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Abstract 

Bile formation is mainly performed by the three ABC transporters of the bile 

triumvirate at the canalicular membrane. These are namely ABCB4, ABCB11 and the 

heterodimer ABCG5/G8. Each of these display a narrow but specific substrate 

spectrum, which is quite uncommon for ABC transporters. While ABCB4 specifically 

enriches the outer leaflet with PC lipids, ABCB11 transports conjugated bile acids 

across the canalicular membrane and ABCG5/G8 secretes cholesterol into the bile 

canaliculi. Since bile acids exhibit a harsh detergent activity, they would harm 

hepatocytes and cholangiocytes. However, ABCB4 transports a high amount of PC 

lipids to enriched microdomains within the outer leaflet, while bile acids pull off patches 

of these extra lipids and form mixed micelles. Thereby, ABCB4 protects the cells from 

the harsh detergent activity of bile acids. Furthermore, cholesterol secreted by 

ABCG5/G8 is incorporated into the mixed micelles to prevent crystallization at higher 

concentrations. Obviously, the role of ABCB4 in providing sufficient PC lipids is 

essential not only for bile equilibrium but also human health. ABCB4 deficiency leads 

to symptoms such as reduction or complete absence of PC lipids in bile and these 

ABCB4-related diseases are of high clinical relevance. Hence, research studies on 

ABCB4 involving the understanding of the transporter are imperative. ABC transporters 

are often considered as single entities but in case of the bile triumvirate, an interplay 

between the transporters and their substrates is assumed. For ABCB11 and 

ABCG5/G8, it was demonstrated that lipid composition, cholesterol content and 

presence of bile acid affects these transporters. In contrast, effect of bile acids or 

cholesterol on ABCB4 have not be directly demonstrated so far due to the difficulty in 

measuring lipid lifting in a lipid environment and because of bile acids acting as lipid 

extractors. Both are individual steps with their own kinetic parameters.  

However, a detergent-solubilized and purified ABCB4 presented a tool which 

could be exploited further to investigate the modulation of ATPase activity of ABCB4 

by bile acids and cholesterol. Additionally, the effect of bile acids in the presence of a 

substrate (DOPC) of ABCB4 and cholesterol was examined. In the current thesis, four 

essential findings on ABCB4 were obtained: 1) monomeric bile acids modulate ABCB4 

in a concentration dependent manner; 2) maximal modulation by bile acids corelates 

with their cmc; 3) bile acid modulation of ABCB4 changes but persists in the presence 
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of an actual substrate (DOPC), and 4) Nor-UDCA highly stimulates ABCB4 in the 

presence of DOPC (and cholesterol), revealing a new and medically-relevant 

mechanism of action. It also emphasized the importance to study Nor-urso versions of 

bile acids in further detail. 
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Zusammenfassung 

Die Gallenbildung findet ausschließlich an der kanalikulären Membran der 

Leber-Hepatozyten durch die drei ABC Transporter des Gallen-Triumvirates statt. 

Diese sind die Transporter ABCB4, ABCB11 und der heterodimere ABCG5/G8. Jeder 

dieser Transporter besitzt ein kleines, jedoch sehr spezifisches Substratspektrum, was 

für ABC Transporter eher ungewöhnlich ist. Während ABCB4 spezifisch die äußere 

Lipidschicht der Membran mit PC-Lipiden anreichert, transportiert ABCB11 konjugierte 

Gallensäuren über die kanalikuläre Membran und ABCG5/G8 sekretiert Cholesterin in 

die Gallenkanalikuli. Da Gallensäuren eine starke Detergenzienwirkung aufweisen, 

würden diese die Membran der Hepatozyten und Cholangiozyten schädigen. Daher 

sorgt ABCB4 für einen starken Überfluss an PC-Lipiden in den angereicherten 

Mikrodomänen der äußeren Lipidschicht, sodass die Gallensäuren Stücke dieser 

überflüssigen Lipide extrahieren und gemischte Mizellen bilden können. 

Dementsprechend schützt ABCB4 die Zellen vor der Detergnzienwirkung der 

Gallensäuren. Außerdem werden das von ABCG5/G8 sekretierte Cholesterin in diese 

gemischten Mizellen eingebunden, um die Kristallisation des Cholesterins bei höheren 

Konzentrationen zu verhindern. Dementsprechend ist ABCB4 nicht nur für das 

Gleichgewicht der Gallenflüssigkeit, sondern auch die menschliche Gesundheit 

verantwortlich. Ein Ausfall von ABCB4 führt zu Symptomen wie Reduzierung oder 

Fehlen von PC-Lipiden in der Gallenflüssigkeit und deshalb sind ABCB4 verursachte 

Krankheiten von hoher klinischer Relevanz. Dementsprechend ist auch die nötige 

Forschung höchst relevant, um den Transporter besser zu verstehen. ABC Transporter 

werden oft einzeln betrachtet, aber im Falle des Gallentriumvirates wird ein 

Zusammenspiel der Transporter und jeweiligen Substrate vermutet. Für ABCB11 und 

ABCG5/G8 wurde bereits gezeigt, dass die Lipidkomposition, der Cholesterinanteil in 

der Membrane und Gallensäuren die Transporteraktivität beeinflussen. Im Gegensatz 

dazu, konnte bisher kein direkter Effekt von Gallensäuren oder Cholesterin auf ABCB4 

nachgewiesen werden, da es besonders schwer ist, Lipid-Transport in einer 

Lipidumgebung zu messen, vor allem, wenn Gallensäuren diese zusätzlich 

extrahieren. Jedoch sind Transport und Extraktion von Lipiden zwei unterschiedliche 

Schritte mit ihren eignen kinetischen Parametern. 
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Allerdings bietet ein in Detergenzien solubilsiertes und gereinigtes ABC4 die 

Möglichkeit, die Modulation der ATPase-Aktivität von ABCB4 durch Gallensäuren und 

Cholesterin zu untersuchen. Zusätzlich konnte auch der Effekt der Gallensäuren in 

Anwesenheit eins eigentlichen Substrats von ABCB4 (DOPC) und Cholesterin 

bestimmt werden. In dieser Arbeit konnten vier neue Erkenntnisse für ABCB4 

aufgezeigt werden: 1) monomere Gallensäuren modulieren ABCB4 in Abhängigkeit 

ihrer Konzentration; 2) die maximale Modulation durch Gallensäuren korreliert mit ihrer 

entsprechenden kritischen Mizellenkonzentration (cmc); 3) der Effekt der Gallensäuren 

auf ABCB4 bleibt zwar in Anwesenheit eines eigentlichen Substrates (DOPC) 

bestehen, verändert sich jedoch deutlich und 4) Nor-UDCA stimuliert ABCB4 äußerst 

stark in Anwesenheit von DOPC (und Cholesterin), was einen neuartigen und 

medizinisch relevanten Mechanismus dieser Gallensäure beschreibt. Dies 

unterstreicht die Wichtigkeit Nor-urso-Versionen von Gallensäuren in Zukunft zu 

studieren.  
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2    Aims 

ABC transporters are often considered as single entities. One contradiction are the 

ABC transporters of the bile triumvirate, namely ABCB4, ABCB11 and the heterodimer 

ABCG5/G8. Hence, the idea of an orchestrated interplay of these transporters with 

their substrates was suggested.1 More precisely, this would mean, ACB4 as the lipid 

translocator should react on the presence of conjugated bile acids (the substrates of 

ABCB1), cholesterol (the substrate of ABCG5/G8) and vice-versa. There exists a 

sensitive equilibrium of these specific substrates. If an imbalance occurs due to the 

reduced functioning of one of these three transporters, cells are harmed. Different 

diseases are related to these three ABC-transporter, for example PFIC-2/3 in case of 

ABCB11 or ABCB4, or gallstone disease as in case of ABCG5/G8. Subsequently, an 

interplay of these transporters and their corresponding substrates is suitable to 

assume. Kis et al. 2 demonstrated that for ABCB11, the enrichment of cholesterol in 

the membrane increases the maximal transport velocity of bile acids by ABCB11. 

Johnson et al. 3 demonstrated that for detergent-solubilized and purified ABCG5/G8, 

the presence of bile acids is required to activate the transporter, suggesting a 

chaperon-like mechanism of bile acids. However, so far for ABCB4, only the 

enrichment of PC lipids in the extracellular medium in the presence of bile acids was 

used as an evidence for an interplay between ABCB4 and bile acids. However, in 

recent years, the theory of bile formation has subsequently changed based on a 

theoretical model 4 and a finding that the bile triumvirate transporters can only be found 

in PC lipid-enriched microdomains of the outer leaflet 5. Based on these studies, a 

formation of PC-enriched microdomains and piles by ABCB4 is assumed. 

Subsequently, the bile acids enter these PC-rich microdomains and rim off patches 

due to their harsh detergent action (formation of mixed micelles). Hence, the transport 

of PC lipids and extraction of these lipids by bile acids were seen as two different steps, 

with their individual parameters. Hence, bile acid extraction studies do not provide the 

application platform to investigate the direct effect on ABCB4.  

Thus, a system to investigate isolated ABCB4 in vitro is crucial. In previous works 

by Ellinger et al.6 and Kluth et al.7 such a system was established. They managed to 

overexpress ABCB4 in the yeast Pichia pastoris and designed a tandem affinity 
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chromatography to successfully purify human ABCB4. Based on the above-mentioned 

research, the overall aim of this thesis was to characterize the modulation of ATP 

hydrolysis of ABCB4 by bile acids and cholesterol and address the following four major 

questions and subsequently, employ the findings into a biologically relevant context: 

1. Is ABCB4 ATPase activity modulated by human bile acids?   

If yes, at which concentration do bile acids affect ABCB4 and is there a correlation 

between the different chemical or physical properties of bile acids? Furthermore, is 

the modulation of ABCB4 by two different bile acids cooperative? 

2. Can the medically relevant but non-human versions of UDCA modulate ABCB4 and 

how does the effect differ in comparison to human bile acid?  

3. Is cholesterol able to modulate ABCB4?   

If yes, at which concentration and is bile acid modulation still possible in the 

presence of cholesterol? 

4. Does the modulation of ABCB4 activity by bile acids or cholesterol persists or 

changes in presence of PC lipids? 
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4    Discussion 

In this thesis, the understanding of a cross-talk between bile acids and the PC lipid 

translocator ABCB4, as part of the bile triumvirate, was addressed. Bile triumvirate and 

its importance regarding bile formation was first introduced in the introduction and 

chapter 1. The importance of mutations within these transporters and related diseases 

were outlined. While in the introduction, a general outline of structure and function of 

ABC transporters was given, in the first chapter, the structure and function of ABC 

transporters was described in more detail with respect to ABCB4. Furthermore, its role 

in bile formation, the protection mechanism of PC lipids, ABCB4 related diseases and 

current treatment options were described in more detail. Lastly, the challenges in 

ABCB4 research were depicted and detergent-solubilized and purified ABCB4 as a 

possible solution was presented. In chapter 2, four new discoveries about ABCB4 were 

presented: 1) monomeric bile acids modulate ABCB4 in concentration-dependent 

manner; 2) maximal modulation by bile acids corelates with their cmc; 3) bile acids still 

exhibit their modulatory effect in presence of substrate DOPC; and 4) Nor-UDCA highly 

stimulates ABCB4 in presence of DOPC (and cholesterol), which represents a new 

and medically-relevant mechanism of action.  

Within this discussion, the major focus is: 1) ABCB4 expression and purification, 

2) lipid secretion and 3) bile acid modulation. 

 

4.1    General outline 

Human bile formation is a unique function of the liver, which is essential for the 

survival of the organism. Bile is a complex product of the secretion of different 

compounds that originates from hepatocytes. Its composition and the concentration of 

the individual compounds are modified by absorptive and secretory transport systems 

in the bile duct epithelium. Subsequently, bile either enters the gallbladder where it is 

concentrated or is delivered directly to the intestinal lumen. There bile performs several 

functions: (I) Bile is the major excretory route for a number of partial harmful 

substances or endogenous metabolic substrates like exogenous lipophilic toxins, 
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bilirubin, bile acids or compounds which are not readily filtered or excreted by the 

kidney. (II) The highly concentrated bile acids in the bile are necessary to emulsify 

dietary fats and facilitate their intestinal absorption. (III) Cholesterol elimination via bile 

is the major and most important route in cholesterol metabolism. (IV) By excretion of 

immunoglobulin A and inflammatory cytokines, bile shields the organism from enteric 

infections. Additionally, it is stimulating the innate immune system in the intestine. (V) 

Many hormones and pheromones are excreted in bile, and contribute towards growth 

and development of the intestine in some species.8 Since bile is an aqueous solution, 

it consists of ~90% water in which a number of endogenous substances are dissolved. 

These compounds are mainly bile acids, phosphatidylcholine (PC) lipids and 

cholesterol. These three compounds form mixed micelles in the bile canaliculi to 

protect the cells from the detergent activity of bile acids and crystallization of 

cholesterol. Furthermore, bilirubin and organic anions are also present in bile at low 

quantities. Distribution of this mixture varies from species to species and is also slightly 

varying based on gender. For example, in humans, bile consists of 5% bile acids in 

woman while only 4% in men. However, the composition of bile in both is approximately 

2% phospholipids and 1% cholesterol.9 Even bile acids distribution is different in 

women and men.9 Since bile is a mixture of the above stated compounds with a quite 

high predefined equilibrium, this “synthesis” mixture needs highly specific pathways 

and a unique organ / cell type to fulfill this task. In mammals and especially in humans, 

this place is the liver, precisely the hepatocytes. These cells have a unique polarity and 

face different environments within their membrane. The basolateral membrane faces 

the endothelia cells and the space of Disse. The apical membranes of two or more 

adjacent hepatocytes contribute to a capillary-like structure or tubule, called bile 

canaliculus. Therefore, the apical membrane of hepatocytes is also called canalicular 

membrane. The canalicular membrane is functionally sealed by tight junctions and 

constitutes ∼13% of total hepatocyte plasma membrane.10,11 Typically, the membrane 

can be subdivided into individual components having different functions and tasks. By 

having a look at the distribution of transporters in the hepatic membrane (see 

introduction, Figure 1), it becomes obvious that mainly symporters or importers are 

located at the basolateral, while at the canalicular membrane mainly exporters are 

found, indicating the different functions of the two membranes. Hence, six out of nine 

transporters at the canicular membrane are ABC transporters. All of them are exporters 
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and most of them contribute towards bile formation. For each of the major compounds 

of bile, a unique ABC transporter is present. Bile acids are secreted via ABCB11 (also 

called bile salt export pump, BSEP) 12, while ABCB4 (historically also called multidrug 

resistance protein 3, MDR3) translocates specifically PC lipids 13 and the heterodimer 

ABCG/G8 transports cholesterol 14. Hence, these transporters are summarized as bile 

triumvirate. The minor components of the bile are secreted via ABCC2 (also called 

multi resistance protein 2, MRP2).15 The two remaining ABC transporters are ABCB1 

(also called multidrug resistance protein 1, MDR1) and ABCG2 (also known as breast 

cancer resistance protein, BCRP). Both are expressed in several tissues and organs, 

have a broad spectrum of substrates and play a key role in the detoxification process 

of humans. For detailed information about these ABC transporters, please refer to the 

review about hepatobiliary ABC transporters16, presented in the introduction.  

ABCB4 was first identified in 1987 by sequence analysis.17 Due to its high 

sequence identity and homology with ABCB1, it was first considered as a multi drug 

resistance protein like ABCB1 and consequently termed MDR3 in human and mdr2 in 

rodents. Due to their similarity, it was assumed that ABCB4 has a similar function and 

broad substrate spectrum like ABCB1. Different in vitro studies were conducted to 

investigate the effects of the various substrates and inhibitors of ABCB1 on ATPase or 

transport activity of ABCB4.17-22 However, the works of Smit et al. 13, Smith et al. 23,24 

and van Helvoort et al. 25 clearly demonstrated that ABCB4 specifically translocates 

PC lipids from the inner to the outer leaflet of the canalicular membrane and has a very 

different and unique function of all MDR proteins. Thereby, ABCB4 maintains the lipid 

equilibrium of the canalicular membrane and provides steady supply of PC lipids for 

bile acid extraction. PC lipids are an essential part of the bile. They reduce the 

detergent activity and cytotoxicity of the bile acids by forming mixed micelles and 

consequently protect the biliary ducts. Furthermore, PC lipids are important for 

cholesterol homeostasis and prevent cholesterol crystallization by integrating 

cholesterol into the mixed micelles (see introduction, Figure 11). Dysfunctions of 

ABCB4, ABCB11 or ABCG5/G8 lead to a change in the bile equilibrium and therefore, 

often to health problems or even serious diseases. Dysfunction of ABCB4 due to 

mutations often results in a reduced PC lipid pool, or in some cases to complete 

absence of PC lipids in the bile. Hence, bile acid protection and cholesterol 

crystallization are affected or absent. Mutations in ABCB4 can alter its expression, 
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folding, stability, localization and activity.26,27 Hence, PC lipid concentration varies in 

the bile, resulting in mild to severe diseases (see chapter 1, Figure 2). Progressive 

familial intrahepatic cholestasis type 3 (PFIC-3) is the most severe form of ABCB4-

related liver diseases. Here accumulation of free bile acids leads to bile duct injuries.28 

PFIC -3 occurs in patients in the early years of life and transiently progresses to liver 

cirrhosis in childhood 29, normally resulting in liver transplant.  

The present thesis focusses on the in vitro analysis of human ABCB4. Although it 

is universally accepted that ABCB4 specifically translocates PC lipids in a 

unidirectional manner within the canalicular membrane, published data 30-32 displayed 

an effect of bile acids on PC lipid extraction and a change in PC lipid concentration of 

the extracellular medium in presence and absence of bile acids. Furthermore, it is 

known that bile acids are required to activate purified ABCG5/G8 3, while cholesterol 

content in the membrane effects ABCB11.2,33 In 2003, Small suggested a specific 

interplay between these three ABC transporters crucial for bile formation and their 

substrates.1 However, there hasn’t been further investigation on the same whether bile 

acids just interact with PC lipids or also with ABCB4 and may affect its activity. The 

same is true for cholesterol and ABCB4. Hence, the aims of this thesis were to 

investigate the effect of all bile acids present in humans, either unconjugated or 

conjugated, as well as the therapeutically-relevant urso bile acids in vitro. Furthermore, 

bile acids with contradictory effects were mixed and investigated towards preferences 

of ABC4. Additionally, cholesterol was tested and in the last two approaches the effect 

of individual, mixed bile acids and cholesterol in the presence of the natural substrate 

DOPC was examined.  

 

4.2    Expression and purification of ABCB4 

The aim of this thesis was to analyze ABCB4 in vitro, precisely the analysis of 

solubilized and purified ABCB4. This approach has the advantage that the target 

protein is isolated and direct effects of molecules or other proteins on the target can 

be measured. Subsequently, all measured changes can be described as an interaction 

of the target and the added compound. In contrast, the absence of any effect directly 

emphasizes the absence of any interaction under the chosen conditions. A 

disadvantage of this approach is that the target protein is not in its natural environment, 



Discussion 

 
- 96 - 

 

which always has to be considered. Furthermore, the results depend on the chosen 

conditions. While the later ones can often be changed easily and adapt as close as 

possible to the natural environment, the bottleneck of purified membrane proteins is 

their expression and purification itself.  

 

4.2.1   Expression of ABCB4 

For heterologous expression one of the first approaches is to use Escherichia coli 

(E. coli) as their strains are easy to handle (S1), have short expression times and high 

expression levels. However, for expression of human ABC transporters in E.coli such 

as ABCB11 34 and a number of other ABC transporters35, various parts of the cDNA 

sequence were lost. Therefore, an alternative expression host had to be selected. 

Subsequently, the expression of ABCB4 in the yeast Pichia pastoris was established 

by Stindt et al 36 and Ellinger and Kluth et al 6 and it has been used since. However, 

the question arises if P. pastoris is the best expression system for subsequent 

purification and biochemical analyses of ABCB4. Therefore, different established 

expression systems of the other ABC transporters of the bile triumvirate and ABCB1, 

a highly related ABC transporter to ABCB4, are compared. 

Human ABCB11 was expressed in HEK cells 37 to solve the structure, while for 

characterization often insect cells 2,34,38, human cell lines 39-41 and P. pastoris 41 were 

chosen. For ABCG5/G8 expression and subsequent purification P. pastoris was also 

chosen.3,42 In case of ABCB1, HEK cells 43, insect cells 44 and the yeasts P. pastoris 

45,46 and S. cerevisiae 47,48 are established expression systems. In general, the yeast 

S. cerevisiae is also known for successful expression of eukaryotic ABC transporters.49 

Hence, the yeast S. cerevisiae was tested but resulted in low yields of ABCB11 and 

was not sufficient for subsequent approaches.36 However, P. pastoris displayed good 

results for expression of both ABCB11 and ABCB4.6 In general P. pastoris is a well-

established system for ABC transporter expression, it can reach high cell densities in 

fermentation and expression is strongly induced by the AOX1 promoter.46,50,51 In this 

thesis, the established fermentation protocol of P. pastoris was used for expression of 

ABCB4 as described in chapter 2. 
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In conclusion, P. pastoris is a well-established and accepted expression system 

for a variety of ABC transporters and the fermentation protocol of P. pastoris is an 

excellent method to reach the high cell density needed for ABCB4 purification. Hence, 

no change of the current system was needed. 

 

4.2.2   Purification of ABCB4 – significance of 

other tags? 

The second major step to consider while working with purified ABCB4 is of course 

the purification itself. In case of membrane proteins like ABCB4, purification can be 

divided into three separate steps: i) cell disruption and membrane preparation, ii) 

solubilization, and iii) the actual purification step which is often performed via one or 

more chromatography methods. In case of ABCB4, the latter one is performed by a 

tandem affinity purification (TAP) consisting of an immobilized metal affinaty 

chromatography (IMAC, Ni2+-NTA) and a calmodulin binding affinity chromatography 

(CBA). The goal of these steps is to obtain the target protein as pure as possible, 

optimally to a purity level of 99% and higher. Unfortunately, purification of membrane 

proteins, especially the ones exhibiting more than one transmembrane domain, often 

seems to be more difficult than soluble proteins. In general, for membrane proteins 

there is less space within the cell (membrane versus cytosol) and an additional 

solubilization step is necessary. In case of ABCB4, a purity of approximately 90% or 

higher was achieved (see chapter 2, Figure 2 A). However, the minor impurities present 

in the purified protein displayed ATPase activity (see chapter 2, Figure 2 D), which is 

often the chosen readout for characterization of ABCB4. Fortunately, ABCB4 has a 

cysteine in its Walker A motif. Cysteine residues are rare and not present in all ABC 

transporters. In the expression host P. pastoris, there are no ABC transporters 

harboring a cysteine in their Walker A motif except for ABCB4. Therefore, a method to 

specifically inhibit ABCB4 amongst other impurities present in the purified protein was 

established. It was first described for ABCB1, which shares 100% amino acid identity 

with ABCB4 in the NBDs.52 Using a maleimide linked to a large chemical compound 

resulted in covalent binding of the maleimide to the cysteine in the Walker A motif. 

Subsequently, this lead to occupancy of the ATP binding site and thereby, inhibition of 
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ATP hydrolysis by ABCB1.53 This method was adopted for ABCB4 and allowed 

determination of ABCB4-specific ATPase activity.7 Although, this method helped to 

overcome the hindrance caused by the impurities present in the purified protein, but 

removal of the impurities would result in a more direct readout of ABCB4. Hence, 

analyzing and improving the different steps of ABCB4 purification would be beneficial.  

Cell lysis of yeast, especially P. pastoris, often relies on bead-mills.54-58 Although, 

these mills allow sufficient lysis 55-57,59,60 , they often leak, break and are unsuitable for 

large scale approaches. Another alternative is cell disruption, for example using the 

TS1 multi shot cell disruption system by Constant Systems LTD, which has a high 

pressure (up to 2.7 kbar). In comparison to the bead mill, it is easier to handle and is 

more efficient for disruption of large volumes of P. pastoris cell culture. This system 

demonstrates an efficiency comparable or even better to bead-mills. Due to the 

advantage of high pressure and lysis of large volumes, this system is successful in P. 

pastoris lysis and no change in the current protocol (chapter 2) is advisable.  

Preparation of crude membrane vesicles of ABCB4 is usually performed by several 

differential centrifugation steps (see chapter 2).6 However, the separation of 

membranes by gradient centrifugation was also tested and it didn’t improve the 

purification significantly. Rather, it only elongated the purification step. Thus, there is 

no potential for optimization of the crude membrane preparation step. 

The next crucial step is solubilization of ABCB4. Here, the published data strongly 

supported the use of FC-16 as detergent for ABCB4 which is expressed in P. pastoris.6 

In comparison, for the structure of ABCB4, the protein was obtained from Flp-In T-Rex 

293 cells and was solubilized in 1% DDM and 0.2% CHS61. However, in case of P. 

pastoris expression, DDM was not effective at all.6 Hence, using FC-16 is the best 

possible option. 

The last step is the tandem affinity purification (TAP) performed in two steps 

consisting of Ni-NTA chromatography followed by CBP affinity chromatography. 

Normally, a one-step purification with a high affinity chromatography like CBP should 

be suitable to purify a protein. In case of ABCB4, one-step purification with only CBP 

affinity chromatography resulted in target protein with higher contaminations consisting 

of other proteins and lipids. Hence, TAP was chosen to remove major impurities and 

the lipid contamination. Actually, Ni-NTA affinity is suitable to remove lipids and 
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reduces impurities to just five major bands on SDS gel (Bands at ~100 kDa, 85 kDa, 

2x at 65 kDa and 55 kDa, see chapter 2, Figure 2A). Subsequently, CBP affinity 

chromatography results in two strong bands at ~ 100 and 85 kDa and some minor 

bands below 80 kDa (see chapter 2, Figure 2A). Overall, the intensity of the impurities 

is reduced compared to the IMAC. The band at ~110 kDa is a degradation product of 

ABCB4 as confirmed via immunoblotting (see chapter 2, Figure 2B). Unfortunately, the 

impurities exhibit a background ATPase activity (see chapter 2, Figure 2D). Here, 

switching the tags might have an impact on the purification efficiency. A general 

overview of common tags frequently used for TAP is provided in Table 1 based on the 

work by Terpe 62 and Li 63. TAP was originally used a combination of two synthetic Fc-

region-binding domains (also called double Z domain; derived from the B domain of 

ProtA) and the CBP tag.64 But a huge disadvantage of the double Z domain tag is that 

denaturing conditions (low pH) are necessary for elution.65 Therefore, a TEV cleavage 

site has to be integrated for elution under native conditions. Hence, a ProtA-based 

purification and a subsequent CBP affinity chromatography was generally 

recommended.  

 

 

Table 1: Comparison of common tags for protein purification by affinity 
chromatography.  
 

Tag Affinity 

[nM] 

Binding capacity 

[mg/ml Resin] 

Eluent Ref. 

His-Tag 

& Ni-NTA 

10,000 80 Imidazole, Histidine 62,66 

CBP 3 2 EGTA 66-68 

Flag 100 1 DYKDDDDK peptide 66,69 

Strep(II) 1,000 9 Desthiobiotin, biotin 
66,70,71 

rho1D4 20 3-4 Protease digest 72 

Z domain n.s. n.s. Protease digest 65 
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Alternative tag combinations from literature 63 usually used for yeast-derived 

systems are: i) His-HA-tag 73, ii) His-FLAG-tag 74,75, iii) His-Myc-tag 76, iv) His-ProtC-

tag 77 and v) His-biotinylating-tag 78. While the His-Strep(II)-tag combination is 

recommended for proteins purification derived from mammalian cells.63,79 Furthermore, 

a number of His-based TAP tags for a soluble protein (derived from E.coli) was 

compared regarding their purification capacities, costs and yields.66 CBP-, HPC- and 

Strep(II)-His-tag combination exhibited the highest yield (above 60%). Additionally, 

CBP-His-Tag exhibits the highest binding capacities and the lowest cost, among the 

compared tags. In contrast, the HPC-tag has the lowest capacity and is the most 

expensive.66 The yield of the different tags varies from protein to protein, especially 

between soluble and membrane-bound proteins. Hence, purification methods for 

human ABCB1, ABCB4, ABCB11 and ABCG5/G8 were compared for more detailed 

information.  

In case of ABCB1, only a His-tag and subsequent single IMAC is sufficient for 

purification.45,46,80 Alternative affinity tags such as GFP antibody tag 81 and the rho1D4-

tag 43 also resulted in highly pure ABCB1. Also ABCB11 can be purified by single 

affinity chromatography via a FLAG-tag, followed by a size exclusion 

chromatography.37 Furthermore, for ABCB4 derived from Flp-In T-Rex 293 cells, a 

single affinity chromatography with the newly rho1D4-tag was also established for 

purification.61 Purity of ABCB4 was sufficiently high to solve the structure by cryo-EM. 

In contrast, for ABCG5/G8, a TAP combination of His- and CBP-tags was necessary 

for purification from P. pastoris 3,42, similar to the present ABCB4 protocol. 

It is evident from the literature that TAP is not necessary. However, the 

combination of His-and CBP-tag is the most favored combination for TAP. 

Furthermore, the new rho1D4-tag appears to be frequently used and could be the first 

choice for ABC transporter purification in the future. With an affinity of approximately 

20 nM 72, the rho1D4-tag has one of the highest affinities and is in the range of the 

CBP-tag (~3 nM)67,68. Furthermore, the rho1D4-tag was specifically designed for 

proteins with low abundance like the membrane proteins. A disadvantage of this tag is 

that either a low pH is necessary to denature the tag or a protease is required for 

elution. Hence, the protease has to be removed in a subsequent step. 
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In case of purification protocol for ABCB4 in this thesis (see chapter 2, Figure 2), 

IMAC reduced the number of impurities significantly (from a smear to just ~ 5 bands). 

However, CBP affinity chromatography did not reduce number of impurities significant, 

suggesting to possibly switch the CBP tag. Here, the FLAG- and Strep(II)-tag seem to 

be the best choice. The FLAG-tag has an affinity of ~ 100 nM 69, while the affinity of 

the Strep(II)-tag is approximately ten times higher (1 µM) 70,71. The affinities of the tags 

and the usage of the FLAG-tag for ABCB11 purification 37, suggests to first try the 

FLAG-tag. However, based on the binding capacity, the Strep(II)-tag would be the 

better choice. Yet, it seems to be possible to purify ABCB1 43 or ABCB4 61 only via the 

rho1D4-tag.  

Due to the constraints of this thesis, testing the different tags was not possible. 

Based on the analysis of different tags above, the order to test new tags should be 

rho1D4-, FLAG- and then Strep(II)- tag. But due to the establishment of a third step or 

a completely new purification protocol in case of the rho1D4-tag, both other tags might 

be tested faster. Here, no major changes in buffer and purification protocol are needed, 

if the CBP-tag in the ABCB4 TAP is replaced by either FLAG- or Strep(II)-tag.  
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4.3    Role of ABCB4 in bile formation 

 

4.3.1   Lipid translocation in general 

A biological membrane is a lipid bilayer, which marks the boundary between the 

different compartments of a cell, the intracellular space and the extracellular 

environment.82 The lipid bilayer is formed by different lipids, facing the intracellular or 

extracellular space with their hydrophilic heads. Hence, the fatty acids face each other 

building a hydrophobic space, the actual boundary, which prevents diffusion of polar 

ions and molecules; maintaining the electrochemical gradient. Eukaryotic cells display 

an asymmetric distribution of lipids in the membrane, especially the plasma membrane. 

While the inner leaflet mainly consists of phosphatidylserine (PS), 

phosphatidylethanolamine (PE) and phosphatidylinositol (PI); phosphatidylcholine 

(PC) and sphingomyelin (SM) are located in the outer leaflet.83-86 The so-called lipid 

asymmetry is essential for the cells and correspondingly disintegration of the 

asymmetry is related to macrophage recognition and apoptosis.86,87 Hence, 

maintaining the lipid asymmetry and distribution is essential for maintaining 

functionality and survival of the cells. 

In a biological membrane, lipid movement can happen in two dimensions. First is 

the lateral motion of lipids within the same leaflet and second is the transverse 

exchange between the different leaflets, also called flip-flop. While the first one is rather 

frequent and a fast (~10 million lipids/s) event driven by diffusion 88,89, the latter one is 

limited and requires the help of membrane proteins 90-92. These proteins are named 

translocases and can be subdivided into two groups: energy-independent and energy-

dependent lipid translocases (see Figure 1). Although, this chapter will focus on the 

second group, especially ABC transporters and ABCB4, the first group will be also 

described briefly.  
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Figure 1: Examples for energy-independent and energy-dependent lipid transporters.  
Top: Example of an ER flippase (green) and scramblase (turquoise). The structures display the 
endoplasmic located Lipid II flippase MurJ from Thermosipho africanus (PDB 6NC9)93 in the outward-
facing conformation and the human scramblase TMEM16K (PDB 6R7X)94 in the calcium ion-bound (red 
dots), closed form. Bottom: Example of a P-type flippase and an ABC transporter for energy-dependent 
lipid translocation. In violet is the structure of human P4-type flippase ATP8A1 with bound CDC50 
(brown) (PDB 6K7N)95. Human ABCB4 serves as an example for the structure of an ABC transporter 
(PDB 6C0V)61. TMDs are represented in dark blue and NBDs in light blue. These Figures were created 
with Pymol version 2.3.4 and PowerPoint version 16.16. 
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The energy-independent transport of lipids through the bilayer is ensured by two 

protein families, the flippases and scramblases. The major difference between these 

translocases is their location within the cells. Flippases were identified in the ER (origin 

of phospholipids), Golgi and bacterial cytoplasmic membranes.96-100 They often have 

no specificity for any kind of lipids or direction (bi-directional), but mainly translocate 

newly synthesized lipids.96,101,102 Scramblases also transport rapidly all kinds of lipids 

in both directions. But in contrast to flippases, they are conserved in eukaryotes and 

located in the plasma membrane. Furthermore, they are regulated by calcium ions, 

responsible for destroying the asymmetry of the plasma membrane and therefore, 

involved in apoptosis.103-106  

While activated scramblases destroy the asymmetry of plasma membranes, the 

energy-depended translocases are in charge of formation and maintenance of bilayer 

asymmetry. These can be sub-divided into two classes of protein families: the P-type 

ATPases subfamily and the ABC transporter family. Both translocate phospholipids 

uni-directionally via ATP hydrolysis. In general, P-type ATPases can be divided in five 

subfamilies (P1-P5) and share the same role of pumping ions and forming a 

phosphorylated intermediate during their catalytical cycle.107,108 While P1 to P3-type 

ATPases are found in all three domains of life, P4-type ATPases are only present in 

eukaryotes. They are so-called flippases and transport specific lipids (mainly PC, PE 

and PS) from the outer to the inner leaflet of membranes against a concentration 

gradient energized by ATP hydrolysis.109 In mammals, 14 P4-type ATPases are 

present. Among them, the best studied member is ATP8B1, also called familial 

intrahepatic cholestasis 1 (FIC-1). ATP8B1 is also expressed among others in the 

hepatocytes, where it is specifically located in the canalicular membrane (see 

Introduction, Figure 1), similar to ABCB4. ATP8B1 specifically flips lipids of the PS 

family from the outer to the inner leaflet.110-112 Here, ATP8B1 plays a pivotal role in the 

initiation and maintenance of the transversal lipid asymmetry of the plasma membrane 

and mutations lead to progressive familial intrahepatic cholestasis type 1 

(PFIC1).113,114 Due to the loss in function, membrane asymmetry is disintegrated and 

the protection against harsh bile acid detergent action is lost.115 

The second energy-dependent translocases are ABC transporters. The ABC 

transporters are huge and diverse in prokaryotes and eukaryotes. For example, in the 

human genome there are 48 genes encoding ABC transporters which can be divided 
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in seven subgroups (A-G).116,117 The general features and architecture of ABC 

transporters are well described in the introduction section.16 Therefore, the lipid 

transport mechanism of ABC transporter in general and especially ABCB4 will present 

the focus here. Not all ABC transporters are translocases. A list of human lipid ABC 

transporter is provided in 118, but it includes transporters, which are nowadays known 

to not transport lipids. Namely, these are ABCA2 and ABCG5/G8, which recognize 

cholesterol. Additionally, ABCB11 and ABCC2 transport bile acids and the latter one 

also transports bilirubin, while ABCD1 translocates fatty acids, but none of them is a 

lipid floppase. Hence an updated list is provided in Table 2. 

 

Table 2: Overview of lipid translocating ABC transporters.  

 

name distribution in 

human cells 

Substrate(s) Related 

disease 

Ref. 

ABCA1 Ubiquitous Phospholipids, 

cholesterol 

Tangier 

disease 

119,120 

ABCA3 Lung Surfactant lipids Surfactant 

metabolism 

dysfunction 3 

121,122 

ABCA4 Retina Phosphatidyl-

ethanolamine 

Stargardt 

disease 

123-127 

ABCA12 Lung, skin Lipids including 

ceramides 

Harlequin 

ichthyosis 

128-130 

ABCB1 Ubiquitously, 

in various tissue 

Glycosphingolipids 

Short chain lipids 

(low transport efficiency) 

Inflammatory 

bowel disease 

131-133 

ABCB4 Hepatocytes Phosphatidyl-choline 

lipids 

PFIC3 23,24,13

4-136 
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The transport mechanism of ABC transporters and especially how they flop lipids 

is not yet completely understood. In general, the “alternating access” model is still the 

most favored one for transport by an ABC transporter.137,138 The model is described in 

detail in section 1.2. of the introduction.16 However, the development in molecular 

dynamic simulations and the progress in cryo-EM has led to a number of important 

structures of ABCB1 in different conformations.43,81,139,140 Hence, the transport 

mechanism of ABCB1 was refined.141,142 A recent publication postulates a ”twist and 

squeezing” mechanism for ABCB1.143 Hence, each ABC transporter might resemble 

an individual transport mechanism and the general model has to be adopted regarding 

the specific task of each ABC transporter.  

For lipid transport, two models for ABC transporters have been proposed: i) the 

vacuum cleaner model and ii) the floppase model (see Figure 2). The vacuum cleaner 

model postulates that the lipids are extracted from the inner leaflet, enter the binding 

cavity provided by both TMDs and released into the extra cellular space.144-146 The 

problem with this model is the amphiphilic character of lipids and the complete 

exposure to water after the release from the transporter. Therefore, a complete 

hydration of the lipid has to be assumed. But the energy needed for a complete 

hydration of a lipid cannot be provided by an ABC transporter, assuming that only one 

transport cycle is sufficient for lipid export. Hydrolysis of one to two ATP molecules 

does not provide the energy needed for transport and hydration of the lipid.146,147 

Hence, the vacuum cleaner model was extended to the activated model of ABC 

transporter. Here, the transport pathway is similar to the vacuum cleaner model. The 

lipid enters the binding cavity from the inner leaflet and is transported to the 

extracellular space. But instead of hydration of the energetically-activated lipid, it is 

taken up by an acceptor.1,146,148 One well accepted example for this model is the 

heterodimer ABCG5/G8 (Figure 2), which secretes cholesterol from the inner leaflet 

into the bile canaliculi, where it is taken up by the mixed micelles. 1  
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Figure 2: Representation of the different models of transport by ABC transporters. Left: The 
vacuum cleaner model for possible bile acid transport by ABCB11 (PDB 6LR0)37. TMDs are represented 
in blue and NBDs in brown color. The substrate enters the binding cavity from the cytosol and is released 
into the extracellular medium. Middle: The activated model with acceptor proposed for ABCG5/G8. 
Structure is taken from PDB 5DO742. ABCG5 is colored in light blue (TMD) and red (NBD), while ABCG8 
is highlighted in dark blue (TMD) and red (NBD). Here, the substrate activates the transport and enters 
the binding pocket laterally from the lower leaflet. Hence, it is secreted into the medium, where it is taken 
up by an external acceptor. Right: Transport of lipids as proposed for ABCB4 (PDB 6S7P)61. TMDs are 
shown in blue, while NBDs are represented in brown color. The specific lipid (red head) is taken up via 
a lateral gate into the binding pocket and switched by 180° to be released into the upper leaflet. The 
Figures were created with Pymol version 2.3.4 and PowerPoint 16.16.  

 

The second model is the floppase mechanism of lipid transport by ABC transporter. 

It is less favored and often not postulated for ABC transporters, because it requires the 

lipid to perform a 180° turn within the transport step. Similar to the other models, the 

lipid enters the binding cavity and is then assumed to flop due to the conformational 

change of the ABC transporter. Subsequently, the lipid is not released but rather 

integrated into the extracellular leaflet.149 The most intriguing point in this model is how 

does the flop occur within the binding cavity. Recent work published by Prescher 

et al. 150 demonstrates an alternative pathway for the floppase model of ABCB4. 
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4.3.2   Lipid translocation by ABCB4 

ABCB4 is an ABC transporter specifically located in the canalicular membrane of 

hepatocytes of mammals where it has only one function. It flops lipids of the PC family 

from the inner to the outer leaflet of the bile canaliculi, where PC-lipids form mixed 

micelles with bile acids and cholesterol, secreted by ABCB11 and ABCG5/G8, 

respectively. 12,23,134,151-153 While most other ABC transporters accept a broader 

spectrum of substrates, the three ABC transporters of the bile triumvirate (ABCB4, 

ABCB11, ABCG5/G8) share a high substrate specificity. Detailed information about 

the three ABC transporters and bile formation are provided in the introduction.16 

Further information and a more detailed summary about ABCB4 is provided in the 

current thesis as a second review (see chapter 1).154 In this section, only the recent 

updates regarding the transport mechanism of ABCB4 are discussed. 

To measure lipid transport in an environment of lipids, like membranes or mixed 

micelles, is rather challenging. One common way is to measure the lipid content of the 

medium in absence and presence of an acceptor medium, either of the cells expressing 

ABCB4 or membrane vesicles containing ABCB4.27,30,31,155-158 Actually, all the studies 

demonstrated that in presence of an acceptor medium (often albumin or bile acids), 

the PC content in the medium was significantly increased, while in its absence, no PC 

could be measured31. Hence, the activated vacuum cleaner transport method was 

postulated for ABCB4. However, nowadays there is evidence in mouse and rat about 

the formation of phospholipid patches at the canalicular membrane.159,160 Furthermore, 

the formation of fluid microdomains consisting mainly of PC lipids 159-162 was proven. 

These microdomains would then be solubilized by the bile acids and thereby form the 

mixed micelles without disintegration of the membrane. This theory became more 

evident as it was observed that large portions of the bile triumvirate ABC transporter 

gather in specific microdomains of the canalicular membrane of rat hepatocytes.163 

Additional bioinformatic analysis provided mathematical evidence for this alternative 

model.4 Briefly, it described that monomeric bile acid enter the external leaflet of the 

canalicular membrane, when the cmc is reached in the bile canaliculus. The bile acids 

form liquid disordered patches that pull off from the external leaflet as nanometer-scale 

mixed micelles. This model is consistent with crucial experimental findings and may 
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provide further details about formation of bile and mixed micelles. Subsequently, this 

means that measuring the PC content in the media informs only about the amount of 

PC that is extracted by the acceptor medium (i.e., bile acids in this case) and does not 

provide any detail about the export mechanism or its rate. To overcome this issue, 

other methods are required which directly measure activity or transport of ABCB4. 

ATPase activity measurement is an indirect evidence for transport, which in general is 

used for ABC transporters and it is feasible to conclude that ATPase stimulation by a 

certain substrate is linked to its transport.164 However, the measurement of ATPase 

activity in native membranes is challenging due to the background activity of other 

ATP-hydrolyzing proteins, without knowledge of a specific inhibitor for ABCB4. Here, 

solubilization and purification of ABC transporters offers a solution. In case of ABCB4, 

it is possible to purify the transporter which enables the direct measurement of kinetic 

parameters.6,7  

This was recently used to study the mechanism and selectivity of ABCB4.150 

Structural and amino acid comparison of the two highly identical transporters, ABCB1 

and ABCB4, revealed the main differences are clustered within the transmembrane 

helices (TMHs) facing the lipid bilayer. One cluster was found in the TMH1, constituting 

about 18% of all differences. Especially, the exchange of three non-polar amino acids 

in ABCB1 to polar equivalents in ABCB4 was surprising. From a thermodynamic point 

of view, it is not favorable to place these types of amino acids into the bilayer. They 

may function as anchor points for the choline headgroup during the transport cycle. 

Furthermore, sequence alignment revealed that this exchange of amino acids in 

ABCB4 is conserved in up to 50 different species. Subsequently, TMH1 was postulated 

to be favorable to fulfill a credit card like floppase mechanism. Hence, a new way of 

lipid flop was postulated (see Figure 3), which does not need the binding cavity of 

classical ABC transport.  
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Figure 3: Different stages of possible translocation of PC lipids in a long TMH1 of ABCB4. The 
ABC transporter is represented in blue color. TMH1 is highlighted in green and the PC lipid with a red 
head. Starting at the upper left corner, PC lipid is recognized and “loaded” while ABCB4 is in the outward 
open confirmation. Next (upper right) due to ATP binding and NBD dimerization, ABCB4 is in the outward 
closed confirmation. Hence, PC lipid is shifted upwards along TMH1. In the next step (lower right corner), 
the PC lipid is pushed into the upper leaflet by the movement of the TMDs into inward-facing 
conformation. This movement is indicated by ATP hydrolysis and NBD dissociation. In the last step, 
ADP is released (apo state), a new PC lipid can be recognized at the lower end of TMH1 and the 
transport cycle can restart. The Figure was created with PowerPoint version 16.16.  

 

Starting from the apo form, PC lipids are recognized and ABCB4 is `loaded´ with 

the PC lipid at Q52 of TMH1, pushing the transporter into an outward open 

conformation. Since, no ATP is bound, the NBDs are in contact but not yet dimerized. 

Next, ATP is loaded and NBDs dimerize. This movement is transferred to the TMDs, 

especially TMH1, and allows the choline headgroup to move to S58. By hydrolyzing 

ATP, the transporter changes from the outward closed to an inward facing position, 

which in this case leads to a conformationally change in TMH1 to literally push the 

choline headgroup towards S69 and the lipid into the outer leaflet. Lastly, ADP is 

released and the cycle can restart.  
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Based on all the research findings, a mode of bile formation can be postulated (see 

Figure 4). ABCB4; ABCB11 and ABCG5/G8 are located in close proximity in a specific 

lipid raft. By flopping PC lipids into the outer leaflet via a credit card mechanism, 

ABCB4 creates a high abundance of PC lipids there. Subsequently, they gather in a 

specific microdomain of the external leaflet. Next, bile acids secreted by ABCB11 into 

the bile canaliculi are accumulated until the cmc is reached. Then they start to 

solubilize the microdomain / external leaflet by entering the PC-rich domain as 

monomeric bile acids. They form disordered patches of bile acid and PC lipids, which 

pinch off as mixed micelles on the nanometer-scale. However, it is rather uncertain if 

cholesterol is secreted into the external medium and then accepted by the mixed 

micelles or it is only lifted into the outer leaflet and bile acid extracts PC lipids and 

cholesterol. Since, the vacuum cleaner mode of action is suggested for ABCG5/G8, it 

might be that cholesterol is directly released into the bile canaliculi and the mixed 

micelles are the acceptor medium. Hence, crystallization of cholesterol and gallstone 

formation is prevented. This could explain why purified ABCG5/G8 is only active in 

presence of bile acids above their cmc.3 Additionally a study observed a correlation 

between cholesterol content of the membrane and ABCB11 activity.33  

This indicates an interplay of both transporters and their substrates. Less amount 

of bile acids in the bile canaliculus would result in less mixed micelles and a less active 

ABCG5/G8. Subsequently, cholesterol accumulates in the canalicular membrane, 

which then would increase again the release of bile acids by ABCB11, to provide higher 

amount of bile acids and mixed micelles in the bile canaliculus. Hence, enough 

acceptor medium (mixed micelles) is present to ensure cholesterol is transported 

without the risk of crystallization. As a consequence, ABCB4 has to constantly provide 

fresh PC lipids and should also be capable of recognizing bile acids and cholesterol. 
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Figure 4: Scheme of bile formation at the canalicular membrane of hepatocytes. For a better 
overview, biological composition, proportions and distribution of various molecules within the bilayer are 
omitted. 1) Bile acids are transported across the canalicular membrane by ABCB11 (PDB 6LR0) likely 
by the vacuum pump mechanism. 2) Subsequently, bile acid concentration accumulates in the bile 
canaliculus and bile acid micelles are formed if the cmc is exceeded. 3) Parallelly, ABCB4 (PDB 6S7P) 
flops specifically PC lipids from the inner to the outer leaflet by the recently proposed credit card like 
mechanism. 4) Subsequently, the PC lipid accumulates in close range to ABCB4 and form 
microdomains mainly consisting of PC lipids provided by ABCB4. 5) Bile acid with their harsh detergent 
mechanism enter the PC-rich lipid rifts and form a nanometer scale patch of PC lipids enclosed by bile 
acids. 6) Next, these patches pull off in form of mixed micelles. 7) Cholesterol is secreted into the bile 
canaliculus by ABCG5/G8 (PDB 5DO7) via the activated model transport mechanism and 8) lastly, 
cholesterol is incorporated into the mixed micelles, which acts as necessary acceptor medium. The 
Figure was created with Pymol version 2.3.4 and PowerPoint 16.16. 
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4.4    ABCB4 recognizes substrates of other bile 

triumvirate transporters 

As stated above, with progress in bile triumvirate research, it became more evident 

that the proposed orchestrated ensemble of these ABC transporters is true, at least for 

ABCB11 and ABCG5/G8. Furthermore, one had to consider that measuring the lipid 

concentration in the external media with an acceptor medium like BSA or bile acid 

provides only information about the extraction potential of these acceptors and not the 

actual ABCB4 transport activity. Presently, the transport of PC by ABCB4 and 

extraction into the media are viewed as two different processes. Hence, the question 

is raised whether ABCB4 is activated in a similar manner by the substrates of its 

neighbors? And how to measure this in an environment of lipids which are preferably 

extracted by the testing molecules (e.g. bile acids). Here, using solubilized and purified 

ABCB4 to measure the modulation of ATP hydrolysis offers an elegant solution. It is 

the main aim of the current work to investigate the effect of all bile acids present in 

humans, as well as the medically-relevant versions of UDCA, including new nor-UDCA 

(see chapter 3).165 

 

4.4.1   Bile acid origin, composition and 

chemical properties 

Bile acids are divided into primary and secondary bile acids based on their 

chemistry and origin. The primary ones are cholic (CA) and chenodeoxycholic acid 

(CDCA) (see chapter 3, Figure 1) and derived from cholesterol. Synthesis takes place 

exclusively in the hepatocytes of liver. Bile acid synthesis exhibit two pathways: i) the 

neutral one, which either ends in CA or CDCA, and ii) the acid pathway, which only 

leads to the formation of CDCA. The enzymes and the individual steps involved are 

extensively explained in a review by Norlin and Wikvall.166 Hence, it is not surprising 

that with ~ 47%, CDCA is the major bile acid in a healthy female. CA makes up ~ 33% 

of the bile in the gallbladder. Interestingly, the two pathways are active differently in 

males. Here, CA is the major bile acid with ~53%, while CDCA makes up only ~33% 

of the bile present in the gallbladder of males.9 After synthesis, primary bile acids are 
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conjugated with either taurine or glycine. Astonishing, the conjugation with both amino 

acids is performed by the same enzyme.167,168 However, there is a difference regarding 

the major conjugation present in different mammals and animals. A study investigating 

the conjugation in different animals and humans demonstrated two possibilities167: 

i) either the bile acid-CoA:amino acid N-acyltransferase (BAT) displays the highest 

affinity towards the major conjugation or ii) BAT displays a higher affinity towards the 

non-major conjugation. However, in the latter case the amino acid of the minor 

conjugation is present in low concentrations to ensure conjugation with the major 

amino acid. An example for this latter behavior is exhibited by rabbits. Rabbits 

exclusively form glycine conjugations, but BAT displays a high affinity towards taurine 

in vitro. Due to the absence of taurine in rabbit liver, they form glycine-conjugated bile 

acids.167 Human BAT displays three times lower Km towards taurine (Km = 1.8 mM) 

than glycine (Km = 5.6 mM).168 Consequently, one has to consider second behavior of 

BAT and a higher abundance of glycine in human hepatocytes. 

Secondary, bile acids, namely deoxycholic acid (DCA) and lithocholic acid (LCA) 

(see chapter 2, Figure 1), are derived from the primary ones. As part of the hepatic 

circulation, bile acids are secreted into the intestine where bacteria convert the primary 

ones into the corresponding secondary ones.152,169 By a multi-step pathway, the 

primary bile acids are dehydroxylated at position 7. Subsequently, DCA derives from 

CA, while LCA is the corresponding secondary bile acid of CDCA. Additionally, bacteria 

perform isomerization and other changes to bile acids. Since these changes only 

constitute a minuscule part of the bile acid composition, these are often referred to as 

“others”. Furthermore, bacteria deconjugate bile acids up to almost 100%. All details 

about intestinal biotransformation of bile acids are well summarized in a review by 

Ridlon, Kang and Hylemon et al.169 Interestingly, secondary bile acid distribution in the 

gallbladder is quite similar in females and males. DCA makes up ~14% / ~9%, while 

LCA constitutes ~ 1.6% /~ 1.5%, in female and male, respectively.9 However, it is hard 

to explain the discrimination between the two as approximately 95% of bile acids are 

taken up again. Analysis of human faeces provides an explanation. Faeces comprises 

of only ~ 2% of each primary bile acid, while secondary bile acids (including the 

“others”) make up more than 90% of faecal bile pool. DCA and LCA are present in high 

quantities, representing 34% and 29%, respectively. Hence, a high conversion rate of 

primary bile acids and a discrimination in reuptake is concluded.170    
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Figure 5: Bile acid composition in the gallbladder and faeces in healthy humans. Numbers are 
adapted from 9,169,170. Pie diagrams were created with Excel 2016. 

 

The special bile acid ursodeoxycholic acid (UDCA, see chapter 3, Figure1) and its 

variants sometimes are called tertiary bile acids. In humans, UDCA can be found in 

low amounts (~2%) in bile, nearly the same amount is found in faeces (~2%).166,170 

This suggest a negligible uptake of UDCA in the colon and insignificant portion of the 

bile pool in hepatocytes. Hence, under natural circumstances, the bile triumvirate is 

not affected by versions of UDCA. On the other hand, UDCA and the shortened Nor-

UDCA are used as treatments in different liver diseases.171-180 In case of UDCA 

treatment, it replaces the majority of bile acids and becomes the most prominent one. 

For UDCA, it is known that it is conjugated with glycine and taurine in hepatocytes, but 

Nor-UDCA is not recognized by BAT due to the shortened side chain. However, one 

study demonstrated that conjugation is essential for the anti-cholestatic effect.181 

Subsequently, both bile acids and its variants are interesting to test on ABCB4. Some 

Nor-UDCA was kindly provided by Prof. Dr. Dieter Häussinger, University Hospital 

Düsseldorf, to test its effect on ABCB4. Due to the availability of limited quantities, it 

was possible only to test the unconjugated version. 
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One essential characteristic of all bile acids is the formation of micelles due to their 

amphipathic nature. Since, bile acids differ in number of hydroxy groups, their position 

and stereo chemistry, bile acids display a broad spectrum of physical differences. The 

concentration at which micelle formation starts is called critical micelle concentration 

(cmc). One unique quality of bile acids is that they have two cmcs.182 The first one 

displays a kind of intermediate state, where the concentration of free bile acids still 

rises but is not equal to the concentration of added bile acids, as the bile acid micelles 

also increases in size and number. Finally, at the second cmc, bile acids behave like 

a classic detergent and an increase of total bile acid concentration does not increase 

the concentration of free bile acids anymore. However, micelles of the first cmc also 

have a detergent force. Since the aim was to investigate the effect of monomeric bile 

acids and avoid the detergent effect of bile acid micelles in the assay, it was performed 

below the first cmc. Because the environment also influences the cmc of detergents, 

the cmc of all applied bile acids in the current work were determined under the same 

conditions as in the ATPase activity assay. Only the detergent FC-16 present in the 

ATPase activity assay was omitted, as it created a high background signal. For 

measuring the cmc, a fluorescence-based assay was chosen containing the 

hydrophobic dye Hoechst 33342.183 The fluorescence of the dye increases 

proportionally to the micelle concentration. Subsequently, the different bile acids were 

first dissolved in the ATPase assay buffer (without FC-16), diluted and then the dye 

was added. In case of more hydrophobic bile acids, DMSO was added but a constant 

proportion of DMSO (1%) was ensured in all dilutions. Fluorescence was measured at 

37°C with a Tecan M200 plate reader and after the background correction data was 

analyzed with equation 4 (chapter 2, Material and Methods, Determination of the critical 

micelle concentration). In general, the assay can be described as easy and fast, since 

it is possible to measure either a number of different detergents or a broad 

concentration spectrum in a single 96 well plate. In case of water-soluble bile acids, a 

single measurement exhibited the expected curves (see Figure 6A). In contrast, 

preparation of the dilutions in DMSO of bile acids were more time consuming and 

complex. Additionally, the result sometimes displayed an increasing background, 

resulting in a moderate slope below the actual cmc (see Figure 6B). However, when 

the cmc is reached the slope displayed a significant increase and it is possible to 
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calculate the actual cmc. The cmc was determined for each bile acid used (see chapter 

2; Table 3). 

 

 

Figure 6: Examples of bile acid cmc determination by increasing fluorescence of the dye Hoechst 
33342. After background correction, fluorescence counts are plotted against the bile acid concentration 
and fitted with equation 3 of chapter 3 using GraphPad Prism. A: An example fit of a fully water-soluble 
bile acid (GDCA). B: Example of a bile acid dissolved in 1% DMSO in solution. An increase of 
background fluorescence in the range from 0 to 2 mM can be observed. The fit displays the actual cmc 
based on the slope starting at ~ 2 mM. These fits and Figures were created using GraphPad Prims 5. 

 

All bile acids have a cmc higher than 1 mM, excepting TLCA, which displays a cmc 

in the range of 140 µM. Unfortunately, GLCA and LCA could not be dissolved under 

the current conditions, even though DMSO concentration was increased up to 5%. 

Higher DMSO concentrations were not suitable for purified ABCB4. However, based 

on cmc of the other bile acids, cmc of G/LCA can be estimated to be in a range of 100 

to 200 µM. It is not totally unexpected that LCA versions have the lowest cmc. TLCA 

is used to initiate liver cholestasis in rat.181,184 In general, cmc increased with number 

of hydroxy moieties. Primary GCA exhibited the highest cmc with 4.1 mM. Furthermore, 

conjugation of bile acids has a higher impact than the position of the hydroxy moiety. 

Within the same core bile acid, glycine conjugation shows the highest cmc. While the 

change of hydroxy moiety from position 7 (CDCA) to 12 (DCA) does not result in any 

change for the taurine and unconjugated versions. However, a minor decrease of the 

cmc for glycine conjugated bile acids was observed if the hydroxy moiety position was 
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changed from 7 (GCDCA) to 12 (GDCA). Additionally, the switch from the - to the β- 

position at the carbon moiety 7 (CDCA UDCA) reveals a further decrease in cmc 

values. In case of glycine conjugation, a decrease of ~ 400 µM is observed. In contrast 

the switch from the - to the β- position at the carbon moiety 7, is negligible within the 

error range for taurine conjugated and unconjugated bile acids. The surface distribution 

of the hydroxy moieties may provide an explanation (Figure 7).  

 

 

Figure 7: Comparison of the surface of bile acids. Bile acid surface representation was established 
with ChemDraw Professional 16.0. Green represents carbon atoms, while in red is oxygen, blue 
represents nitrogen and sulfur is displayed in yellow color. Hydrogens were hidden for a better overview. 
Black dashed lines represent the beginning of the side chain, which either harbors a carboxyl group or 
can be conjugated to taurine or glycine. Although, the side-chains can move freely in theory, in aqueous 
solution it is proposed to align with the hydroxy moieties of the core and form a hydrophilic side. In 
contrast, the carbon atoms form a hydrophobic side as indicated for TCA. Bile acids are aligned to 
highlight the major differences due to hydroxy moiety positioning. The Figure is adapted from 
Hofmann 185. 

 

While the side chain (acid group or conjugation) of bile acids can theoretically turn 

360°, the hydroxy moieties at positions 3, 7 and 12 are fixed due to their 

stereochemistry. It is proposed, that the hydroxy moieties of the side-chain orient 

towards the side of the fixed hydroxy moieties, as indicated in Figure 7 for TCA. 

Subsequently, a hydrophobic and hydrophilic side would form. Of course, in case of 
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CA versions, this side is filled with polar hydroxy moieties. In CDCA, the two remaining 

hydroxy moieties are in close range, while in case of DCA, the polar groups are further 

apart. This could explain the decrease in cmc of DCA. Furthermore, the hydroxy moiety 

at carbon atom 7 of UDCA is in ß-position compared to all other bile acids (α-position). 

In Figure 7, the differences through this change became obvious. The hydroxy moiety 

is now placed at the border of the originally hydrophilic and hydrophobic sides. Hence, 

the hydrophilic surface is shifted which might explain the decrease in the cmc. 

However, the surface distribution of the hydroxy moieties in the pictured bile acid 

cannot explain why UDCA is considered as the most hydrophilic bile acid.171 Indeed 

the order of bile acids regarding their cmc does change, if the second cmc is taken into 

account. Here, UDCA exhibit the highest cmc (~17 mM), followed by CA (~13 mM), 

while CDCA and DCA display similar cmc values of 7-8 mM. LCA was not measured.186 

However, in this study the first cmc is not taken into account at all. The determined 

cmc values in the current thesis (chapter 2, Table 3) are in good agreement with the 

values of first cmc measured under similar conditions.187,188 

 

4.4.2   Monomeric bile acids modulate the 

ATPase activity of ABCB4 

ABCB4 research could clearly demonstrate that ABCB4 specifically transports 

lipids of the PC family 23,134,161 and contributes to the formation of asymmetry at the 

canalicular membrane. Subsequently, ABCB4 is the major reason behind the specific 

lipid composition in mixed micelles and bile. Furthermore, it seems obvious that bile 

acids play an important role in ABCB4 and bile formation. There are evidences which 

indicate the function of bile acids as an acceptor for lipids and important for lipid 

extraction. However, recently it could be demonstrated for the first time that monomeric 

bile acids modulate solubilized and purified ABCB4 ATPase activity. Furthermore, the 

current study demonstrates a correlation between the level of stimulation and bile acid 

cmc (see chapter 2).165 Here the in vitro system of a solubilized and purified ABCB4 

displayed its advantages in contrast to a system where ABCB4 is still in a lipid 

environment. As stated in chapter 2, the first assays only consisted of ABCB4 

solubilized in FC-16 with minor impurities, buffer, salt and bile acids in a concentration 
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range of 0 to 1000 µM and ATP/Mg2+. Hence, it was possible to measure ABCB4 

specific activity. ABCB4 ATPase activity was modulated by all tested bile acids, 

including the unconjugated versions and the two bile acids derived detergents CHAPS 

and CHAPSO (see chapter 2, Figure 3 and 4, as well as Table 1 and 2). In case of the 

hydrophobic LCA bile acids, only TLCA was not precipitating within the set-up and 

therefore, could be tested. Unfortunately, for Nor-UDCA, no conjugated versions were 

available and subsequently only unconjugated Nor-UDCA was tested. However, 

examining at least Nor-UDCA was of utmost importance, as stated later in section 

4.4.3.  

The results in chapter 2 demonstrated that conjugation is not necessary for 

stimulation but enhances the modulatory effect of bile acids significant. In case of the 

two primary bile acids CA and CDCA, this effect is more distinct than for the secondary 

bile acid DCA and the medically relevant bile acid UDCA. Here, conjugation increased 

maximal stimulation from 3 to 75%, while conjugation of primary bile acids resulted in 

an addition from ~86 to 423%. However, conjugation is favored and contributes to 

higher stimulation levels in case of all tested bile acids. Regarding the differences 

within the conjugations, glycine conjugation displayed a stronger effect, except in case 

of CDCA. In case of CDCA, the highest maximal stimulation was observed for taurine 

conjugation. Compared to GCDCA, TCDCA displaying an approximately 200% higher 

stimulation. A preference regarding conjugated, especially glycine conjugation, for 

human ABCB4 can be easily explained with the bile acid distribution amongst humans 

(see Figure 5). However, one has to also consider distribution of the amino acids for 

conjugation. In section 4.4.1, the enzyme responsible for conjugation BAT was 

introduced. It sometimes displays an in vitro affinity towards taurine, although the host 

organism mainly exhibits glycine conjugation. Hence, the actual distribution of 

conjugated bile acids is regulated by the concentrations of both amino acids within 

hepatocytes. A similar case could be true for ABCB4 and TCDCA. Because in vivo 

GCDCA is present in high amounts, TCDCA has to stimulate ABCB4 stronger than its 

counterpart to exhibit the same effect on total PC lipid transport. However, then it 

should also be true for the other bile acids or at least the other primary bile acids 

G/TCA, but it is not. Unfortunately, the current set up cannot provide an answer. An 

actual transport assay is needed, but is not yet established and exhibits several 

problems (see section 4.5 Outlook).  
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To understand the importance of conjugation, the two CA-derived detergents 

CHAPS and CHAPSO were investigated. They exhibit the same basic atomic skeletal 

structure as CA but are conjugated with 1-propanesulfate or 2-hydroxy-1-

propanesulfate, respectively. Both detergents exhibited nearly identical maximal 

stimulations and EC50 values. However, in comparison to the unconjugated CA, 

maximal stimulations were approximately halved. Hence, this unnatural conjugation is 

not preferred. Taken together, conjugation is not necessary for stimulation but 

definitely recognized and natural conjugations are favored by ABCB4. 

Another chemical property which definitely has an influence on ABCB4 modulation 

is the stereo center at position 7. CDCA and UDCA versions only differ in the steric 

position of the hydroxy moiety at carbon atom 7. However, modulation of ABCB4 and 

EC50 values vary between these two bile acids. G/TUDCA and unconjugated UDCA 

displayed a significant lower maximal stimulation but an increased EC50 value, 

compared to the corresponding CDCA versions. Interestingly, Nor-UDCA, which is only 

shortened by one methylene group, displayed double maximal stimulation compared 

to UDCA and an even higher maximal stimulation than the unconjugated CDCA. 

However, the EC50 value for Nor-UDCA was identical to UDCA. Hence, the stereo 

chemistry of bile acids alters both the maximal stimulation and the EC50 value, but 

side chain shortening only alters the maximal stimulation. Subsequently, ABCB4 might 

recognize the hydroxy moiety at position 7 and at least human ABCB4 favors the -

position. In literature, shortening of the side-chain is known to have a major effect on 

the hydrophobicity of bile acids.189  

Dehydroxylation at position 7 results in the harmful LCA bile acid. TLCA represents 

all LCA versions in the current setup, since GLCA and LCA are not soluble. TLCA was 

the only bile acid demonstrating a reduced ABCB4 activity. However, TLCA was also 

the only bile acid exhibiting a cmc below 1 mM. Therefore, ATPase activity was 

measured in presence of monomeric as well as micelle-forming TLCA. The cmc TLCA 

exhibited under the current conditions is ~140 µM. Hence, between 50 and 140 µM 

monomeric TLCA reduces the ATPase activity of ABCB4. At higher concentrations 

(400 to 500 µM), a 50% reduction is observed and reaches a saturation (600 to 1000 

µM). This might be due to the special intermediate between first and second cmc of 

bile acid. At the first cmc bile acids start to form micelles, mostly consisting of a small 

number of bile acids (maximum 10 ions), but also the concentration of free bile acids 
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can increase.190 Only if the second cmc is reached, bile acids behave like normal 

detergent and form large secondary micelles without further increase of free bile 

acids.190 In between the range of the first and second cmc, it remains unclear what is 

actually happening. Hence, it is rather complicated to postulate what is happening in 

case of TLCA. From the current experimental setup, it can only be stated that 

monomeric TLCA in a range of 50 to 140 µM, reduces the ATPase activity by ~35 to 

40%. A further increase in TLCA concentrations up to 500 µM led to in a saturation at 

-50% of basal ATPase activity. However, TLCA results emphasize the importance of 

hydroxy moieties within bile acids regarding the modulation of ABCB4 ATPase activity. 

As a last approach, a bile acid mixture identical to bile acid composition in a healthy 

human was tested. The mixture comprised of GCDCA, TCDCA, GCA, TCA GDCA and 

TDCA in a ratio of 21:19:24:16:13:7 as described in literature.3,191,192 Similar to 

individual bile acids, the effect of the mixture was investigated in a concentration range 

of 0 to 1000 µM total bile acids. It exhibited a similar sigmoidal stimulation pattern as 

the individual bile acids, especially the primary ones. Also, maximal stimulation with 

566% is in good agreement of primary bile acids. This was expected since the 

conjugated version of the two primary bile acids comprises 80% of the mixture. Yet, 

the EC50 value was significantly shifted towards higher concentrations. But this can be 

explained with the lower concentration of individual bile acids present within the 

mixture. Subsequently, higher concentrations of the mixture are necessary to reach 

the concentration, where the bile acid starts to stimulate ABCB4 in our setup. 

Nevertheless, the bile acid mixture represents the natural composition and no 

significant difference to the kinetics of individual bile acids was observed. Hence, it can 

be used for further investigations.  

Next, the different maximal modulation values were plotted against the given cmc 

under the same conditions (see chapter 2, Figure 5). The plot revealed a linear 

correlation between cmc and maximal stimulation of all tested natural bile acids and a 

correlation coefficient r2 of 0.83. This correlation shows that ABCB4 recognizes bile 

acids by their physical properties. It also represents the approximate composition of 

bile acids within the bile. Less harsh CA and CDCA versions are the major bile acids 

in both sexes of the human race. Hence, the prioritization of bile acids by ABCB4 might 

result from the evolution in bile composition of humans. 
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It is feasible for ABC transporters to link an increase in ATP hydrolysis to substrate 

transport. In case of ABCB1, most substrates indeed stimulate its ATPase activity.164 

This raises the question whether bile acids are a substrate of ABCB4? The simple 

answer is no. In vivo data and analysis of PFIC3 patients clearly demonstrated that 

ABCB4 contributes only to the PC lipid content of the bile. However, from the results 

of chapter 2, a modulator- or chaperone-like action of bile acids was concluded. A 

similar action of bile acids was also concluded for ABCG5/G8.3 Furthermore, an 

orchestra-like interplay is assumed for the transporter and substrates of the bile 

triumvirate.1 Hence, it would make sense if the substrates of specific other ABC 

transporters naturally modulate each other in any kind of way. This could contribute to 

the maintenance of the sensitive equilibrium in bile. 

However, it remains still unclear whether ABCB4 is active in the absence of bile 

acids in vivo. A study demonstrated that the lipid extraction into the extracellular 

medium is similar if ABCB1 is expressed (control) or ABCB4 is expressed but cells are 

not treated with bile the bile acid (TCA was used in this study).31 Only if ABCB4 was 

expressed and medium contained 1 mM TCA PC lipid was detected in the extracellular 

medium.  Subsequently, one possibility could be that in the absence of bile acids, 

ABCB4 only contributes to the asymmetry of the canalicular membrane but PC lipid 

lifting is enhanced in presence of bile acids. However, under natural conditions, ABCB4 

is always in an environment containing bile acids at both sides of the lipid bilayer.  

To summaries this important section of discussion, ABCB4 is modulated by bile 

acids and this might contribute to the abundance of PC lipids in the outer leaflet which 

subsequently are extracted by the bile acid micelles to reduce the harsh detergent 

properties.  

 

4.4.3   ABCB4 recognizes bile acids in 

presence of DOPC 

Although bile acids constitute the majority of bile present in gallbladder with nearly 

70%, cholesterol, which comprises only 10% of gallbladder bile, should not be 

underestimated. Improperly incorporated cholesterol easily crystallizes in the bile or 
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gallbladder (gallstone disease). Detailed information about the gallstone disease are 

summarized in the review 193. However, PC lipid containing mixed micelles are the 

acceptor for secreted cholesterol in humans. Hence, the question arises whether 

cholesterol can also modulate ATPase activity of ABCB4 in the current setup? 

Although complicated but the answer is yes. Cholesterol is insoluble in water and a 

variety of organic solvents, which do not form two phases with an aqueous buffer. But 

cholesterol can be dissolved into a lipid environment. Since DOPC (naturally absent in 

the canalicular membrane) displayed similar kinetic ATPase parameters as liver PC 

extract7 and the highest amongst a number of tested PC lipid variants194, it is feasible 

to choose it as a substrate analog for ABCB4 research. DOPC concentration in in the 

current setup was set to 300 µM to ensure maximal stimulation by an actual substrate.7 

This maximal stimulation by DOPC was then set to 100%. This should ensure that any 

modulation of ATPase activity of ABCB4 is a result of cholesterol.  

Since cholesterol is insoluble in water and organic solvents are unacceptable for 

the ATPase assay, it was mixed as powder with DOPC powder in different ratios. 

Subsequently, the mixture was dissolved in chloroform and used for formation of small 

unilaminar vesicles (SUVs), as stated in the protocol by Geertsma et al. (Step 1-4).195 

Hence, these SUVs contained different cholesterol ratios and were added to the 

ATPase activity assay. ABCB4 was stimulated by the cholesterol present in DOPC 

SUVs. Since DOPC is a substrate of ABCB4 but was always present at 300 µM, 

ABCB4 ATPase activity is increased above the maximal stimulation, which can be 

achieved by DOPC. This means DOPC, representing PC lipids in this setup, have a 

maximal effect on ABCB4 ATPase activity. However, other compounds like cholesterol 

can increase this activity above the DOPC maximal stimulation, starting at a ratio of 

0.5 (cholesterol/DOPC). At ratios of 1.0 to 2.0 of cholesterol to DOPC, ABCB4 ATPase 

activity was doubled by cholesterol compared to DOPC maximal stimulation (see 

chapter, 2 Figure 7). However, an increase in the cholesterol/DOPC ratio to 3.5 did not 

result in a further increase of this additional stimulation of ATPase activity. This is in 

line with the published data for mouse ABCB11 and ABCBC2.2,33 For example, the 

transport of the actual substrate of ABCB11 (bile acids) was significantly increased in 

presence of higher cholesterol levels 2, similar to the findings presented in this thesis 

(chapter 2). 
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Subsequently, it was tested if monomeric bile acids exhibit an effect on ATPase 

activity of ABCB4 in presence of DOPC, similar to the approach with cholesterol. 

Indeed, G/TCA, GCDCA, GDCA and Nor-UDCA significantly stimulated ATPase 

activity of ABCB4 on top of the maximal DOPC stimulation (which was set to 100%, 

see chapter 2, Figure 8). Among these, Nor-UDCA exhibited the highest stimulation in 

presence of DOPC. For the bile acids CA, TCDCA, GUDCA and UDCA, it is 

questionable if they actually stimulate ABCB4 further within the experimental error 

range. However, CDCA, TDCA and TUDCA exhibited no effect on the ATPase activity 

of ABCB4 in presence of DOPC. In contrast, CHAPS/O and TLCA definitely reduced 

the ATPase activity to half in presence of DOPC. Comparing these results with the 

outcome of the kinetics of induvial bile acids, a more distinctive picture of human 

ABCB4 is presented.  

Glycine-conjugated bile acids and TCA increased the ATPase activity of ABCB4 

in presence of DOPC. This confirms that the glycine-conjugated versions are favored 

by ABCB4. Furthermore, the enhancement by G/TCDCA is inversed in presence of 

DOPC compared to the induvial kinetics of these bile acids. As discussed in section 

3.3.3.2, TCDCA exhibited a higher maximal stimulation compared to its counterpart 

GCDCA, but in presence of DOPC, GCDCA exhibited the higher effect. However, 

taurine versions of primary bile acids still stimulate ABCB4 in presence of DOPC. In 

contrast, the taurine version of the secondary bile acids DCA and UDCA displayed no 

effect. Nevertheless, one has to consider the actual contribution of these bile acids. In 

humans, it is considered that only ~40% of bile acids are conjugated with taurine. 

Hence, the secondary bile acid TDCA for example only makes up approximately 3.5% 

to 5.5% of total bile present in the gallbladder. In case of the secondary bile acid 

TUDCA, it is only ~0.8%. In contrast, TCA makes up 13% and 21% of total bile present 

in the gallbladder of females and males, respectively. Subsequently, there might be 

less need to specifically recognize taurine-conjugated secondary bile acids. Taken 

together, bile acid stimulating ATPase activity of ABCB4 in presence of DOPC is more 

in line with the distribution of bile acids in human bile. ABCB4 favored bile acid naturally 

present in high abundance in human, which ensures high amount of PC lipids at the 

extracellular leaflet of the canalicular membrane. 

The effect of TLCA on the ATPase activity of ABCB4 was similar in presence and 

absence of DOPC. In both cases it was reduced by 50%. This might be to characteristic 
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of TLCA forming micelles at significantly lower concentrations compared to other bile 

acids. This result could explain how TLCA induces cholestasis in TLCA-treated rat 

liver.181,184 The bile pool of these rats is changed and consists of mainly TLCA, which 

then reduced the PC lipid concentration as stated in one of the studies.184 

Subsequently, cells of the bile canaliculi are not protected from the harsh detergent 

mechanism of bile acid, especially TLCA.  

The two bile acids derived detergents CHAPS and CHAPSO exhibited a reversed 

effect in presence of DOPC compared to their kinetics. While in absence of DOPC, 

both exhibited a stimulation, they displayed a reduction of nearly 50% in presence of 

DOPC. Subsequently, in presence of PC lipids, unnatural conjugation is less favored 

and exhibit a negative effect on ATPase activity of ABCB4. 

UDCA and its conjugated versions, are all well-established treatments for liver 

diseases.172,174,175 However, they exhibited a rather small to no effect on the ATPase 

activity of ABCB4 in presence of DOPC. This is in good agreement with another study 

that demonstrated UDCA did not increase the PC release of ABCB4 WT and a 

mutant.27 Additionally, among the four mechanisms of UDCA treatment, none has a 

direct effect on ABCB4. The known mechanisms of UDCA are: (I) protection of injured 

cholangiocytes against toxic effects of bile acids, (II) stimulation of impaired biliary 

secretion, (III) detoxification of hydrophobic bile acids, and (IV) inhibition of apoptosis 

of hepatocytes. However, it is not clearly understood which of these mechanisms plays 

a primary role in providing beneficial effects of UDCA in cholestatic liver diseases.196 

The results of this thesis only emphasize that UDCA versions exhibit no direct effect 

on ABCB4.  

In contrast, the shortened Nor-UDCA version exhibited the highest stimulation of 

ATPase activity of ABCB4 in presence of DOPC among all tested bile acids. It 

increased the maximal stimulation of ABCB4 in presence of DOPC by ~400%. This is 

more than two times higher compared to the stimulation by GCA in presence of DOPC, 

which exhibited the highest maximal stimulation of all human bile acids. Additionally, a 

definite difference between the two UDCA versions becomes obvious. Subsequently, 

another mechanism of action for Nor-UDCA has to be considered. Nor-UDCA 

becomes more promising in ABCB4 research and its related diseases. Furthermore, 

conjugation of Nor-UDCA and Nor-urso versions of other bile acids (especially primary 
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bile acids) should be considered in future. However, it was not possible to test these 

within the current thesis due to the limitation of these bile acids and their conjugations.  

In a last approach, the effect of bile acids (represented here by the bile acid 

mixture) and especially Nor-UDCA, should be tested in presence of DOPC and 

cholesterol. This would represent the natural environment of ABCB4 as close as 

possible in the current set up. Furthermore, it allowed testing the limitations of ATPase 

activity of ABCB4. Therefore, maximal cholesterol stimulation (1.5:1 cholesterol: 

DOPC, based on the findings from the current research work, chapter 2 Figure 7) was 

ensured in all approaches. Indeed, the bile acid mixture could further stimulate the 

ATPase activity of ABCB4 in presence of DOPC as well as in presence of both DOPC 

and cholesterol (see chapter 2 Figure 9B). The activity was enhanced by further 50%. 

Hence, bile acid can further increase the maximal ATPase activity possible by DOPC 

and cholesterol. Subsequently, it can be interpreted that both bile acid and cholesterol 

exhibit each an individual additive effect. It was possible for the first time to 

demonstrate a direct effect of all three major parts of the bile (bile acids, PC lipids and 

cholesterol) at the same time. This is the proof that the orchestra theory is at least true 

for ABCB4. However, Nor-UDCA exhibited a significant higher effect on the ATPase 

activity of ABCB4 in presence of DOPC and cholesterol. Adding Nor-UDCA to DOPC 

and cholesterol doubled the ATPase activity of ABCB4. The effect of Nor-UDCA is 

unique and outstanding within all tested bile acids, whether in presence of DOPC or 

DOPC and cholesterol. As stated above, this represents a novel mechanism of Nor-

UDCA and can lead to various approaches for bile acids and ABCB4 research in the 

future. Even a clinical trial on patients with liver PC absence due to the failure of ABCB4 

is considered in a future cooperation with the group of Professor Keitel-Anselmino from 

the university hospital Düsseldorf.  

Taken together, all tested bile acids modulate ABCB4, both as individual 

monomers and within the bile acid mixture. Furthermore, a correlation between the 

cmc and maximal modulation of individual monomeric bile acids could be presented. 

Additionally, a stimulatory effect of cholesterol content in DOPC SUVs was 

demonstrated. More importantly, the modulatory effect by bile acids persisted even in 

the presence of DOPC and exhibited a stimulation pattern similar to natural bile acid 

composition in humans. Bile acids mixture was also able to stimulate ABCB4 further in 
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presence of DOPC and cholesterol. However, the new and outstanding effect of Nor-

UDCA on ABCB4 displays the potential for ABCB4 and bile acid research in the future.  

 

4.5    Outlook 

Although, it is not always necessary that new insights or findings culminate in a 

solution as it rather forms a foundation for further research. Modulation of ABCB4 by 

monomeric bile acids as presented in chapter 2, is a totally new contribution to the field 

of ABCB4 research. However, two major questions arised:1) What is the location of 

interaction and from which side do bile acids reach towards ABCB4? 2) What is the 

detailed mechanism of ABCB4 stimulation by bile acids? In this outlook it is briefly 

described whether a transport assay could answer the above questions. Additionally, 

the major challenges and limitations in different transport-based assays for lipids in a 

lipid environment, are addressed. 

 

4.5.1   Reconstitution of ABCB4 

Although working with solubilized and purified membrane proteins like ABC 

transporters has a variety of advantages as stated above, it also has a few 

disadvantages: i) since it does not represent the natural environment, it could result in 

an artificial behavior; ii) the current set up is not feasible to distinguish if interaction 

takes place from the cytoplasm or extracellular medium and iii) detergents might affect 

the transporter. An example for the later one would be LmrA, which displays 

approximately four times higher activity in FC-16 than in DDM.197 This might be even 

worse if the detergent and the substrate share a similar structural element which is 

specifically recognized, like in case of ABCB4 (DOPC and FC-16). Of course, this 

problem can be overcome by testing the effect of detergent on the transporters as it 

was performed with ABCB4. FC-16 inhibited ABCB4 at a concentration higher than 

three times the estimated cmc.194 Hence, the FC-16 concentration in all assays was 

chosen below this level. Nevertheless, it is not that easy to overcome the other 

disadvantages. Although working with solubilized and purified ABC transporters is a 

well-established and accepted method for characterization but the optimum best option 
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is to return to the natural environment. One way is the reconstitution of ABC transporter 

into lipid vesicle or synthetic membranes. Advantage of reconstitution is that one can 

specifically chose the environment, like lipid composition, cholesterol content and 

labeling of lipids. Disadvantage of this system is that the orientation of ABC transporter 

has to be managed.198 A good starting point for ABCB4 reconstitution might be 

provided by the protocols used for ABCB1 reconstitution.132,199-202 

However, is reconstitution the best way to study the effect of bile acids on ABCB4? 

Reconstitution might allow to incorporate ABCB4 in a controlled lipid environment but 

how does one observe PC lipid flop in a lipid environment? One elegant solution might 

be the use of NBD-labeled PC lipids.22,25 However, one must ensure to maintain the 

membrane integrity, by creating a mixed membrane with a limited amount of NBD-

labeled PC lipids and also limiting the time of transport. Further disadvantages of SUVs 

are the size and the effect of curvature on translocation velocities. Both problems might 

be solved with giant unilamellar vesicles (GUVs). Size, curvature and extraction can 

be ignored in GUVs, but unfortunately GUVs are more unstable and difficult to handle 

than SUVs.203  

Regarding an experiment with bile acids, one has to ensure the proteoliposome 

integrity. Based on the current data (see chapter 2), bile acids should be used below 

their cmc. Since bile acids tend to integrate into the leaflets or accumulate at the leaflet 

surface, they could create a local high concentration although overall concentration is 

below the cmc. Hence, they might destabilize the liposomes or extract lipids. Therefore, 

testing the effect of bile acids on the liposomes in advance is necessary and can also 

serve as a control experiment.  

 

4.5.2   Transport in a cell-based assay 

To completely understand the transport by ABCB4 and to investigate the exact 

mechanism of bile acids and cholesterol, a suitable transport assay is needed. Since 

ABCB4 is a PC lipid floppase, a classical transport assay that measures export across 

a membrane is not appropriate for ABCB4. One possibility via cell-based assay is the 

extraction of lipids by BSA.25,27 However, as stated at the beginning of the discussion 

(4.5), lipid translocation, surface presentation and extraction seem to be different steps 
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and there is no guarantee that extraction is equivalent to transport. It may allow 

monitoring the general differences in the abundance of PC lipids in the outer leaflet but 

not the translocation rate by ABCB4. It gets even more complex if bile acids are added, 

since bile acids extract lipids Hence, similar to the reconstitution system discussed in 

the section above (4.5.1), an assay to directly monitor PC flop is required. One futuristic 

and not yet tested alternative might be the use of brominated PC lipids and quenching 

by tryptophan incorporation. Since tryptophan quenching occurs in a range of four to 

five times less than the size of a membrane (~8Å 204 vs 30Å to 40Å 205), a well-

positioned tryptophan mutant would allow to monitor the position of the lipid. Especially, 

if PC flop is really performed along TMH1, one could introduce tryptophan mutants to 

create an asymmetry at different ends of TMH1. This would enable the analysis of the 

possible crucial position in TMH1. Of course, the mutants have to be tested with 

regards to the protein function. In case these ABCB4 mutants can also be integrated 

in a membrane (e.g., a cell membrane, liposomes or membrane vesicles), this should 

allow a proper transport monitoring. Subsequently, bile acids may be added to the 

system at levels which do not destroy the membrane. This would enable to investigate 

the effect of bile acids on the translocation process.   

What about the polarized cell system with stable transfected Na+-taurocholate 

cotransporting polypeptide (NTCP), ABCB4, ABCB11 and ABCG5/G8? In 2016, the 

group of Bruno Stieger managed to stably transfect the LLC-PK1 cell line with the three 

ABC transporters of the bile triumvirate and NTCP, which is necessary for bile acid 

uptake.30 It was possible to cultivate these cells in trans-well plates creating a pseudo 

basal and apical membrane. The transporters were correctly located within the 

membranes and also active. This system was further used to study the effect of 

antifungal drugs on ABCB4 and its role in DILI. However, it is remarkable how it was 

possible to create a cell-based system representing a hepatocyte with a functional bile 

formation system. Not only does it enable studying the passage of bile acids through 

the cell but it might also enable us to study ABC transporters as integrated entities. 

Additionally, the response of the three ABC transporters towards their mutual 

neighbors’ substrates could be investigated. The system has a high potential to 

investigate the different scenarios occurring during bile formation. Furthermore, it 

allows to test the effect of the absence, inhibition or changed activity of the ABC 

transporters. Furthermore, the important mutants in ABCB4, ABCB11 and the change 
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in bile can be studied. It has the potential to provide deeper insights into the mechanism 

of protection by (Nor-) UDCA or other drugs. Due to the NTCP and bile acid passage 

through the cell, the side of the ABC transporter through which bile acids effect ABCB4 

and ABCG5/G8 could be identified. However, this system might not provide insight 

about the mechanism of action of bile acids on these two transporters. In both cases, 

a detailed transport assay is required. If the assay (for example bromide quenching for 

ABCB4) can be transferred into this cell line, it would be a convenient tool which might 

allow more detailed study of the bile triumvirate than done earlier. Nevertheless, it is 

imperative to first understand the mechanism behind transport and it would also 

provide some insights into ABCB4 research. Monitoring the transport could allow better 

differentiation between translocation, accumulation and extraction of PC lipids and 

subsequently solve the mystery behind modulation of ABCB4 by bile acids and 

cholesterol. 
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dass jeder seinen eigenen Weg gehen kann.  

An meine Mutter, die mich ebenfalls bei allem unterstützt hat und mir gerade in den 

Sprachen sehr geholfen hat. Du hast mich gelehrt, dass Fleiß, Willenskraft und ein Ziel 
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allem unterstützt.   

An meinen Bruder, der mir auf seine Art gezeigt hat, dass jeder seinen Weg gehen 
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schwimmen und Fehler machen muss. Ich bin dankbar, dass du mein Bruder bist und 
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