing the isolation of lipid rafts and the surrounding membranes that confer 

resistance (230).    

Differential detergent resistance is a very useful way to fractionate membrane 

domains based on their lipid, cholesterol, and protein content (210, 228, 230, 234, 237).  

To isolate membrane microdomains in our COS-1 cellular expression system we used the 

differential detergent fractionation method relying on both Triton X-100 for ‘detergent 

soluble’ fractions, and the previously optimized detergent buffer containing 2% DDM for 

the ‘detergent insoluble’ fraction.  Briefly, cells were homogenized in the sucrose buffer, 

with the Precellys 24 Homogenizer, as previously described. Lysis beads and debris was 

centrifuged for 10 min at 1000 x g.  Lysates were centrifuged at 100,000 x g for 1 h at 4 

°C to separate cytosolic from total membranes.  The membrane pellets were resuspended 

in a buffer containing: 50 mM MES pH 6.5, 60 mM NaCl, 5 mM MgCl2, 1 mM 

Orthovanadate, Complete Protease Mini-tablet (238), PhosphoSTOP table (238), and 1% 

Triton X-100.  The resuspended membranes were incubated for 30 minutes on a nutator 

at 4°C, followed by ultracentrifugation 100,000 x g for 1 hour at 4 °C.  The supernatant 

of this step was designated as ‘Detergent Soluble’, while membrane pellets were 

resuspended in the optimized DDM Buffer and designated ‘Detergent Insoluble’.  The 

protein concentration in each fraction was decreased as a consequence of splitting the 

membrane pool in two, however, the decrease in the sample complexity from non-
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specific proteins, likely improves the specificity of the immunopurification reactions. 

Western Blot analysis shows the HA-ASBT was expressed in both the detergent 

soluble (second to last lane) and detergent resistant membranes (last lane).  Interestingly, 

while both glycoforms are evident by the double band pattern, there appears to be a 

decrease in the mature glycoform (upper band) in the detergent resistant membrane.  This 

is in agreement with previous studies on ASBT in Lipid Rafts (234, 236).  

 

 

 

Figure 6.8 Expession of HA-ASBT in Detergent Soluble (DS) and Detergent Insoluble 
(DI) Fractions. A) Western blot analysis and B) Silver staining of HA-tagged hASBT in 
DS and DI fractions following IP. Bands demonstrate that sample protein is retained 
following sample cleanup procedures to separate out the membrane from the cytosol, and 
then further separate membrane fractions to aid in the reduction of contaminating proteins 
and increase IP efficiency. 
 

Despite the predicted decrease in complexity, it was observed in the silver stained 

gels, that there was an upper band above the ASBT-associated resolved around 43 kDa. 

We hypothesized that it was associated with β-Actin.  It is often assumed that actin is 
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predominantly a cytoplasmic protein, but the cytoskeletal protein is integral in 

maintaining the integrity of the membrane, modulating trafficking events, and makes 

contact with the membrane through the ‘adherens junction’(229, 230). 

 

6.3.5.3 Pre-clearing Immunoprecipitation Lysates of Non-specific Proteins  

While purifying actin may be detrimental in maintaining the appropriate 

membrane architecture for microdomain isolation, it can be purified or reduced after 

microdomain isolation (230).  By adding an anti-actin primary antibody to lysates prior to 

the pre-clearing step of immunoprecipitation, actin contamination was reduced in the IP 

pull-downs. 2 μg of anti-actin antibody was added per 50 μg reaction and incubated 30 

minutes on a nutator at 4 °C.  20 μL of Protein G-PLUS agarose beads were added to the 

antibody-lysate mixture and pre-cleared for 1 h on a nutator at 4 °C.  This step 

precipitates β-actin and nonspecific associating proteins and isolates them from the 

protein samples via centrifugation. Pre-cleared lysates were then used to carry out Anti-

HA immunoprecipitation reactions. The pre-clearing step decreased the actin associated 

band at ~43 kD when visualized with silver staining (Figure 6.9) (239). 
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Figure 6.9 β-actin  Pre-clearing Decreased HA-ASBT Sample Complexity. Cell 
lysates were pre-cleared with 1 µg of anti-β-actin primary antibody for 30 min followed 
by the additon of Protein G agrose beads for 1 hour. Samples were centrifuged and 
cleared lysates (supernatent) were removed for immunoprecipiation reactions as 
described in Section 6.3.4. Protein elutions were separated on a 10% SDS-PAGE and 
visulaized with Coomassie staining. Pre-clearing significantly decreased one of the most 
abundant proteins (β-actin) in the HA-ASBT sample elutions.   

6.3.5.4 Removal of Salt and Detergent with ZipTips  

 Previously, salt played a major role in ion suppression and was in high enough 

concentrations in samples to cause localized field effects in SDS-PAGE (data not shown). 

ZipTips were initially used in conjugation with protein precipitation to desalt samples 

prior to MALDI-TOF analysis (Figure 6.5).  The manufacturer protocol was followed 

with the exception of the elution step in which warm acetonitrile was used. Improvements 

were observed in the ion suppression and resolution of some low-intensity peaks around 

37 and 43 kDa that may have been HA-ASBT associated. However the spectra was not 

reproducible within the same sample, signal-to-noise was poor, and there were numerous 

other peaks that were just as abundant. Consequently fragmentation and peak 

identification were not feasible.   
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6.3.5.5 HA-ASBT Precipitation 

After IP, samples were still highly complex as a result of both specific and 

nonspecific interacting proteins.  Additionally, detergent and salts were only marginally 

removed with ZipTips. Protein precipitation methods use the nature of proteins’ 

hydrophobicity/hydrophilicity to preferentially partition into solvents of a similar nature 

(210, 240, 241).  HA-ASBT is significantly hydrophobic (Table 6.1) and extraction into a 

nonpolar chloroform layer (or away from an aqueous solvent) can be assumed.  Protein 

precipitation was carried out in a biphasic system of Chloroform/Methanol/Water (4:4:1 

v/v/v) and efficiency was analyzed by MALDI-TOF as previously described.  A 

limitation to using liquid-liquid extraction is that by isolating hydrophobic proteins like 

HA-ASBT in the chloroform layer, it is concentrated along with free lipids, which are 

highly abundant in non-polar layer. To increase the effectiveness of the liquid-liquid 

extraction, the chloroform/methanol/water extraction was altered to a ratio of 2:4:3, 

leading to an increase in the phase separation.  This resulted in the insoluble protein disc 

located between the non-polar and polar phases to be more clearly defined.   The 

chloroform layer and protein disc were washed with an excess of methanol (300 μl) in 

order to precipitate the protein and immediately centrifuged to isolate . 

 Finally, the above ratio of ice-cold chloroform/methanol/water was altered once 

more to a ratio of 1:3:3 for the same reasons previously indicated. Additionally, the water 

layer was acidified with 1% formic acid to draw out any borderline hydrophobic proteins 

from the chloroform layer, excess salt, and to enrich the separation of the protein disc 

(Figure 6.11).   
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Figure 6.10 Representative Image of the Protein Disk Interface 

yfAsbt was a pure protein standard that was provided by Dr. Ming Zhou at Baylor 

University College of Medicine.  While our previous studies suggest it is not a model 

protein for HA-ASBT (Chapter 4), it should be recognized that yfAsbt is predicted to be 

more hydrophobic that the human transporter. yfAsbt is likely to share a similar 

extraction potential as HA-ASBT. yfAsbt was used to validate the recovery of protein 

from the liquid-liquid extraction. MALDI-TOF/TOF MS demonstrated that the 

transporter protein is recovered in the final protein pellet in the extraction procedure 

(Figure 6.12).   
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Figure 6.11 MALDI-TOF/TOF Mass Spectrum of yfAsbt. yfAsbt was observed as a clear 
peak at 37-kDa demonstrating the efficiency of the optimized precipitation and 
solubilization protocol.  

 

6.3.6 YfAsbt in Benchmark Studies of Protein Resolubilzation 

Throughout the optimization, it was observed that HA-ASBT was soluble in high 

concentrations of formic acid (range of 50-100% was tested).  Initially, the transporter 

was solubilized in 80% ice-cold formic acid, followed by a 1:10 dilution with ice-cold 

water.  While bacterial membrane proteins are often solubilized with high concentrations 

of formic acid prior to mass spectrometry analysis (242, 243), most of the analytical 

methods do not involve direct infusion of the protein sample into the instrument. Rather, 

proteins are separated via liquid chromatography.  As high concentrations of acid are 
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harmful to the integrity of instrument, yfAsbt was used as a model tool to probe for new 

solvent systems that could resolubilize the extracted protein pellet. 

yfAsbt was soluble during the extraction process, so the same solvents were used.   

Chloroform/methanol/water with 1% formic acid was used at a ratio of 3:3:1 to 

successfully solubilize the transporter. Acetonitrile was also tested, but the protein was 

not soluble in this solvent. 

6.3.7 Matrix Optimization for MALDI-TOF MS 

Initially, MALDI-TOF was utilized in linear ion mode to identify an effective 

matrix and matrix solvent system.  Prior to optimization of the solvent system for protein 

solubilization, samples initially employed 10 mM DDM raising the risk of ion 

suppression.  The solvent systems tested in the presence of 10 mM DDM were: 

1. 2:1 Chloroform/Methanol  

2. 80% ACN (+ 0.1% TFA)+19% H20+ 1% Formic Acid  

3. 80% MeOH+19% H20+ 1% Formic Acid  

4. The 1:10 dilutions of #1-3 

The matrix system was 30 mg/ml sinapinic acid.  Sinapinic acid is a model matrix 

for proteins and peptides that absorb energy emitted by the UV-laser source without 

overheating of the sample.  The energy absorption causes the matrix to vaporize and 

subsequently carries the protonated analyte into the mass spectrometer.   

Since DDM was not an appropriate addition to our samples, the liquid-liquid 

extraction previously described was used.  The solubilized protein sample in the 

chloroform layer was analyzed using a matrix of 30 mg/ml sinapinic acid in 
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MeOH/CHCl3/H2O (4:4:1) + 0.1% formic acid, but the chloroform and sinapinic acid did 

not co-crystalize well.  Additionally, crystallization was not improved with the addition 

of second overlaying layer of the matrix.  Furthermore, increasing the formic acid 

concentration in the matrix to 0.3% also did not help the crystallization process.  

Multiple matrices and solvents were tested and are summarized in table 6.1.   

Briefly, DHA, DHB, and sinapinic acid were tested in solvent systems composed of 

various concentrations of acetonitrile, ethanol, formic acid, chloroform, methanol, and 

water. Additionally, lyophilized samples were also resuspended in high formic acid %  to 

solubilize HA-ASBT in samples recovered from the chloroform layer.  Overall, most of 

the high organic systems led to significant spreading on the MALDI target. DHB also 

produced large crystals in many of the solvents, and promoted the formation of analyte 

‘hotspots’ as critically described in the literature (244-247); this led to noisy and complex 

spectra.  Sinapinic acid in CHCl3: MeOH produced peaks around at ~37K and 43K m/z.  

However, signal-to-noise was poor and it was not reproducible within the same sample 

(Figure 6.10).  As yfAsbt was soluble in CHCl3/ Methanol/ Water with 1% formic acid 

(3:3:1), a matrix of 30 mg/ml of sinapinic acid was made up in this solvent system.  

Samples were co-crystalized on a steel target and the produced peak had a sufficient S/N 

ratio (Figure 6.12).   

6.3.8 Challenges Identified For Top-down MS Analysis of ASBT 

yfAsbt was solubilized under the optimized conditions. Initial analysis on a 

Thermo Orbitrap Fusion used direct infusion of the protein solution through the capillary 

and electrospray tip using a syringe pump (1-2 µL/min).  The voltage at the electrospray 
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tip was 3500V and was increased to determine improvements in ionization. The m/z 

range was changed to 150-4000 to accommodate the hydrophobic nature and incomplete 

charge state distribution envelope.    

ConA was a soluble lectin (Table 6.2) that was used to ensure that the spray was 

even and the instrument was working sufficiently. Additionally, the purchase and running 

of a high mass calibration standard was required for ASBT. A main challenge was in 

obtaining an even flow of charged droplets from the electrospray tip.  It was observed 

that the capillary and electrospray tip often clogged with protein and/or lipid irrespective 

of the shape or size of the tip point. This suggested that the solubility of yfAsbt and HA-

ASBT in the 3:3:1 solvent system was not stable over time.  In fact, it was further 

observed that aggregation appeared to occur as early as twelve hours post-resuspension 

(observations by Dr. Claire L. Carter, UMBaltimore).  As such, further optimization is 

warranted for the resolubilization step as this is imperative for any additional ‘cleanup’ of 

the analyte via a coupled nano-liquid chromatography step. 

6.3.9 Glycan Analysis of ASBT 

6.3.9.1 Background  

As previously discussed, ASBT is expected to have numerous PTM sites 

including N-glycosylation at Asn10.   Alrefai et al recently used molecular biology 

techniques to characterize this PTM at the functional level (21).  They concluded that N-

glycosylation likely served as a protective mechanism against proteases, which are likely 

to be encountered in the intestine. They also found from lectin pull down reactions that 



 

126 

 

hASBT is glycosylated differentially in vitro, in that the top band at an apparent mass of 

41 kD is a full mature glycoform, and the lower 37 kD band is mannose rich core-

glycosylated. Both of these glycoforms could be deglycosylated with PNGase digestion, 

but only EndoH could digest the immature as expected based on the enzymes’ specificity 

(70).  We sought to characterize the glycan structures in COS-1 cells to further our 

understanding of the interplay between structure, function, and regulation of hASBT.   

6.3.9.2 Glycan Analysis Techniques  

 The analysis of glycoproteins, glycopeptides, and released glycans has been 

pioneered, and subsequently extensively reviewed, by Harvey et al. (248-254). The 

general workflow requires:  

1. Isolation and purification of a glycoprotein/peptide  

2. Enzymatic release of the glycan from the peptide backbone 

3.  Extraction of the release glycan 

4. Derivatization of the glycan to stabilize labile sugars 

5. Analytical detection 

In additional to the analytical techniques like HPLC and Mass Spectrometry, there 

are also less sophisticated ways to studying glycans that can be used in a biological lab 

setting.  Staining of glycans can be acquired using commercially available reagents, or 

with chemical staining.  One example is Ninhydrin, which can be used post-glycan 

release to detect the both the resultant primary amine (conversion of Asparagine to 

Aspartic Acid) and its hydrolysis in solution to NH3
+.  Western blotting for the protein of 

interest can give information about if a protein is efficiently deglycosylated by enzymatic 
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means, and is visualized as a shift in apparent mass.   

6.3.9.3 Application of Optimized Sample Preparation to HA-ASBT Glycan Analysis 

The currently optimized sample preparation and HA-ASBT production method 

was employed to study hASBT glycosylation.  Three T-175 cm2 flasks were cultured and 

transfected to express HA-ASBT bearing the N-terminal tag.  We did not use the C-

terminal tagged construct as the glycoform resolution via Western Blot did not appear to 

be influenced and we wished to maintain consistency during the method development 

process.  Cells were lysed, homogenized, and fractionated into ‘detergent soluble’ and 

‘detergent insoluble’ as described previously (Sections 6.3.4.3 and 6.3.5.2 respectively).  

Parallel immunoprecipitation reactions were carried out and proteins were eluted from 

beads by boiling samples in Laemelli Buffer plus β-ME (Note: reducing conditions did 

not need to be avoided as SDS-PAGE was to be employed). To accommodate a larger 

volume of the protein sample solution, gels were cast using a comb where two adjacent 

teeth were taped together to create a larger cavity. Eluted proteins were resolved on a 1.5 

mm-thick 10% SDS-PAGE gel (Figure 6.13).  
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Figure 6.12 Coomassie Staining of Pooled IPs for Gel Band Excision.  Multiple IP 
reactions were pooled and eluted in loading buffer under reducing conditions.  Proteins 
were resolved on 1.5 mm-thick 10% SDS-PAGE gels casted with a modified comb to 
increase the volume permitted.  SDS-PAGE gel was stained with coomassie and HA-
ASBT associated bands at 37 and 41 kD are highlighted in the boxes.  L= Protein Ladder, 
DS= Detergent Soluble Fraction, DI= Detergent Insoluble Fraction.  Gel was imaged on a 
Licor Odyssey Imaging Platform. 

Following coomassie staining and destaining, gel bands were excised and washed 

with pure water for 10 minutes with shaking. After three wash cycles, gel pieces were 

dehydrated with acetonitrile (3x5 minutes, shaking) and then lyophilized. Dried gel 

pieces were covered with a reduction buffer (10 mM DTT with 100 mM ammonium 

hydrogen carbonate) and incubated at 56 °C for 30 minutes.  Reduction buffer was 

removed and gel pieces were alkylated in the dark for 30 minutes at room temperature 

(55 mM iodoacetamide with 100 mM ammonium hydrogen carbonate). Reduced and 

alkylated gel pieces were then washed 3x with pure water for 10 minutes, followed by 

dehydration with acetonitrile, and lyophilization.  3U of PNGaseF (New England 

Biolabs, glycerol-free) was added to the dried gels and covered in 50 mM ammonium 
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hydrogen carbonate buffer and incubated at 37 °C overnight.  Glycans were extracted 

from the gel pieces by removing the incubation buffer followed by three extractions with 

pure water (300 µl each) and two extractions with 50% acetonitrile. Each extraction step 

was done with shaking for 30 min each. All extracts, and the removed incubation buffer, 

were combined and lyophilized (255).  

MALDI-TOF mass spectrometry was used to detect the released glycans 

following cleanup with ZipTipsµ-C18 and elution in warm acetonitrile: water (1:1). Two 

matrices of DHB (40 mg/ml) and DHB/DMA (100 mg/ml +20 µl) were tested in 

acetonitrile: water (1:1), as previously described by Snovida et al (245, 256). 

Unfortunately, the peptide calibration could not be produced in the DHB/DMA matrix.  

The DI mature glycan sample yielded three low quality peaks at 699.031, 1037.051, 

1608.029, but were not associated with any predicted glycan. 

Following release of the glycans from the gel pieces, gels were stored at -80°C 

until submission to Mass Spectrometry Center at UMB for bottom-up characterization of 

HA-ASBT band complexity.  Cell lysates were also submitted for analysis and both 

yielded interesting results.  Overall, samples still had significant co-eluting species that 

inevitably would complicate the detection of ASBT-associated glycans suggesting that 

our purity is still an issue. Additionally, it was observed that there were abundant 

peptides that were assigned to proteins that are soluble. This suggests that it may be 

useful to move the liquid-liquid extraction procedure to the front of the workflow before 

immunopurification.  This will significantly decrease the protein content the samples, but 

is predicted to yield a more efficient pull-down.   
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6.3.9.4 Optimization of Glycan Release Conditions with Ovalbumin 

Ovalbumin is often used as a standard protein for the optimization of protocols for 

glycan release and detection.  It is ~43 kD and has one glycosylation site, albeit multiple 

glycoforms do exist. Additionally, as a soluble protein it can be digested in-solution and 

analyzed by SDS-PAGE and silver staining for a shift in the apparent mass. While there 

is significant precedent in the literature for non-denaturing protocols, denaturing methods 

are advantageous as the asparagine residue−glycan bond is subsequently more accessible 

for the enzyme. SDS-PAGE analysis (Figure 6.14) shows the shift in the MW of 

ovalbumin in the presence of denaturing conditions (boiling, 50 mM sodium phosphate, 

and NP-40) and PNGaseF, indicative of a complete release of glycans. 

 

Figure 6.13 Ovalbumin Glycan Release Optimization. 
With non-denaturing conditions there is not a clear shift in mass.  As a soluble 

protein, this suggests that the incubation time with the enzyme is insufficient and the 

reaction was not complete. An important notation is that the non-denatured digestions 
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and denatured digestions will have some variability in their mobility within the gel due to 

the differences in detergents present in the sample (SDS +/- NP-40). Therefore, lanes 4-6 

cannot be compared to the masses of the other lanes.  The manufacturer’s protocol for the 

enzyme’s use in native conditions has a range of 4-24 hours, whereas Snovida et al. 

reported with 20 hours with remixing at 10 hours (245, 256).  Lane 3 was incubated 

overnight with PNGaseF (~16 hours).  At a higher concentration used of ovalbumin this 

is likely the critical point that is preventing the complete deglycosylation of the protein, 

and consequently limiting sufficient reaction yields for analysis via mass spectrometry.  

While the previously prepared samples (Section 6.3.9.3) did test positive for the presence 

of primary amines with a ninhydrin test with both 2U and 5U of the enzyme  (non-

digested solution of ovalbumin did not lead to a color reaction), it is likely the sample had 

insufficient concentrations of the glycans.   

 

Figure 6.14 Ninhydrin staining of HA-ASBT released glycans. 

6.3.9.5 Detergent Choice 

One of the main disadvantages of the current-best method tested for 

deglycosylation of ovalbumin and HA-ASBT is that NP-40 is used to denature the 

protein (SDS decreases the efficiency of the enzyme). DDM was tested to determine if it 

could inhibit the negative effects of SDS in a similar manner as NP-40 (Figure 6.16).  
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Figure 6.15 NP-40 is Required for PNGaseF Activity for In-solution Release. 
 

DDM was not able to substitute for NP-40 in the deglycosylation reaction buffer.  

However, the buffer composition could be switched to ammonium bicarbonate without 

negative consequences.  This is important, as ammonium bicarbonate is more volatile 

than the phosphate composition for the commercial buffer provided with PNGaseF, and 

simplifies salt removal steps.  Additionally, adding reduction and alkylation steps did not 

improve PNGase F digestion in the absence of NP-40 (Figure 6.17). 
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Figure 6.16 Reduction and Alkylation Steps Do Not Improve Glycan Release. 

6.4 Conclusions and Outlook 

hASBT sample preparation is an iterative process that employs biological, 

biochemical, and analytical techniques to increase specific protein concentration while 

minimizes sample complexity from co-eluting proteins.  While significant progress has 

been made in the production of the tagged protein, there are inherent challenges that have 

yet to be fully addressed.  First and foremost is the overexpression of HA-ASBT.  It was 

observed that even with transfection, ASBT associated bands often stained weakly with 

coomassie and required large cell culture volumes to produce.  It may be possible to 

overcome this by switching to a lenti virus expression system.  Alternatively, flow-

cytometry and cell sorting procedures may provide a way to decrease the non-transfected 

cell pool.    

 Immunopurification of HA-ASBT has improved significantly and the work 
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presented in this chapter has provided solutions to minimize the binding of non-specific 

proteins to the beads and ASBT.  Additionally, the use of DDM and membrane 

fractionations steps have aided in fragmenting the sample complexity of the membrane 

protein pool, which may be further optimized by pre-extracting hydrophobic proteins into 

a nonpolar solvent followed by precipitation via centrifugation.  While our lab has used 

HA-tags extensively, it may be worth investigating some alternative tags that can be 

affinity purified in higher quantities than with the anti-HA agarose.  Although, we had 

avoided the use of a His6x tag due to limited functional and expression data for the ASBT 

construct, if validated functionally, the construct would likely be significantly easier to 

purify in larger quantities.  The use of a dual tag construct could even yield a second tier 

of purification methods that would diminish the sample complexity.  Critically however, 

each purification step will contribute to sample losses that cannot be reclaimed, and as 

such, initial protein concentrations must be high.     

 ASBT’s solubility is a major concern.  We observed that resolubilization is not 

stable over time, causing aggregation within twelve hours.  It may be possible to find an 

alternative solvent system using the purified bacterial protein yfAsbt.  Additionally, it 

may be possible to model the solvent system from studies with bacteriorhodpsin as it 

shares a similar GRAVY score as ASBT.  It would be useful to optimize the solvent 

system not solely to ensure initial solubilization, but also to slow the nucleation process 

down for aggregate formation.  The selective addition of chaotropic agents to the system 

may be enough to extend the lifespan of the protein sample.   

 Lastly, we observed that our model cell system has some variability in the N-

glycosylation pattern reported by Alrefai et al.  Our data supports an unglycosylated 
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protein species in lower band of ASBT immunoblots.  This is not unexpected as glycans 

are heavily complex modifications that are dynamically altered according to the 

metabolic state of the cells, the species and tissue types, the availability of precursor 

sugars, and a wide range of signaling events.  Together, it seems unlikely that elucidation 

of the glycan chain structure in COS-1 could be extended to the glycan pattern from any 

other model.  However, these details are expected to provide novel insight into the role of 

the classes of glycan modifications (e.g. hybrid N-glycosylated vs. core glycosylated) in 

regulating the functional expression of ASBT.  It also will be promising to determine if 

the glycoforms crosstalk with adjacent PTMs differently, and what this means for the fate 

of the transporter.  
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Chapter 7: Conclusions and Future Directions 

As described in Chapter 2, post-translational modifications have vital roles in 

regulating the functional expression of SLC transporters and their influence ranges from 

the focused modulation of membrane microdomains to the global patterns of 

glycosylation patterns.  The subtle structural perturbations enacted by PTMs, provides 

another level complexity to structure-function relationship by adding in a transient 

regulatory component.  ASBT likely is post-translationally modified on a specific cohort 

of residues that have clinically significant implications in the overall bile acid transport 

mechanism: however we need a balance of structural data and biological functional 

studies to fully yield novel molecular insight. 

In Chapter 3 and 4 the functional and biochemical nature of two proteins with 

recently resolved crystal structures were investigated.  The transporters from Neisseria 

meningitis and Yersinia frederiksenii have a rough sequence homology with hASBT and 

no apparent functional need for a bile acid uptake transporter.  These studies demonstrate 

the nmAsbt (Chapter 3) and yfAsbt (Chapter 4) are capable of transporting taurocholic 

acid in a monovalent cation dependent manner, but there is no specificity for one ion over 

the others. This is in contrast to hASBT’s strict reliance on Na+ for transport of bile acids.  

As the predicted Na+-interacting residues are conserved in both the human and bacterial 

transporters, the discrepancy between ion specificity indicates the bacterial transporters 

likely have alternative energy requirements and/or interacting sites. In support, we show 

that yfAsbt’s function was also influenced by chloride and/or pH, and nmAsbt had 
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flexibility at the conserved binding residues that allowed both Na+ and K+ to interact with 

similar affinities. Further demonstrating the contrast in transport function, the two 

bacterial transporters had no relevant inhibition or substrate potential for any other bile 

acid tested, nor did they share common inhibitors with hASBT.  This suggested that the 

two proteins are like multi-specific transporters that are relevant to the uptake of nutrients 

such as amino acids.  Lastly, it was hypothesized that the bacterial proteins are more 

closely related to SLC10A7, an orphan transporter lacking the capacity for bile acid 

transport.  Together, the biochemical, functional, and evolutionary evidence produced 

demonstrates that yfAsbt and nmAsbt are not physiologically relevant structural models 

for hASBT. 

As such, in Chapter 5 the role of PTMs to regulate the overall fold of hASBT to 

dynamically alter its functional expression was studied.  Previous evidence in the 

literature suggested that hASBT might be tyrosine phosphorylated at the basal level, yet 

the functional role and the putative residues were unrefined. Src family kinases and 

protein tyrosine phosphatases were shown to affect the function and expression of 

hASBT, indicating that the transporter must be tyrosine phosphorylated for efficient 

transport of bile acids.  hASBT expression was recovered with the proteasomal inhibitor, 

MG132, when co-treated with Src family kinases inhibitor, PP2, suggesting that pTyr 

status is vital to the stability of the transporter.  Further, an iterative approach was used to 

mutate five potential pTyr sites to phenylalanine to deplete the pTyr status signal. 

Mutations showed variable responses to mutations, and any combination depleted 

transport potential.  Additionally, modulation of they pTyr status of the mutants with 

inhibitors suggested that multiple residues were likely implicated. 
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It was because of the inability to characterize the implicated residues that Chapter 

6 took an overarching reevaluation of the sample preparations procedures for hASBT.  

The objective was to improve upon the protein concentration and sample complexity such 

that future proteomic methods could be used to map not just the pTyr residues, but any 

abundant PTM of transporter.  Significant progress was made in scaling up cell cultures, 

improving the immunopurification steps, and developing a differential detergent 

extraction procedure to isolate ASBT in membrane microdomains.  The optimized 

methods have proven to be an iterative process that will likely adapt to future needs and 

downstream capabilities. 

Together Chapters 3-6 have provided evolutionary perspective into the adaption 

of transporters from bacteria to higher eukaryote irrespective of overall fold or sequence 

conservation.  Post-translational modifications likely serve as the bridge from the 

constraints of evolutionary adaptation for expression in the membrane to a dynamic 

regulatory network facilitating rapid structural reorganizations and functional responses. 

As described in Chapter 2, there is a wide range of potential therapeutic and 

pharmacological implications of dysregulated PTMs.  As ASBT is imperative for bile 

acid homeostasis, it would be favorable to further characterize the functional regulation 

of the transporter by PTMs.  Tentatively, ASBT is thought to be glycosylated, 

phosphorylated, ubiquitinated, and potentially palmitoylated.  However, there still is not 

any information about how those PTMs interact with each other to regulate ASBT. 

Identifying specific proteoforms via mass spectrometry would provide a plethora of 

molecular insight.  Additionally, as ASBT is modulated bySrc family kinases, it would be 

of clinical relevance to expand up the pTyr studies and confirm these findings with the 
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numerous FDA approved kinase inhibitors, such as Dasatinib and Imatinib.    

In conclusion, post-translational regulation of hASBT is a critical influencer on 

the transporter’s structure-function relationship.  A better understanding of the clinically 

relevant proteoforms of hASBT will likely yield a greater insight into the structure, 

function, and regulation of bile acid transport. 
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