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Abstract 
 

Phosphate-binding loop (P-loop) containing proteins are ubiquitous proteins which fulfill diverse 

biochemical functions. These range from involvement in signal transduction, transport of substances 

across membranes to protein translation and DNA repair. The common ground of almost all these 

proteins is the P-loop. The P-loop (also called “Walker A“ motif) is a glycine-rich loop responsible for 

binding the triphosphate moiety of nucleotides like ATP or GTP. Another highly conserved motif, the 

“Walker B” motif, is found together with the P-loop and is involved in nucleotide hydrolysis. 10-18 % of 

all sequenced genomes encode for P-loop harboring proteins. This doctoral thesis is dedicated to two 

P-loop proteins, the ATP-binding cassette (ABC) transporter bile salt export pump (BSEP, ABCB11) 

involved in the transport of bile salts across the membrane of hepatocytes in the human liver and 

Csn2, a protein involved in an inheritable, adaptive immune system of bacteria called clustered 

regularly interspaced short palindromic repeats/CRISPR-associated-system (CRISPR/Cas-system). 

 

The first two chapters of this doctoral thesis deal with the Cas protein Csn2 from Streptococcus 

agalactiae. The CRISPR/Cas-system is an adaptive, bacterial immune system which relies on the 

integration of small fragments of foreign nucleic acids into a specific locus in the genome of bacteria, 

the CRISPR array. This array is subsequently transcribed and the resulting RNA is matured into small 

CRISPR-RNAs (crRNAs) and foreign nucleic acids are destroyed by an RNA-interference-like 

mechanism using the crRNAs as probe. To elucidate the function of Csn2 in the obscure integration 

mechanism of foreign nucleic acids into the CRISPR array, structural and biochemical techniqus were 

employed. First, the three-dimensional structure of Csn2, using X-ray crystallography, was solved to 

2.0 Å resolution. Csn2 is a ring-shaped, stable tetramer with a conserved structural P-loop and 

“Walker B” motif, which are degenerated on the amino acid sequence level. Neither binding nor 

hydrolysis of nucleotides could be measured, but Csn2 showed a calcium-dependent binding of 

double-stranded DNA (dsDNA) in a sequence-unspecific manner. Further biochemical analysis 

revealed that dsDNA gets threaded into the inner hole of Csn2 on free DNA ends. This behavior is 

similar to the Ku protein involved in pro- and eukaryotic non-homologous end-joining (NHEJ) and 

therefore a model for the Csn2 role in foreign nucleic acid integration is proposed. 

 

Chapters three to seven are dedicated to the human ABC transporter BSEP. This P-loop containing 

membrane transporter utilizes the energy of ATP hydrolysis to transport bile salts across membranes. 

Mutations within its gene can cause severe cholestatic diseases requiring the ultimate therapy of liver 

transplantation. To characterize human BSEP in vitro, a cloning and mutagenesis strategy for the 

instable BSEP cDNA was established. With this approach, an overexpression of human BSEP at high 

levels in the methylotrophic yeast Pichia pastoris was possible and allowed its purification in milligram 

quantities for the first time. For the purification, a set of over 100 different detergents was screened to 

identify detergents, which were able to solubilize BSEP out of the yeast membrane. BSEP was able to 

bind to nucleotides in detergent solution. Furthermore, a vesicular uptake assay relying on P. pastoris 

plasma membranes expressing human BSEP was established. The Michaelis-Menten constants for 
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bile salts were similar to published data. With the help of this method, a clinically relevant BSEP 

mutation, the BSEP G374S mutation could be investigated, showing a reduced transport. The 

mutation likely affected the substrate-binding site and the transport assay explained the patient’s 

symptoms.  

In summary, two complete different P-loop containing proteins could be characterized, showing the 

importance of this “small” structural element once again. 
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Summary in German 
 

Phosphatbindende-Schleife (P-Loop) Proteine sind ubiquitär und an zahlreichen biochemischen 

Funktionen beteiligt. Diese reichen von Signaltransduktionsprozessen, dem Transport von Molekülen 

oder Ionen über biologische Membranen bis hin zur Translation von Proteinen und DNA 

Reparaturmechanismen. Ihre Gemeinsamkeit ist das Vorhandensein des P-Loops. Der P-Loop (auch 

„Walker A“ Motiv genannt) ist eine Glycin-reiche Schleife, die für die Bindung des Triphosphats von 

Nukleotiden wie ATP oder GTP verantwortlich ist. Ein weiteres Motiv, das „Walker B“ Motiv kommt 

gemeinsam mit dem P-Loop in demselben Protein vor und ist an der Hydrolyse dieser Nukleotide 

beteiligt. 10-18 % aller sequenzierten Genome codieren für P-Loop enthaltende Proteine. Diese 

Dissertation beschäftigt sich mit zwei P-Loop Proteinen, dem ATP-bindenden Kassette Transporter 

(ABC Transporter) bile salt export pump (BSEP, ABCB11), der den Transport von Gallensalzen über 

die kanalikuläre Membran von Hepatozyten vermittelt, sowie mit Csn2. Csn2 ist Bestandteil des 

clustered regularly interspaced short palindromic repeats/CRISPR-associated Systems (CRISPR/Cas-

System), einem bakteriellen, adaptiven Immunsystem. 

 

Die ersten beiden Kapitel beschäftigen sich mit Csn2 aus Streptococcus agalactiae. Das 

CRISPR/Cas-System ist ein adaptives Immunsystem, das auf der Integration von kurzen, nicht-Wirt-

Nukleinsäurefragmenten in einen speziellen genomischen Lokus, dem CRISPR Lokus, beruht. Dieser 

Lokus wird nachfolgend transkribiert und die erhaltende RNA weiter in kleine CRISPR-RNAs (crRNAs) 

prozessiert. Diese crRNAs dienen als Sonde zum Auffinden von fremder Nukleinsäure, welche dann in 

einem RNA-Interferenz ähnlichen Mechanismus zerstört wird. Csn2 ist an der Integration fremder 

Nukleinsäurefragmente in den CRISPR Lokus beteiligt. Der zugrunde liegende Mechanismus der 

Integration ist nur rudimentär verstanden. Um daher die Rolle von Csn2 im Integrationsmechanismus 

zu klären, wurden strukturelle und biochemische Methoden angewandt. Zunächst konnte mit Hilfe der 

Röntgenstrukturanalyse die dreidimensionale, räumliche Struktur von Csn2 mit einer Auflösung von 

2.0 Å bestimmt werden. Csn2 besitzt eine „Ring“-ähnliche, tetramere Struktur mit einem Loch in der 

Mitte, sowie einen P-Loop und ein „Walker B“ Motiv, die auf Aminosäureebene jedoch degeneriert 

sind. Es konnte weder die Bindung noch die Hydrolyse von Nukleotiden gezeigt werden, jedoch war 

Csn2 in der Lage doppelsträngige DNA Calcium-abhängig und Sequenz-unspezifisch zu binden. 

Weitere Analysen zeigten, dass Csn2 freie DNA Enden benötigt, die durch die freie Mitte von Csn2 

eingefädelt werden können. Dieses Bindeverhalten ähnelt dem Bindeverhalten des Ku Proteins, 

einem Protein, das sowohl bei Pro- wie auch Eukaryonten am nicht-homologen Endjoining beteiligt ist. 

Daher wird ein ähnlicher Mechanismus für Csn2 bei der Integration von fremden 

Nukleinsäurefragmenten im CRISPR/Cas-System postuliert. 

 

Kapitel drei bis sieben beschäftigen sich mit dem Leber-lokalisierten P-Loop ABC Transporter BSEP. 

BSEP nutzt die Energie der ATP-Hydrolyse zum Transport von Gallensalzen über biologische 

Membranen. Mutationen im BSEP Gen können zu schweren, cholestatischen Krankheiten führen, 

deren letzte Therapiemöglichkeit die Lebertransplantation ist. Um das humane BSEP in vitro zu 
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charakterisieren, wurde eine Klonierungs- und Mutagenesestrategie für die instabile cDNA von BSEP 

entwickelt und etabliert. Mit dieser Strategie war es möglich BSEP für das Pichia pastoris 

Überexpressionssystem zu klonieren und BSEP zum ersten Mal rekombinant in P. pastoris 

herzustellen. Für die Isolierung von BSEP aus P. pastoris Membranen wurden über 100 verschiedene 

Detergenzien getestet, um adequate Detergenzien für die weitere Aufreinigung zu identifizieren. In 

Detergenzlösung war BSEP in der Lage an Nukleotide zu binden. Somit konnten die Expression, 

Reinigung, sowie erste Bindestudien für humanes BSEP erfolgreich etabliert werden. Weiterhin wurde 

ein vesikulärer Transport-Funktionstest etabliert, der auf P. pastoris Plasmamembranen beruht, die 

BSEP enthalten. Die Michaelis-Menten Konstanten für zwei Gallensalze ähnelten den bereits 

publizierten Daten, die mit anderen Expressionssystemen erhalten wurden. Mit Hilfe dieses Systems, 

sowie der Klonierungs- und Mutagenesestrategie war es möglich eine klinisch relevante BSEP 

Mutation, BSEP G374S, zu charakterisieren. Der Transport von Gallensalzen durch das mutierte 

BSEP war drastisch reduziert, sodass die cholestatischen Symptome des Patienten mit dieser BSEP 

Mutation durch einen Transportdefekt zu erklären sind. 

In dieser Arbeit wurden zwei Proteine charakterisiert, die als gemeinsames Motiv den P-Loop 

aufweisen, was die Bedeutung des P-Loops als strukturelles Element in vielen verschiedenen 

Proteinen mit diversen Funktionen unterstreicht. 
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1 Introduction 
 

1.1 P-loop NTPases – An overview 

 

Nucleotides such as adenosine triphosphate (ATP) or guanosine triphosphate (GTP) 

are protein ligands found to be important in all aspects of life ranging from the 

transport of molecules and ions across membranes to signal transduction, translation 

or DNA repair [1]. ATP is the universal energy “currency” of the cell. Molecules like 

glucose, which are taken up with food, get metabolized and the energy is stored in 

the triphosphate group of ATP [2]. Whenever an endergonic cellular process requires 

energy, ATP becomes hydrolyzed and the chemical potential energy stored in ATP 

gets liberated. The hydrolysis products of ATP, ADP and orthophosphate (Pi) are 

thermodynamically more stable and hydrolysis delivers a free energy that amounts to 

-30.5 kJ/mol [3]. A huge subset of proteins must be able to bind nucleotides like ATP 

or GTP to use them for their designated cellular processes. The binding of ligands to 

proteins is a crucial step for many aspects of cellular physiology. Molecular 

recognition is strictly dependent on the three-dimensional arrangement of the 

protein’s ligand-binding site as well as the ligand itself. Distinct protein binding motifs 

have evolved to accurately bind nucleotides like ATP or GTP [4]. A highly conserved 

motif, in amino acid sequence and structure is the phosphate-binding loop, also 

called P-loop, which is the most abundant nucleoside triphosphate (NTP) binding 

motif found in eu- and prokaryotes as well as in archaea. [4]. Almost 10 – 18 % of 

every sequenced genome to date encodes proteins containing a P-loop [5]. The P-

loop was originally identified by Sir John Walker and colleagues in different proteins 

in 1982 and is therefore also named the “Walker A” motif [6]. Its consensus sequence 

is referred to as GxxxxGK[S/T] (where x can be any amino acid), but can also slightly 

deviate [7]. Structurally, the P-loop has been found to be a glycine-rich loop. It 

accurately positions the triphosphate, more precisely the β- and γ-phosphate group 

of the nucleotide by interacting via hydrogen bonds of the main chain hydrogen 

atoms with the phosphate groups [8]. The lysine residues (K) are thought to 

neutralize the negative charge of the phosphate moiety and positions the nucleotide 

in a higher-energy conformation [9]. The following serine or threonine (S/T) 

participates directly or indirectly in the binding of a magnesium ion. P-loop containing 
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proteins also contain another highly conserved motif, the “Walker B” motif [6]. The 

Walker B motif consists of a conserved aspartate or glutamate, which is preceded by 

four hydrophobic amino acids (ΦΦΦΦD/E, where Φ can be any hydrophobic amino 

acid). The function of the Walker B motif is to bind a water-bridged magnesium ion, 

which is further coordinated by the β- and γ-phosphates of the nucleotide [9]. 

Typically, P-loop NTPases hydrolyze the triphosphate nucleoside to a diphosphate 

nucleoside by attacking the β-γ phosphodiester bond. P-loop containing proteins are 

α/β sandwich proteins (Figure 1). They are three layered, which denotes that they 

exhibit a parallel β-sheet flanked on both sides by α-helices. The P-loop forms a loop 

between a β-strand and an α-helix, whereas the Walker B motif is located C-

terminally to the P-loop and forms a β-strand [10]. 

 

A 

 

Figure 1 

B 

 

Figure. 1: General overview of two P-loop containing proteins. 
The P-loop (Walker A motif) is shown in red, the Walker B motif in yellow, a magnesium ion as green 
sphere, a manganese ion as violet sphere and nucleotide analogs (phosphoaminophosphonic acid-
guanylate ester (GNP) in A and phosphoaminophosphonic acid-adenylate ester (ANP) in B) are shown 
as sticks. A) The GTPase H-ras (PDB code: 5P21) is shown, which belongs to group I with direct 
vicinity of the P-loop and the Walker B motif. B) RecA from Escherichia coli (PDB code: 1XMS) 
belongs to group II and the P-loop and the Walker B motif are separated by an additional β-strand . 
For the sake of clarity only the P-loop containing domain of RecA is shown. 

 

P-loop NTPases have been classified into two different groups [11,12]. Group I, the 

“KG”-group (kinase-GTPase-group), is defined by the direct neighborhood of the P-

loop and the Walker B motif (Figure 1A). Group II is the “ASCE” class (additional 

strand, catalytic E) and contains other P-loop NTPases which are characterized by 

an additional β-strand between the two Walker motifs (Figure 1B).  
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Group II comprises the AAA+ helicases, ABC proteins, SF1/2 helicases, and 

RecA/F1 superfamilies of ATPases and they depend on a conserved glutamate in the 

Walker B motif for hydrolysis which acts as a base [11,12,13]. The widespread 

occurrence of P-loop proteins in cellular physiology is manifested in their vast 

diversity of function. These functions include nucleic acid metabolism by e.g. 

helicases or recombinatorial proteins as well as the transport across membranes by 

e.g. ABC transporters. This doctoral thesis characterizes two different P-loop 

containing proteins essential in the bile salt transport across a membrane in 

vertrebartes as well as in a nucleic acid based bacterial immunity system.  

 

1.2 Clustered regularly interspaced short palindromic repeats 

(CRISPRs) – Bacterial immunity against foreign genetic elements 

 

The first two chapters of this doctoral thesis deal with the P-loop containing protein 

Csn2 found in a recently discovered system of prokaryotic adaptive immunity called 

the CRISPR/Cas-system. This system is able to equip a prokaryotic organism with a 

set of small DNA fragments of viral or plasmid origin to fight invading foreign DNA of 

the same origin by an RNA interference-like mechanism. The system depends on two 

different levels, the DNA level, which is represented by clustered regularly 

interspaced short palindromic repeats (CRISPRs), as well as on the protein level by 

Cas proteins (CRISPR-associated proteins), which bind and cleave nucleic acids. 

How these different levels cooperate to achieve the survival of the prokaryote is 

described in more detail below. 

 

1.2.1 A brief history of the CRISPR/Cas-system 

 

Microorganisms have evolved several strategies to survive in the fight against 

viruses. These include blocking the adsorption of phages to host cell receptors by 

masking or mutating them or blocking DNA injection into the host cell by proteins 

[14,15]. After foreign DNA has invaded the cell, the next level of defense is the well-

known restriction-modification system (R-M system). To date four different types of 

restriction enzymes (type I – IV) have been discovered [16]. The host DNA is usually 

methylated by a methyltransferase allowing the cell to discriminate between its own 
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and foreign DNA and is thus protected against cleavage by type I – III restriction 

enzymes, whereas type IV restriction enzymes cleave foreign modified DNA. A 

further mechanism of a microbial cell is to abort infection by undergoing cell death to 

protect the microbial community [17]. The latest discovered line of defense is the 

CRISPR/Cas-system. This inheritable, adaptive prokaryotic immune system was first 

recognized in 1987 by Ishino and coworkers when they found sets of 29 nucleotide 

(nt) long repeats interspaced by short (32 nt), non-repetitive sequences (spacers) 

downstream of the iap gene responsible for isozyme conversion of alkaline 

phosphatase in Escherichia coli [18]. In the last decade, more of those arrays where 

discovered in sequencing projects and in 2002, the term CRISPR/Cas was coined by 

Jansen [19]. In 2005, it was recognized that the spacer DNA in the CRISPR arrays 

was derived from viral or plasmid DNA [20,21,22] and finally in 2007, Barrangou [23] 

and coworkers experimentally proved that the CRISPR/Cas-system was able to 

provide bacterial immunity against viruses. Since then important advances to unravel 

the molecular mechanism of action of the CRISPR/Cas-system have been achieved. 

 

1.2.2 Architecture and mode of action of the CRISPR/Cas-system 

 

CRISPR/Cas-systems consist of the CRISPR array and a set of distinct cas genes 

upstream of the CRISPR array located in the genome of microorganisms (Figure 2). 

The CRISPR array is defined by conserved DNA repeats with a size between 20 to 

50 nt and spacer sequences with approximately the same length of viral origin or 

plasmid DNA connecting them [24,25,26]. The number of spacer-repeat units as well 

as the length of the repeat sequence varies between different organisms [27]. 

Located upstream of the CRISPR array, an A-T base pair rich DNA region, called the 

CRISPR “leader”, functions as a promotor [28]. A set of diverse cas genes is located 

even further upstream. These cas genes encode proteins and between four to ten 

are found within the CRISPR/Cas-operon in different organisms [29]. Because of 

gene and locus organization, CRISPR/Cas-systems have been categorized into three 

basic types with further subtypes (type I A-F, type II A-B and type III A-B) (Figure 2) 

[30]. 
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Figure 2: Overview of the CRISPR/Cas-system structure and the different cas gene operons. 
Cas genes are shown as arrows, the leader sequence as black box, repeats as black diamonds and 
spacers as colored rectangles. Cas genes have been classified into three main types with further sub-
classifications. 

 

The Cas1 and Cas2 proteins are hallmark proteins. These nucleases are found in 

every cas gene operon, whereas the other Cas proteins are subtype specific. 

Although they differ in their Cas protein endowment, the global mechanism 

underlying the CRISPR/Cas-system is conserved. The mechanism can be divided 

into three main stages (Figure 3). The first stage is the acquisition stage (I), where 

foreign DNA is taken up and gets integrated into the CRISPR array as spacers. The 

second stage (II) is the expression of the CRISPR array. Thereby, crRNA gets 

transcribed, processed and is used as probe to detect foreign DNA. Foreign DNA is 

subsequently degraded by Cas proteins in the third stage (III), the interference stage. 

All three stages are explained in more detail below. 
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Figure 3: CRISPR/Cas mode of action. 
The CRISPR/Cas-system acts in three steps: I) spacer acquisition, II) expression and maturation and 
III) interference. In type I and type II systems the selection of protospacers from foreign genetic 
elements depends on the PAM-motif, but how the PAM is recognized is still obscure. Cas1 and Cas2 
are hallmark proteins of the CRISPR/Cas-system and are very likely involved in spacer integration, as 
well as Csn2 in type II systems. In the second step, the CRISPR array gets transcribed, which 
produces a long primary CRISPR transcript (the pre-crRNA). The pre-crRNA gets cleaved into smaller, 
mature crRNAs by different proteins depending on the type. In type I this is performed by the Cas6e, 
Cas6f or Cas5d protein depending on the subtype within the Cascade complex. In type II a small 
trans-activating-RNA (tracrRNA), RNaseIII and Cas9 are involved and in type III this maturation is 
performed by Cas6. In the interference step, the crRNAs are loaded on an effector complex (type I: 
Cascade, type II Cas9 and type III Csm or Cmr complex) and are used as probes to detect foreign 
nucleic acids and perform the digestion of the foreign nucleic acid. 
 

1.2.3 The spacer acquisition step – Csn2 as a hallmark for type II systems 

 

The first step in gaining immunity against foreign genetic elements is the integration 

of a short piece of this foreign nucleic acid into the CRISPR array. This piece is called 

the protospacer and is identified by a protospacer-adjacent motif (PAM) in the foreign 

nucleic acid fragment. PAMs are short DNA sequences between 2 to 5 nt in the 

foreign DNA and vary in sequence and location (upstream or downstream of the 

protospacer sequence) among the different CRISPR/Cas-subtypes [31]. The overall 

mechanism of spacer acquisition has still to be unraveled, but different studies 
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suggest an involvement of certain Cas proteins like Cas1 and Cas2. These two 

proteins are the hallmark proteins for CRISPR/Cas-systems, because they occur in 

all known systems. Both are conserved, metal-dependent nucleases which 

participate in spacer integration [32,33,34]. Overexpression of Cas1 and Cas2 from 

CRISPR types I-E and I-F in E. coli BL21 (DE3) resulted in spacer integration, but 

only when co-expressed . All newly acquired spacers were dependent on a PAM 

sequence and it was suggested that Cas1 and/or Cas2 recognize this motif [35]. 

Knock-out studies in type II-A systems revealed that spacer integration is dependent 

on the subtype-specific Cas protein Csn2 [23,36]. Csn2 is a calcium-dependent DNA 

binding protein [37,38] and its knock-out completely abolished spacer acquisition in 

Streptococcus thermophilus. Elucidation of the Csn2 mode of action could give an 

answer to spacer integration at least for type II-A systems or for the CRISPR/Cas-

system in general, if orthologs of Csn2 existed in other subtypes. New protospacers 

are integrated next to the leader and it has been shown that the first repeat is 

duplicated during the integration event [23,35]. How the leader sequence is 

recognized for spacer acquisition still remains obscure, but the first 60 nt are 

essential for spacer integration as shown by mutational studies [35]. Furthermore, the 

first repeat next to the leader serves as a template for repeat duplication during 

spacer integration via an unknown mechanism [35]. 

 

1.2.4 CRISPR RNA expression and maturation 

 

The next critical step in achieving immunity in CRISPR/Cas-systems is the 

expression and maturation of the CRISPR array. Once a cell is equipped with 

protospacer DNA, the whole CRISPR array is transcribed into a long RNA leading to 

a premature CRISPR-RNA (pre-crRNA). Transcription is initiated at the leader end, 

which serves as promotor [28,39,40]. After transcription, the pre-crRNA is further 

processed into small RNAs, the mature crRNAs, by nucleolytic cleavage of Cas 

proteins. The crRNAs can then be used as a probe to target foreign nucleic acids. 

The mechanism for pre-crRNA maturation differs with regard to the different types of 

CRISPR/Cas-systems. In type I systems, the pre-crRNA is processed by a multi-

protein complex called CRISPR-associated complex for antiviral defence (Cascade) 

[41,42]. Cascade binds to the pre-crRNA and a Cas protein, which is a member of 

the complex (e.g. Cas5d, Cas6e or Cas6f depending on the type I subtype) cleaves 
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the pre-crRNA within the repeat sequence at the 3´-end [43,44,45,46,47]. The repeat 

sequence is partially palindromic and results in a stable stem loop which is 

recognized by the Cas protein and cleaved 3´ within its base. The final mature crRNA 

contains an 8 nt 5´-handle, the spacer sequence and, a 21 nt stem loop at its 3´-end 

[41,44]. The Cas6 protein processes pre-crRNA in type III systems [48,49]. In this 

system, the repeat sequence is unstructured, thus does not contain a stem loop. 

Cas6 cleaves within the unstructured repeat sequence, which leads to a 69 nt long 

crRNA including a 8 nt 5´-handle [50,51]. This crRNA gets further trimmed at the 3´-

end, resulting in its complete loss of the 3´-repeat sequence. Trimming also results in 

two different long crRNA (e.g. 39 nt vs. 45 nt in Pyrococcus furiosus) [52,53].  

In contrast to type I and III systems, it was shown for type II systems that pre-crRNA 

maturation is dependent on the multidomain Cas protein Cas9, the non-Cas protein 

RNaseIII and a small RNA, the trans-activating-RNA (tracrRNA) [36,54,55]. This RNA 

was found in Streptococcus pyogenes using deep sequencing and it could be shown 

that this 25 nt long RNA was complementary to the repeat sequence. It is encoded 

upstream of the CRISPR locus and binds to the repeat sequence in the pre-crRNA. 

The RNA duplex then is processed by RNaseIII, leaving a 15 nt overhang at the 5´-

end and 21 nt overhang at the 3´-end. The duplex RNA is further trimmed at the 5´-

end leading to the complete loss of the 5´-handle and 6 nt of the spacer sequence by 

an unknown mechanism. 

 

1.2.5 CRISPR/Cas-interference – Destroying foreign nucleic acids 

 

The last stage in CRISPR/Cas action is the interference step. Large 

ribonucleoprotein complexes target the invading nucleic acids and destroy them. 

Therefore, the crRNA is base-paired with the complementary nucleic acid. In type I 

this is performed by the Cascade complex, which is still loaded with the crRNA after 

maturation [56]. The complex scans target DNA for a PAM sequence, which then is 

bound [57]. The first 8 nt of the crRNA are critical for binding to the complementary 

target sequence, the so-called “seed” sequence. Point mutations within this 

sequence in the target prevent base pairing and destruction [57]. Then, the 

endonuclease Cas3 is recruited and nicks the DNA which reduces the affinity of 

Cascade and DNA is further degraded by Cas3 [58]. 
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In contrast to type I and III systems, in type II systems the multidomain protein Cas9 

is loaded with the duplex of crRNA and tracrRNA [54,59]. The PAM as well as base 

pairing are necessary for nucleic acid degradation. Cas9 cleaves the foreign DNA at 

the base-paired as well as the non-paired strand and leaves a blunt-end cut in the 

invading DNA [54,55]. For type III systems the degradation is similar to type I and is 

achieved by the Cmr or Csm complexes, where Cmr was shown to target RNA and 

the Csm complex DNA [52,53,60,61]. In contrast to type I systems, the identification 

of the target sequence is independent of the PAM motif. This suggests a fundamental 

difference in spacer acquisition and target destruction mechanisms between the 

different systems. 

 

1.2.6 The human pathogen Streptococcus agalactiae harbors a P-loop 

containing csn2 gene 

 

Streptococcus agalactiae is a Gram-positive bacterium and the leading cause for 

neonatal infections, but can also infect older people [62,63]. Despite this potential, S. 

agalactiae is also part of the commensal microbiota in gastrointestinal and 

genitourinary tracts in healthy people. Eight genome sequences from human isolates 

have been determined [64,65]. CRISPR/Cas-systems have also been found within 

those genomes and a recent study of CRISPR spacer content from 351 S. agalactiae 

isolates showed its high dynamics and diversity of spacer acquisition [66]. 

Furthermore, spacer sequences from 10 patient isolates underlined this finding 

(unpublished results). They all varied in their spacer content as well as in their length 

showing that the CRISPR/Cas-system is active in S. agalactiae (Figure 4A). It has 

been shown that the repeat sequence is always linked to a specific CRISPR type and 

PAM motif [31]. A PAM consensus sequence is -NGG- in Streptococcus spec. This is 

linked to a type II-A CRISPR/Cas-system, a system with four Cas proteins (Figure 

4B), the ubiquitous Cas1 and Cas2 nucleases, the multidomain protein Cas9 and 

Csn2. Cas1 and Cas2 play a role in spacer acquisition, whereas Cas9 is involved in 

crRNA maturation and interference. Csn2 is indispensable for spacer acquisition step 

as shown by mutational analysis [23] and therefore, much attention has been paid to 

this protein to unravel the acquisition mechanism. 
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A 

 

B 

 

Figure 4: CRISPR/Cas activity and structure of S. agalactiae. 
A) Analysis of the spacer content of ten isolates of S. agalactiae from patients. Grey rectangles represent repeat 

sequences with the same sequence, colored obstacles represent spacer sequences from foreign origin. Each 
color stands for a different sequence. B) structure of the type II-A CRISPR/Cas-system of S. agalactiae and the 

consensus repeat sequence. Underlined is the PAM sequence (-NGG-, N= A,T,C,G) found in the repeat showing 
the link between repeat, PAM and type. 

 

As no obviously conserved protein domain could be detetcted on the sequence level, 

a 3D homology search using the Csn2 sequence from S. agalactiae resulted in 

protein structure hits all reminiscent of P-loop containing proteins involved in DNA 

metabolism or even membrane transport. In chapter 1 of this thesis, the crystal 

structure of Csn2 was solved at 2.0 Å resolution and confirmed the existence of a 

sequence degenerated P-loop, but still displayed the structural P-loop. Other proteins 

also show this characteristic; they contain a structural P-loop, but no sequence 
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homology to the P-loop consenus sequence [67,68]. Csn2 is a calcium-dependent 

DNA binding protein, binding exclusively to dsDNA and showing no binding or 

hydrolysis of nucleotides [37,38,69,70]. It forms into a stable tetramer with a 

positively charged inner hole of a diameter of ~30 Å, often found in DNA binding 

proteins. Chapters 1 and 2 try to derive a structure-function analysis to gain insight 

into CRISPR spacer acquisition.  

 

 1.3 Transport across biological membranes 

 

P-loop containing domains are not only found in soluble proteins, but are also 

present as part of membrane proteins, involved e.g. in the transport of substances 

across membranes [4]. Biological membranes are a prerequisite of life and are 

responsible for forming the envelope of a cell and shielding the interior from the 

outside [71]. The nature of a biological membrane is to provide a selective-permeable 

barrier letting pass required molecules and leaving harmful ones outside [72,73]. 

Small non-polar substances can easily penetrate membranes, whereas polar 

substances must penetrate the membrane with the help of membrane proteins. 

Prokaryotes contain only a plasma membrane (Gram-positive) or additionally an 

outer membrane (Gram-negative) [74]. Furthermore, biological membranes partition 

eukaryotic cells into different compartments possessing very specialized functions 

[1]. All these compartments like the nucleus, mitochondria, lysosymes, the Golgi 

apparatus or the endoplasmatic reticulum are defined by a unique composition of the 

membrane. In addition, biological membranes provide energy for the cell due to 

electrochemical gradients and building blocks for biosynthesis and play a role in 

signal transduction. Membrane proteins can account for up to 80 % of the 

composition of a biological membrane (e.g. lysosomal membranes) [75]. One of their 

main functions is to facilitate the transport across the membrane for large, polar 

molecules and ions by transmembrane (TM) proteins [1]. In general, membrane 

transport proteins can be classified into five classes with different subclasses 

according to the transport classification system of the International Union of 

Biochemistry and Molecular Biology (IUBMB, http://www.tcdb.org) (Figure. 5) [76]. 

Class I constitutes channels and pores and class II embraces electrochemical 

potential-driven transporters. The third class (class III) comprises primary active 
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transporters, class IV represents group translocaters while the last class, class V, 

comprises the transmembrane electron carriers. 

 

Figure 5: The five main classes of transmembrane proteins according to the IUBMB 
classification. 
I) Channels and pores mediate the facilitated diffusion of substances along their electrochemical 
gradient, whereas II) electrochemical potential-driven transporters (also called secondary-active 
transporters) are either sym- or antiporter. They couple the transport of a substance against its 
electrochemical potential (green and orange arrow, respectively) to the electrochemical downhill 
transport of another molecule (black arrow, e.g. H

+
). Class III transporters are primary active 

transporters using an energy source like ATP or light to transport against a concentration gradient. 
Group translocators (group IV) are sugar-transporting proteins. The sugar gets phosphorylated 
(P=phosphate group) while passing the membrane. The phosphorylated sugar cannot pass the 
membrane again and a concentration gradient is formed. The last class (class V) represents 
transmembrane electron carriers, which are membrane embedded electron providers. 

 

Chapters 4 to 7 of this doctoral thesis are focused on the human ATP-binding 

cassette transporter bile salt export pump (BSEP), a P-loop containing primary active 

transporter, which uses binding and hydrolysis of ATP to transport bile salts across 

membranes of hepatocytes in the liver. The next sections give a general introduction 

into ABC transporters and their mode of action. 
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1.4 P-loop ATPases involved in membrane transport – the ATP 

binding cassette transporter (ABC transporter) superfamily 

 

ATP binding cassette (ABC) transporters belong to the large superfamily of ABC 

proteins and constitute one of the largest superfamilies among primary active 

transporters [77]. ABC transporters occur in all three kingdoms of life, namely 

archaea, bacteria and eukarya. Common to all is their modular architecture 

consisting of two transmembrane domains (TMDs) and two P-loop containing ABC 

modules called the nucleotide-binding domains (NBDs) (Figure 6). They all couple 

the uphill transport of a substrate or “allocrite” [78], which is chemically not altered, 

against a concentration gradient by the binding and hydrolysis of ATP. ABC 

transporters were first identified in the mid 1980s [79] with the identification and 

cloning of the human P-glycoprotein (P-gp, ABCB1, MDR1) [80,81,82] found to be 

responsible for drug-resistance in cancer cells as well as with the maltose and 

histidine permease systems in bacteria [83,84]. ABC transporters can be divided into 

two classes. Exporters, transporting allocrites out of a cell or into organelles and 

importers taking up e.g. nutrients into the cell [85]. The latter only occur in 

prokaryotes and archaea and are further subdivided into classes I and II (Figure 6 

and below) [86]. Recently, a new class of import ABC transporters was discovered, 

the energy coupling factor (ECF) type ABC transporters [87,88]. These transporters 

consist of two NBDs (EcfA and EcfA´) and the transmembrane proteins EcfT and the 

S-component (EcfS) [89,90]. EcfS is responsible for the substrate binding, whereas 

EcfA-EcfA´-EcfT build up the energizing module. ECF transporters are widespread in 

Gram-positive bacteria and mediate the uptake of vitamins and metal ions [91]. To 

date ABC transporters with import function have not been found in eukaryotes. 

Although ABC transporters transport diverse and very heterogeneous allocrites (from 

small ions to whole proteins) and contribute to pivotal processes, they all contain the 

same blueprint with varying module alignment (Figure 6) [92]. In prokaryotes, the 

transporter modules are encoded mostly as single genes and are arranged in 

different ways, e.g. the transporter is built up of the same TMDs and NBDs or all 

modules differ. As a fifth “module”, prokaryotic importers also depend on a substrate 

binding protein (SBP) [93]. This protein binds the allocrite, e.g. nutrients like sugars 

or vitamins, and delivers them to the transporter. In Gram-negative bacteria, these 

are soluble proteins diffusing in the periplasmic space where they bind their 
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substrates, whereas in Gram-positive the SBPs are anchored to the membrane via a 

lipid anchor or a transmembrane-helix [94]. In exporter-encoded genes all modules 

can either be found in one gene leading to a full-size transporter or there is also the 

possibility of half-size transporters, where only one TMD and one NBD are encoded 

on a single gene. These half-size transporters can either homo- or hetero-dimerize to 

form the functional unit of an ABC transporter [95].  

 

 

Type I Importer 

 

Figure 6 

Type II Importer 

 

 

Exporter 

 

 

Figure. 6: Modular architecture of the three ABC transporter classes. 
The three classes are exemplified by three crystal structures. Each color displays a separate gene. 
Type I importers are represented by the maltose transporter MalEFGK2 (PDB code: 2R6G) [96]. The 
NBDs (MalK) are shown in orange, the different TMDs MalF and MalG in yellow and green, 
respectively, and the SBP MalE in red. Type II importer are represented by BtuCDF (PDB code: 2QI9) 
with the NBDs BtuD in orange, the TMDs BtuC in green and the SBP BtuF in red [97]. Sav1866 (PDB 
code: 2HYD) exemplifies the exporters [98]. This transporter is a homodimeric half-size transporter, 
each half consisting of one NBD and TMD are shown in green and blue, respectively. 

 

 

How the binding of the allocrite in the TMDs, ATP binding and hydrolysis in the NBDs 

and the subsequent translocation of the allocrite is coordinated in concert will be 

discussed in more detail in the following sections. 
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1.4.1 The transmembrane domains (TMDs) – the tunnel through the membrane 

 

The TMDs of ABC transporters form helical bundles which transverse the membrane 

and provide the translocation pathway for allocrites. Achievements of structural 

biology of whole ABC transporters over the last decade have provided a first insight 

into the nature of the TMDs [99]. To date three distinct TMD ABC transporter folds 

can be distinguished, type I ABC importer, type II ABC importer and ABC exporter 

folds [86]. Type I ABC transporter folds contain a core of five α-helices per TMD 

(Figure 7). Four α-helices (α-helices 2-5) exhibit an “up-down” topology lining the 

pore, whereas one α-helix (α-helix 1) wraps around the other four and lines the 

membrane. 

This fold was first observed in the ModABC transporter, as well as in the MetI and 

MalFGK2 transporter [96,100,101]. Type II ABC importer folds where first recognized 

for the vitamin B12 importer BtuCD from E. coli and Hi1471 from Haemophilus 

influenzae [102,103]. Within one TMD 10 α-helices are found in total and nine of 

them pack around α-helix 2 like a barrel in a complex manner (Figure 7). The last fold 

represents the exporter fold. Until today this has been detected in all solved 

structures of ABC exporters, first in the Sav1866 transporter and later in MsbA, P-gp, 

ABCB10 (PDB code: 4AYW) and TM287-TM288 [98,104,105,106]. It shows a 6 x 6 

topology, which means that each helical bundle contains six transmembrane α-

helices. It is assumed that this fold is exclusively found within exporters. Strikingly, 

this fold contains a so-called “domain swapping”. One α-helical bundle is formed by 

α-helices 1 and 2 from one TMD and α-helices 3-6 from the other TMD in e.g. 

Sav1866 [98]. 

 

Type I Importer fold 

 Figure 7 

Type II Importer fold 
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Exporter fold 

 

 
Figure 7: TMD folds of ABC transporters. 
The three different ABC transporter folds within one TMD (importer type I: MalG (PDB code: 2R6G), 
importer type II: BtuC (PDB code: 2QI9), exporter: Sav1866 (PDB code: 2HYD) are depicted. Shown 
is a cross-section of one TMD with a top view. Picture adopted from [99]. 

 

Usually it is assumed that the TMDs determine the substrate specificity by providing 

a high affinity allocrite binding pocket within the TMDs in a certain conformation [107], 

but from all known structures, only two were solved with bound alllocrites or 

inhibitors. The maltose permease binds maltose only at one TMD (MalF) via ten 

residues using aromatic interactions as well as hydrogen bonds, but not at the other 

TMD (MalG) [96]. The crystal structure of P-gp from Mus musculus was solved with 

two different inhibitors [105]. They both bind in a cavity formed within the TMDs in the 

membrane with a size of ~6000 Å3. They are bound by non-covalent interactions like 

electrostatic and van der Waals interactions, which might explain the polyspecificity 

of multidrug transporters [108]. Furthermore, the size of the cavity can theoretically 

accommodate more than one substrate or is filled with cholesterol to infill the cavity 

when an allocrite is bound regarding to the “cholesterol fill-in” theory. This model tries 

to explain how an ABC transporter can transport various distinct allocrites with the 

same binding site by the use of cholesterol [109]. Given the flexibility for allocrite 

binding there are also hints that some ABC importers might not have an allocrite-

binding site at all, but are just dependent on the substrate binding protein (SBP) 

delivering the allocrite. Thus the TMDs just present a site for short-term passage 

during the allocrite’s pathway [110]. Common to all TMDs is that they have 

intracytosolic loops (ICLs). They differ in length depending on their function as im- or 

exporters. ICLs of exporters are ~20-25 Å distant from the membrane interface 

because the TMDs of exporters have extended α-helices compared to the importer 

TMDs. The ICLs are short α-helices forming the interface between the TMDs and the 

NBDs and translate the binding and hydrolysis of ATP to allocrite transport and vice 
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versa, thus they are also called coupling helices (CHs) [111] and are explained in 

more detail in 1.4.3. 

1.4.2 The nucleotide-binding domain (NBD) – the heartbeat of an ABC 

transporter 

 

Nucleotide-binding domains are the cytosolic localized modules of ABC transporters 

containing the P-loop. They are responsible for powering allocrite transport by the 

binding and hydrolysis of ATP, thus they act as the motors of the transporter 

[112,113]. In contrast to the TMDs, NBDs are highly conserved within all three 

domains of life in respect to sequence features as well as structural shape. Structural 

and biochemical studies of isolated NBDs have greatly contributed to the 

understanding of their mechanism [114,115,116,117,118]. NBDs are assembled of 

two domains, a catalytic subdomain (CSD) and a helical subdomain (HSD), which 

leads to an L-shaped appearance (Figure 8). The two domains are hinged by two 

loops, the Q-loop and the Pro-loop. The CSD is derived from a RecA-like and an 

ABCβ subdomain. This CSD domain contains the aforementioned P-loop (Walker A) 

and Walker B motif. Furthermore, NBDs also contain conserved loops like the D-loop 

(-SALD-) the H-loop and the A-loop.  

 

 

Figure 8: The NBD of an ABC transporter. 
Shown is the NBD of the haemolysin B (HlyB) ABC transporter (PDB code: 1XEF) [117]. The P-loop is 
shown in yellow, the Walker B motif in magenta, the H-loop in green, the D-loop in blue, the C-loop in 
red, the Q-loop in orange, the Pro-loop in marine, the A-loop in black and ATP as sticks and a 
magnesium ion as green sphere. 
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The signature motif or C-loop (-LSGGQ-), which is the diagnostic feature or hallmark 

for an ABC protein is located in the HSD. These motifs complete the nucleotide-

binding site. The ATP-binding sites are formed through dimerization of two NBD 

monomers in a head to tail arrangement and are located within the interface (Figure 

9). Thus, the dimer contains two composite ATP-binding sites. The P-loop 

coordinates the β- and γ-phosphate groups of the ATP molecule, whereas the 

adenine ring stacks against the A-loop via π-π interactions. The C-loop of the 

opposing NBD monomer contacts the γ-phosphate group via the serine. The 

aspartate of the Walker B motif coordinates a magnesium ion through a water 

molecule and the glutamate acts as base by abstracting a proton of a water 

molecule, which then attacks the γ-phosphate group [13]. Together, the D-loop of the 

opposite NBD monomer, the H-loop and the Walker B motif coordinate the 

nucleophilic water molecule for an in-line attack on the γ-phosphate group. The H-

loop acts as a “linchpin” in this catalytic triangle holding all residues together [117]. 

The Q-loop contributes to magnesium coordination and is further involved in 

NBD:TMD interface communication (see below). 

 

 

Figure 9: Dimer of the HlyB NBD. 
The coloring is the same as in figure 8. ATP is sandwiched between the interface of two NBD 
monomers (violet and gray) by the P-loop, the Walker B of one NBD and the C-loop of the opposite 
NBD. 
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1.4.3 Coupling ATP binding and hydrolysis to transport of allocrites 

 

To trigger the transport of allocrites, the TMDs, where the allocrite is bound and the 

NBDs, which fuel the transport, have to communicate with each other. This is 

achieved via an interface between the TMDs and the NBDs. As mentioned above, 

TMDs have intracytosolic loops (ICLs), the coupling helices, which are lined parallel 

to the membrane plane and interact within a groove in the NBDs (Figure 10). ABC 

exporters exhibit two of those loops (CH1 and CH2) per TMD and CH1 from TMD1 

contacts NBD1, whereas the second coupling helix (CH2) interacts with the opposing 

NBD2 due to domain swapping [98,106]. In total, each NBD interacts with two 

coupling helices, one from each TMD. For ABC importers, only one CH per TMD is 

found which interacts with the directly apposed NBD [96,102]. The coupling helix of 

importers contains a diagnostic sequence, the EAA box, which is highly conserved 

[119]. The coupling helices interact with amino acid residues surrounding the Q-loop 

in e.g. Sav1866 or BtuCD (Figure 10, red surface). Furthermore, a new conserved 

region in exporters, the X-loop (-TEVGERG-), was found. It interacts with both 

coupling helices in each NBD and directly precedes the C-loop and thereby may play 

a role in sensing ATP binding and hydrolysis to the TMDs [98]. 

 

A 

 
Figure 10 

 

B 
 
 

 

Fig. 10: NBD-TMD communication. 
A) The Sav1866 exporter is shown (PDB code: 2HYD) with the TMDs colored green and orange and 
the NBDs blue and yellow. The NBDs are shown as surface. In red the Q-loop is shown. B) One NBD 
of the ABC transporter Sav1866 is shown (top view) in a blue surface representation with the Q-loop 
marked in red. The orange α-helix is from the apposed TMD, whereas the green one is from the 
opposite TMD. Marked in yellow is the X-loop of the opposing NBD. Both α-helices interact with the X-
loop and the green α-helix also with the Q-loop. 
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1.4.4 The ATP-switch model 

 

A widely accepted model for the transport mechanism of ABC transporters is the 

ATP-switch model (Figure 11) [120,121]. Based on the alternating access model for 

membrane proteins by Jardetzky established in 1966 [122], ABC transporters also 

alternate between two different conformations, the inward-facing conformation with a 

high-affinity binding site (in case of exporters, for importers it is vice versa) and an 

outward-facing conformation with a low-affinity binding site. The switch model is 

divided into four steps: 

Step I: Allocrite binding to the high-affinity site within the TMDs induces 

conformational changes that are transmitted via the CHs to the NBDs and initiates 

the transport by binding ATP and closing the space between the NBDs. 

Step II: The switch to the fully closed NBD dimer presents the power stroke, which 

inverts the TMD configuration from the inward-facing to the outward-facing 

conformation. In this conformation, the affinity for the allocrite is reduced and the 

allocrite exits the binding site. 

Step III: ATP gets hydrolyzed and breaks up the closed NBD dimer.  

Step IV: ADP and Pi are released from the NBDs and the transporter is reset. 

 

 

Figure 11: Scheme of the ATP switch model. Picture taken from [107]. 

 

1.5 The ABC of bile formation in the liver 

 

In humans (Homo sapiens) 48 genes  are identified, which encode for functional ABC 

proteins and ABC transporters [123,124]. Furthermore, 22 pseudogenes of ABC 

transporters are encoded in the human genome. A large portion of those is 

transcriptionally active, but no functional protein can be detected [125]. Because of 
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sequence similarities, domain organization and phylogenetic analysis, human ABC 

proteins and transporters can be subdivided into seven families (A-G) [123,124]. 

Twelve of these transporters are located in the liver, where they transport a huge 

variety of different allocrites. 

The liver is a key organ in the body of vertebrates and performs a diversity of 

different functions. Main functions are the biosynthesis of amino acids, carbohydrates 

and lipids, the secretion of proteins e.g. albumin or blood-clotting proteins, the 

detoxification of the body by elimination of endo- and exogenic xenobiotics and the 

formation of bile [126]. The liver has a weight of 1.5 – 2 kg and 80 % of the liver 

volume is formed by hepatocytes. Hepatocytes are polarized cells with a sinusoidal 

(basolateral) membrane and a canalicular (apical) membrane (Figure 12A and 13) 

[127]. The sinusoidal membrane lines the blood stream and nutrients and xenobiotics 

are taken up from the blood across this membrane. Canalicular membranes form 

small bile ducts, called bile canaliculi and are the place of bile component secretion 

[128]. Bile is essential for the digestion of fat and for the absorption of lipids and fat-

soluble vitamins like vitamin A and K in the small intestine [129,130]. Bile is a mixture 

of bile salts, phosphatidylcholine and cholesterol. Bile salts are synthesized in the 

hepatocytes from cholesterol as starting substance [131,132]. The synthesis of a 

primary bile salt like cholic acid or chenodeoxycholic acid consists of four steps 

including 17 enzymes: I) the initiation of synthesis by 7α-hydroxylation of sterol 

precursors, II) further modifications to the ring structure, III) oxidation and shortening 

of the side chain and IV) conjugation of the bile acid with the amino acids glycine or 

taurine, which lowers the pKa compared to the unconjugated form. After its synthesis 

bile salts are transported into the lumen of the canaliculi [128]. There, together with 

lipids and cholesterol mixed micelles are formed, which constitute bile. These mixed 

micelles dampen the detergent effect of the amphipathic bile salts and act as 

acceptors for poorly soluble xenobiotics as well as they prevent the formation of 

cholesterol crystals [133]. Bile is further stored in the gall bladder and is hormone-

dependently released into the duodenum after food ingestion [134]. In the small 

intestine, primary bile salts are further converted to secondary bile salts by bacteria. 

Furthermore, bile salts are again taken up from the enterocytes and recycled back to 

the liver. This mechanism is called the enterohepatic circulation, which displays a 

very efficient recycling system (Figure 12B) [135]. Only 0.2 – 0.6 g of the 3 – 4 g 

human bile salt pool are excreted via the feces per day [136]. This amount is 
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resynthesized in the hepatocytes and bile salts circulate six to ten times a day 

between liver and intestine.  

 

A 

 

Figure 12 

B 

 

Figure 12: Liver lobule structure and the enterohepatic circulation. 
A) A schematic overview about a liver lobule. Shown are hepatocytes lining bile canaliculi on one side 
and the sinusoidal blood on the other side. Picture adopted from [137] B) A diagram illustrating the 
enterohepatic circulation (bile flow is represented in green) is shown. Bile salts are released from the 
gall bladder into the duodenum and reabsorbed by enterocytes in the terminal ileum and then 
transported back to the liver via the blood. 
 

Hepatocytes comprise a specialized set of transporters, especially ABC transporters, 

which are responsible for bile secretion and detoxification (Figure 13) [128,138]. The 

canalicular membrane contains ABC transporters often referred to as “vacuum 

cleaners” like P-gp (MDR1, ABCB1) and ABCG2 (BCRP), which transport a variety of 

hydrophobic, structurally not related molecules and can confer multidrug resistance in 

e.g. chemotherapy [139,140]. Divalent bile salts and organic anions conjugated to 

glutathione are substrates of ABCC2 (MRP2) [141]. As high concentrations of bile 

salts are cytotoxic, hepatocytes harbor a salvage system. This is built up by the two 

ABC transporters ABCC3 (MRP3) and ABCC4 (MRP4) as well as by the 

heterodimeric solute carrier (SLC) family members OSTα/OSTβ, all located in the 

sinusoidal membrane [142,143,144,145,146]. ABCC1, 5 and 6 (MRP1, 5 and 6) also 

reside in this membrane and transport different glutathione conjugates, folates and 

cyclic nucleotides [147]. Bile salts are transported by members of the SLC family  
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from the blood into the cytosol predominantly in a sodium-dependent manner through 

the sodium-taurocholate cotransporting polypeptide (NTCP) across the sinusoidal 

membrane [148]. 

 

Figure 13: Localization of transporters in the hepatocytes. 
Bile salts are taken up at the sinusoidal (basolateral) membrane through the sodium-taurocholate 
cotransporting peptide (NTCP) in a sodium-dependent manner and to a lesser extent through a 
sodium-independent transport by organic anion transporting proteins (OATPs). They are then further 
shuttled to the canalicular membrane and transported via the bile salt export pump (BSEP) into the 
canaliculus. Multidrug resistance protein 3 (MDR3) and ABCG5/G8 complete the bile formation by 
flopping phosphatidylcholine (PC) from the inner to the outer leaflet as well as transporting cholsterol. 
Bile salts, PC and cholesterol form mixed micelles, which constitute the basis of bile. P-glycoprotein 
(P-gp, MDR1) and the breast cancer resistance protein (ABCG2) transport a variety of hydrophobic 
substances into the bile and confer multidrug resistance (MDR). Furthermore, a substanial number of 
multidrug-related proteins (MRPs) are localized in the sinusoidal membrane, except MRP2. They 
transport a broad range of organic anions and conjugated substances. They also participate in MDR 
and some of them, e.g. MRP4 as well as the organic solute transporter (OST) act as salvage system 
for too high bile salt concentrations within the cell. Picture taken from chapter 3. 
 

To a lesser extent, a sodium-independent transport, which involves organic anion 

transporting polypeptides (OATPs) is used [149]. Once bile salts have entered the 

cytosol, they are shuttled across the cell to the canalicular membrane, where the 

ABC transporter BSEP transports them into the canaliculus. Multidrug resistance 

protein 3 (MDR3, ABCB4) is an ABC transporter responsible for the flopping of 

phosphatidylcholine from the inner to the outer leaflet of the membrane. The bile 

forming machinery is completed with the transport of cholesterol through the 

heterodimeric ABC transporter ABCG5/G8 [128]. Chapter 3 of this doctoral thesis 

gives a deeper insight into the history and characteristics of BSEP and MDR3. 

BSEP was discovered in 1995 when screening a pig liver cDNA library and named 

sister of P-glycoprotein (s-P-gp) because of its high sequence identity (~50 %) to P-

gp [128]. 
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It had been presumed that BSEP was also involved in multidrug resistance, but in 

1998, it was proven that BSEP is a bile salt transporter responsible for bile salt 

transport in the liver [150]. In 2002, two studies regarding the first cloning of human 

BSEP and its characterization in an insect cell system were published [151,152]. 

BSEP is a full-size transporter with a size of 1321 aa and a molecular weight of 

roughly 160-180 kDa depending on its glycolsylation state. It is exclusively localized 

in the canalicular membrane and transports primary and secondary bile salts 

conjugated to taurine or glycine (e.g. taurocholate, taurodeoxycholate or 

glycochenodeoxycholate). High concentrations of free bile salts within the cell have 

detrimental effects on hepatocytes [153,154]. These undergo apoptosis or develop to 

cancer cells. This accumulation is called cholestasis, a reduction of bile flow. One 

cause can be mutations within the BSEP gene. These can lead to progressive 

familial intrahepatic cholestasis type 2 (PFIC2) [155], a disease which is 

characterized by an almost abolished transport of bile salts and therefore leads to 

cytotoxic effects due to accumulation of bile salts within the cell or benign recurrent 

intrahepatic cholestasis type 2 (BRIC2) [156], a milder form of cholestasis. The latter 

is characterized by a residual transport and influenced by the way of life. There are 

some therapies to make the bile salt pool more hydrophilic [157], e.g. the application 

of ursodeoxycholate, a more hydrophilic bile salt or surgical therapies like partial 

external biliary diversion (PEBD), to disrupt the enterohepatic ciruclation. By these 

therapy, bile gets excreted externally and the enterohepatic circulation and the bile 

salt concentration are lowered. The ultimate therapy for PFIC2 and BRIC2 is liver 

transplantation. Other effects like drug-induced cholestasis (DIC) or intrahepatic 

cholestasis of pregnancy (ICP) are also linked to different BSEP mutations or single 

nucleotide polymorphisms (SNPs) [158,159]. BSEP is inhibited either by drugs or 

hormones and a cholestasis is manifested. Until now, BSEP has only been 

characterized in heterologous overexpression systems based on cell culture systems. 

To characterize BSEP in its isolated form and to make a first step towards its 

structural elucidation, adequate amounts are required, which cannot be achieved 

with cell culture systems. Thus, other systems have to be used. In chapters 4 and 5, 

the instable human BSEP cDNA was cloned for two yeast-based expression systems 

and BSEP could be overexpressed to high amounts and subsequently be purified for 

biochemical characterizations. To understand the impact of mutations leading to 

PFIC2 or BRIC2, plasma membranes of BSEP-expressing yeasts were prepared to 
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characterize clinically relevant mutants in a vesicular transport assay. A first clinically-

relevant mutant could be investigated with this established system, as shown in 

chapters 6 and 7. 
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2. Aims and Objectives 

Nucleotides like ATP and GTP serve diverse functions like providing energy for 

biochemical processes, signal transduction or involvement in protein translation. As 

diverse as these functions are, as diverse are the structures of the nucleotide binding 

proteins. But, one common ground of almost all these proteins is that they harbor the 

same structural motif for binding nucleotides, the P-loop. The aim of this doctoral 

thesis is to characterize two P-loop containing proteins involved in different 

processes. 

 

The first aim is to assign a function to the Cas protein Csn2 from S. agalactiae. This 

protein is involved in the bacterial immune system CRISPR/Cas and has a crucial 

role in acquiring immunity. It is involved in the integration of small DNA fragments into 

the host genome although the mechanism of this step is obscure. Thus, to unravel 

this step and the function of Csn2 as well as the involvement of the P-loop, one aim 

is the elucidation of the three-dimensional structure of Csn2 using X-ray 

crystallography. Furthermore, biochemical assays, including DNA binding assays, 

should further support the structural findings and lead to a model for spacer 

integration in CRISPR/Cas-systems. 

 

The second aim of this doctoral thesis is the investigation of a P-loop protein involved 

in membrane transport, the human ABC transporter bile salt export pump (BSEP). 

This ABC transporter is the main bile salt transporter in the liver of vertebrates and 

mutations within its gene can lead to severe cholestatic diseases. To study the 

transporter in its isolated form in vitro to prevent disturbing side effects, one objective 

is the heterologous overexpression of human BSEP in yeast systems, sufficient for 

purification. Biochemical studies should gain insight into mechanistic coupling 

between transport and ATP-hydrolysis, dependent on the P-loop. One obstacle is the 

instability of the BSEP cDNA, which hampers its cloning for overexpression systems. 

Therefore, a general cloning and mutagenesis strategy should be developed to 

circumvent this problem leading to a rapid and flexible cloning of BSEP. Beside 

overexpression and purification, a further objective is the introduction of clinically 

relevant mutations into BSEP and their charaterization in vitro. 
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Supplementary Figures 

Figure S1:  

 
 

Ca
2+

 binding sites of Csn2 

 

A Left panel: Calcium-ion 1 is shown as red sphere, which is only found in domain I of protomer A  

Right panel: Superimposition of monomer B with monomer A clearly shows that the loop leading to 

helix 6 (H6) in monomer A is not as wide opened as in monomer B and E139 and D143 are pointing away, 

preventing binding of calcium at this site in monomer A. The Ca
2+

-ion is interacting with amino acids 

E139, D143, E151 (blue cartoon) and one water molecule in monomer B, as well as with D119 from 

monomer A of the other dimer (palegreen). B Binding sites for Ca
2+

-ion 2 (left panel) and Ca
2+

-ion 3 

(right panel) are shown. (For interaction partners and distances see Table S1) 
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Figure S2 

 

 
 

Experimental electron density around calcium binding site 1 

 

The electron density is shown as a gray mesh (2Fo - Fc map contoured at 1.5σ). To test if the observed 

electron density corresponds to calcium (C, red sphere), we also performed refinements with 

REFMAC5 with magnesium (A, green sphere) and manganese (C, orange sphere). As can be seen from 

the difference map (Fo - Fc map contoured at 1 σ), a magnesium-ion produces “positive” peaks (green 

mesh), indicating that the difference between the observed and calculated structure factors causes 

structure features which are not present in the model. In contrast, a manganese-ion produces “negative” 

peaks (red mesh), which are caused by features in the model that cannot be found in the experimental 

density. Only a calcium-ion does not show any difference in the Fo - Fc map, concluding that a 

magnesium-ion is too small (12 electrons) and a manganese-ion is too big (25 electrons) to be modeled 

into the density. Only the modeled calcium-ion (20 electrons) can interpret the density correctly. 
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Figure S3:  

 
 

Head domain of Csn2 

 

Shown is the head domain of a Csn2 monomer adopting a helicase fold. The structure is shown in 

cartoon and the degenerated Walker ‘A’ (blue) and Walker ‘B’ (red) are highlighted. 
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Figure S4: 

 
Sequence alignment of different Csn2 proteins 

 

The following proteins are aligned: Csn2 from S. agalactiae ATCC13813 (sequenced from genomic 

DNA), S. pyogenes (NCBI Accession code: NP_269218.1), S. mutans (YP_003484615), E. faecium 

(ZP_03981024), L. monocytogenes (ZP_05235633), E. faecalis (EFT90893), S. thermophilus 

(ADQ63487) and R. lactaris (ZP_03166524). All colored amino acids are highly conserved among the 

Csn2 protein family. Colored in red are amino acids, which were mutated to alanine. Blue amino acids 

represent the putative acidic triad are colored in green or orange are the degenerated Walker ‘A’ and ‘B’ 

motifs with their consensus sequence are given below. 
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Figure S5: 

 
 

 

Rmsd of the tetrameric Csn2 structure during the MD simulation 

 

Rmsd of C  atoms of either head region (red, green) with respect to the crystal structure; each head 

region was aligned to itself. In addition, the rmsd of C  atoms of the legs with respect to the crystal 

structure is shown (blue); the legs were aligned to themselves. 

  



Chapter 1 

 47 

Figure S6: 
 

 
 

Rmsd of the head region of Csn2 during the MD simulation 

 

Rmsd of C  atoms of the head region with respect to the crystal structure. 
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Figure S7: 
 

 

 

 

 
Structure of Cas 1 from E.coli 

 

A Structure of Cas 1 from E.coli (PDB code: 3NKE). Two monomers are shown as cartoon with the 

DxD and RR-motifs highlighted as sticks. B Zoom into the top of the helical domain visualizing the 

presence of the DxD and RR-motifs (108DxD110 and 131RR132). 
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Figure S8: 

 

 

 
Oligomeric status of Csn2 after addition of 20 mM EGTA 

 

The elution profile from a Superdex 200 10/300 column of Csn2 supplemented with EGTA ( final 

concentration 20 mM) blue line: normalized UV-Signal; red line: normalized LS-(90°)-Signal; black 

line: refractive index signal. The green line indicates the corresponding molar mass. Csn2 has a mass of 

104.1 ± 0.3 kDa in the peak fraction indicating a homogenous, tetrameric species in solution.  
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Supplementary Tables 

 

Table S1. Coordination partners and distances for the observed calcium-ions and their coordination 

geometry 

 

Ca
2+

 site 1 Ca
2+

 site 2 Ca
2+

 site 3 

Interaction Distance in Å  Interaction Distance in Å  Interaction Distance in 

Å 

        

Oε E139 2.46  Oδ D123 2.40  Main-chain O 

C133 

2.45 

Main-chain O 

E139 

2.48  Main-chain O 

E124 

2.25  Main-chain O 

N116 

2.31 

Oδ D143 2.33  Oε E129 2.51 

 (average) 

 Main-chain O 

L118 

2.26 

Oε E151 2.38  Main-chain O 

A133* 

2.33  H2O 1 2.40 

Oδ D119* 2.48  H2O 1 2.29  H2O 2 2.29 

H2O 2.49  H2O 2 2.37    

        

Coordination 

type 

octahedral octahedral  tetragonal-pyramidal 

 

 

 

Table S2. Result of the Dali server [1] search. Shown are the ten first hits with PDB code, Z-score, 

r.m.s.d. value and sequence identity. 

 

Protein PDB 

code 

Z-

score 

rmsd Sequence 

Identity (%) 

SMC Head Domain from Thermotoga maritima 1E69 9.1 3.1 7 

ABC Trasnporter ModBC 2ONK 8.9 3.5 9 

Structure of PH0203 Protein from Pyrococcus  2IT1 8.8 3.3 12 

Cobalt Import ATP-Binding Protein 3QFO 8.8 3.3 13 

replicative Helicase-Primase of Bacteriophage T7 1CR1 8.8 3.3 6 

GlcV, ABC-ATPase 1OXU 8.5 3.7 7 

MJ1267 ATP binding cassette 1G6H 8.4 3.5 10 

DNA Double-Strand Break Repair RAD50 

ATPase 

3QF7 8.4 3.3 6 

Maltose/Maltodextrin Import ATP-Binding 

Protein 

2AWN 8.4 3.4 6 

Bifunctional Primase-Helicase of Bacteriophage 

T7 

1Q57 8.4 3.2 7 

 

Supplementary References 

 

[1] Holm L, Rosenstrom P (2010) Dali server: conservation mapping in 3D. Nucleic acids research 38:  

W545-549. 
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Double-strand DNA end-binding and sliding of the toroidal 

CRISPR-associated protein Csn2 
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   Expression and purification of Csn2 

   Size exclusion chromatography analysis with DNA 
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SUPPLEMENTARY DATA 

 

Double-strand DNA end binding and sliding of the toroidal 

CRISPR-associated protein Csn2 

 

Zihni Arslan1, Reinhild Wurm1, Oleksandr Brener1,2, Philipp Ellinger3, Luitgard Nagel-

Steger1,2, Filipp Oesterhelt1, Lutz Schmitt3, Dieter Willbold1,2, Rolf Wagner1, Holger 

Gohlke4, Sander H.J. Smits3 and Ümit Pul1,* 
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2 
 

 

Figure S1: Csn2 binds to dsDNA with single-stranded DNA tails 

Electrophoretic mobility shift assays of Csn2 with ssDNA or dsDNA are shown. (A) 

5´-labeled ssLR oligonucleotide (70 nt in length) was incubated with 0 (lane 1), 2 µM 

(lane 2) or 5 µM (lane 3) Csn2. No complexes are formed with ssLR DNA. The ssLR 

oligonucleotide was hybridized with 100 nt complementary oligonucleotide cLRS to 

generate dsDNA with 5´-overhang. The dsLR/cLRS DNA was incubated with 0 (lane 

4), 2 µM (lane 5) or 5 µM (lane 6) Csn2. Unbound DNA and Csn2-DNA complexes 

are indicated on the left. Asterisks indicate the labeled DNA strand. (B) Similar 

analyses as shown in (A) with either ssR* oligonucleotide (36 nt), dsR*/cR DNA or 

dsR*/cLRS (3´ and 5´ overhangs) are presented. (C) The upper strand corresponds 

to the sequence of the ssLR oligonucleotide. The sequence of the ssR 

oligonucleotide is colored in red. The lower strand corresponds to the sequence of 

the cLRS oligonucleotide. 
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2 Structure and function of hepatic ABC transporters 

Philipp Ellinger, Marianne Kluth, Susanne Przybylla, 
Sander H. J. Smits, and Lutz Schmitt

2.1 Introduction to human ABC transporters expressed in the liver

Several membrane transporters that belong to a group of ATP-dependent primary trans-

porters, the so-called ABC (ATP binding cassette) transporters,  are found in the human 

genome. In general, ABC transporters contain two transmembrane-spanning domains  

(TMDs) and two characteristic nucleotide-binding domains  (NBDs) localized in the 

cytosol. In the membrane the two TMDs form a pore-like structure, which facilitates 

substrate transport against a chemical gradient. One TMD is predicted to have six 

a-helices, whereas the soluble NBDs are essential for the supply of energy by hydrolysis 

of ATP. Compared with the TMD, the NBD harbors highly conserved sequence motifs: 

the Walker A  (GXXGXGKS/T, where X can be for any amino acid), Walker B  (FFFFD, 

where F can be any hydrophobic residue) motifs, and the C-loop  (ABC–signature motif , 

LSGGQ) (1). The C loop, which is located roughly 90 amino acids downstream of the 

Walker A motif and roughly 30 amino acids upstream of the Walker B motif, is actu-

ally the characteristic sequence motif of this family; together with the Walker A and 

B motifs, it serves as a diagnostic clue to the identifi cation of new family members. 

Additional sequence motifs present in ABC transporters are the Q loop, the D loop 

(SALD), and a highly conserved histidine residue essential for ATP hydrolysis, which is 

positioned 30 amino acid downstream of the D loop (2). 

To achieve a thermodynamic uphill transport of the substrate, transport has to be 

coupled to the cycle of ATP hydrolysis. Several high-resolution structures of full-length 

ABC transporters and isolated NBDs, in combination with biochemical analysis, have 

provided important contributions to a molecular understanding of substrate binding, 

ATP hydrolysis, and substrate transport. For example, the highly conserved NBD has an 

L-shaped structure consisting of a catalytic domain and a helical domain. The catalytic 

domain  contains the Walker A and B motifs while the helical domain harbors the C 

loop. These two domains are connected by the Q and Pro loops (3). Further analysis of, 

for example, the isolated haemolysin B-NBD demonstrated that in the presence of ATP, 

the two NBDs form a homodimer (2). The Walker A and B motifs of one NBD and the 

C loop of the opposing NBD bind one ATP, so that the two NBDs are set in a head-to-

tail arrangement. This ATP-induced dimerization generates mechanical work, which in 

principle can be transmitted to the TMDs and might serve as another source of energy 

(see section 2.2.4). The dimeric NBDs cooperate in hydrolysing ATP and provide the 

free energy to drive the directional transport of the substrate against a concentration 

gradient. After ATP hydrolysis, ADP and Pi dissociate from the NBD, the dimer falls 

apart, and the ground state of the NBDs is restored. 

Furthermore, different models for the transport mechanism have been proposed. The 

simplest model, the alternating access model, describes two basic conformations. One 

conformation is open to the cytosolic side (inward-facing), with a substrate-binding 

Bereitgestellt von | Heinrich Heine Universitaets und Landesbibliothek Düsseldorf

Angemeldet | 134.99.254.64

Heruntergeladen am | 03.03.13 12:41



Chapter 3 

 72 

 

24    2 Structure and function of hepatic ABC transporters 

site accessible for the substrate only from the cytosol, and the second conformation 

is open to the extracellular side, containing a binding site, which has a low affi nity 

to the substrate and is accessible only from the extracellular space (4). A continuous 

model is the ATP-switch model. In the ground state the transporter is in the inward-

facing conformation with a high-affi nity substrate-binding site and the NBDs exist as 

monomers, with low affi nity to ATP. The ATP-induced dimerization of the NBDs leads 

to a conformational change in the TMDs such that the substrate-binding site is exposed 

to the extracellular space, the substrate affi nity is reduced, and the bound substrate is 

fi nally released (5). However, the exact molecular coupling of the ATP–hydrolysis cycle 

and substrate transport is still not entirely clear. 

In the human hepatocyte, several ABC transporter are expressed: for example, the bile 

salt export pump (BSEP, ABCB11),  responsible for bile salt transport; ABCG5/ABCG8,  

involved in sterol transport; multidrug resistance protein 3 (MDR3, ABCB4),  fl op-

ping phosphatidylcholine from the inner to the outer membrane leafl et; and ABCG2,  

transporting a variety of hydrophobic substances ( Fig. 2.1). Mutations in one of these 

transporters are associated with different kinds of liver diseases of varying severity. For 

example, Dubin-Johnson disease is related to mutations in MRP2  (ABCC2), and pro-

gressive familial intrahepatic cholestasis type 2 (PFIC2)  is associated with a mutations 

with the bile salt export pump BSEP.

This chapter summarizes experimental insights and focuses on the canalicular ABC 

transporters BSEP, MDR3, and ABCG2, highlighting their discovery and evolution and 

the in vitro assays from which a mechanistic understanding may be derived. 

Fig. 2.1: Localization of transporters in the hepatocytes. Bile salts are taken up at the 

sinusoidal (basolateral) membrane through the sodium–taurocholate cotransporting 

 peptide (NTCP) in a sodium–dependent manner and to a lesser extent through a sodium– 

independent transport by organic anion transporting proteins (OATPs). They are then 

 further shuttled to the canalicular membrane and transported via the bile salt export pump 

(BSEP) into the canaliculus. Multidrug resistance protein 3 (MDR3) and Sterolin 1  

(Continued   )
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2.2  Structure and function of the bile salt export 
pump (ABCB11; BSEP)  

2.2.1 Liver transport of bile salts 

Bile salts are essential for the absorption of lipids and fat-soluble vitamins, originated 

from food intake, by the enterocytes of the small intestine and also for the excretion 

of endo- and xenobiotics with the bile. They are synthesized by multiple enzymatic 

reactions in the liver, more precisely in the hepatocytes from cholesterol as educt; this 

constitutes one of the key function of the liver (6). From there bile salts enter the biliary 

tree and are stored in the gallbladder upon food intake (7). After they have fulfi lled 

“ their mode of action” , bile salts pass through the enterohepatic circulation, mean-

ing that they are reabsorbed to ~90% in the small intestine and then transported back 

to the liver via the portal blood. There, they are transported again into the hepatocyte 

and the cycle starts anew with their secretion into the canaliculi (8,9). A single bile salt 

molecule traverses the cycle approximately up to 10 times a day until it is excreted via 

the intestine, which makes this circulation an extremely effi cient recycling system (10).

Because bile salts are amphipathic molecules, they display a detergent character. 

Hence a high concentration within the cell is deleterious, leading to damaged mito-

chondria and apoptosis or necrosis of the hepatocytes owing to the salts’ ability to 

solubilize or create defects within biological membranes. To prevent this and keep bile 

salts circulating, a specialized set of bile salt transporters in the hepatocyte is required 

(9,11,12). In the basolateral membrane (also called the sinusoidal membrane), bile salts 

are taken up from the portal blood. This is accomplished by the sodium taurocholate co-

transporting peptide (NTCP, SLC10A1) in a sodium-dependent transport process (13). In 

addition, there is the less frequently used sodium-independent transport by the organic 

anion-transporting polypeptides (OATPs) (14). 

After entering the cell, bile salts reach the apical membrane (also called the cana-

licular membrane); the exact mechanism of this is not yet completely understood. For 

example, one mechanism involves bile salt −binding proteins (15).

At the canalicular membrane, bile salts are transported into the canalicular lumen by 

the ATP-binding cassette transporter (ABC transporter) bile salt export pump (ABCB11; 

Fig. 2.1: (Continued   )

(ABCG5/G8) complete the bile formation by fl opping phosphatidylcholine (PC) from 

 the inner to the outer leafl et as well as transporting cholsterol. Bile salts, PC and cholesterol 

form mixed micelles which constitute the basis of bile. P–glycoprotein (P–gp) and the 

 breast cancer resistance protein (ABCG2) transport a variety of hydrophobic substances into 

the bile and confer multidrug resistance (MDR). Furthermore, a substanial number of 

multidrug–related proteins (MRPs) are localized in the sinusoidal membrane except MRP2. 

They transport a broad range of organic anions and conjugated substances. They also 

 participate in MDR and some of them, e.g. MRP4 as well as the organic solute transporter 

(OST) act as salvage system for too high bile salt concentrations within the cell to 

prevent toxicity.

Bereitgestellt von | Heinrich Heine Universitaets und Landesbibliothek Düsseldorf

Angemeldet | 134.99.254.64

Heruntergeladen am | 03.03.13 12:41



Chapter 3 

 74 

 

 

26    2 Structure and function of hepatic ABC transporters 

BSEP) (16,17). BSEP is the main driving force for the bile salt−dependent part of bile 

fl ow and a bottleneck in the enterohepatic circulation. It must transport bile salts 

against a steep concentration gradient to maintain circulation, since the concentration 

of bile salts in the canaliculus is 1000 fold higher than in the cell, 1 mM and 1 μM, 

respectively (10).

2.2.2 Discovery of the bile salt export pump 

The electrochemical gradient across the canalicular membrane is ~ 35 mV and its dis-

covery marked the fi rst explanation for bile salt transport across this membrane (18,19). 

However, this electrochemical gradient alone could not be the entire explanation. Fi-

nally, in 1991, an ATP-dependent system for the transport of taurocholate in isolated 

canalicular membranes of rat liver was described. Other laboratories subsequently 

confi rmed this fi nding (20,21). Evidence that an ABC transporter was responsible for 

bile salt secretion into the canaliculus appeared in 1995. It involved an increased 

level of mRNAs, detected by Northern blotting, in combination with the overexpres-

sion of an ABC transporter found via the Western blot technique with a P-glycoprotein 

antibody (ABCB1, MDR1, P-gp); these were demonstrated in a bile salt−resistant rat 

hepatoma−derived cell line (22). This suggested that an ABC transporter closely related 

to P-gp became upregulated in this system. In the same year, Childs et al. screened a 

pig cDNA library with a probe consisting of a P-gp sequence and identifi ed a gene 

exclusively expressed in the liver that had a sequence identity of 61% to human P-gp on 

the amino acid level (23). This gene was named “sister of P-gp”  (sP-gp), but its function 

remained unknown. Gerloff et al. were the fi rst to demonstrate that oocytes exhibited 

a stimulated taurocholate effl ux when liver sP-gp cRNA was injected into Xenopus 

laevis oocytes and the fi rst to express sP-gp in Sf 9 (Spodoptera frugiperda) cells (24). 

Furthermore, membrane vesicles derived from these Sf 9 cells demonstrated an ATP-

dependent taurocholate uptake, much as in previous studies with isolated canalicular 

membranes. Because of these fi ndings the “sister of P-gp”  was renamed “bile salt export 

pump (BSEP)”  and was considered to be the predominant bile salt transporter in the 

apical membranes of hepatocytes (24). Further strong support for this consideration was 

obtained by positional cloning of the human BSEP gene and mapping it to chromosome 

2q24, a locus linked to progressive familial intrahepatic cholestasis type 2 (PFIC2), a 

severe liver disease (25).

2.2.3 Evolution of the bile salt export pump

The production of bile salts and their subsequent transport into the canaliculi is highly 

conserved among the livers of vertebrates. Over the years, BSEP has been detected and 

studied in the pig (23), rat (26), mouse (27,28), rabbit (29), dog (30) and human (31,32). 

Interestingly, full-length BSEP cDNAs has been identifi ed in a variant of the small skate 

(Raja erinacea), a 200-million-year-old marine vertebrate with an amino acid sequence 

identity of 68.5% to the human orthologue (33). Here, bile salts are transported in large 

amounts by BSEP. Furthermore, it was demonstrated that mutations leading to PFIC2 

in humans had the same effect on substrate transport in skate BSEP (33,34). The bile 

of this elasmobranch normally consists of bile alcohols (scymnol sulfate) rather than 

bile salts, which cannot be found in its bile. Probably bile alcohols were the original 
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substrates for BSEP, and mammalian evolution led to different substrates owing to a 

selective pressure – for example, more fat in the diet. Interestingly, skate bile does not 

contain any phospholipids and no MDR3 protein (a phospholipid fl oppase) is found in 

the hepatocyte. The function of BSEP and its tight correlation with MDR3 is described 

in section 2.3. Importantly, however, this fi nding suggests that BSEP evolved much 

earlier than the highly identical MDR3 protein (sequence identity between P-gp and 

MDR3 of ~80%) and probably also by gene duplication (35). The occurrence of lipids 

in bile was potentially the result of the more deleterious bile acids than of the bile 

alcohols that arose during evolution. All of these indications demonstrate that BSEP 

diverged very early from P-gp and that it is highly conserved in vertebrate evolution.

2.2.4 The bile salt export pump – a member of the ABC transporter family

BSEP belongs to the group of ABC transporters. They can be found in all the taxonomic 

kingdoms (from bacteria to humans), and all possess the same modular architecture and 

act either as importers or exporters (36). In humans, 48 ABC transporter genes have been 

identifi ed in addition to a small number of pseudogenes, which are not expressed (37). 

All known eukaryotic ABC transporters are exporters, whereas ABC importers can be 

found only in Archaea and Bacteria. In humans, ABC transporters are expressed through-

out the body, but some highly tissue-specifi c and ABC transporters are restricted to the 

liver (37). Phylogenetic analysis of the entire human ABC transporter sequences has led 

to the classifi cation of seven subfamilies (A to G) (38). Because of their important roles in 

human physiology, dysfunction is the cause of very severe diseases, such as cystic fi brosis 

(39). In terms of mutations of liver ABC transporters BSEP and MDR3, for example, PFIC2 

(25) and PFIC3 (40) may develop (see chapter 9). BSEP belongs to the group B (MDR/TAP) 

subfamily of human ABC transporters because of its high sequence identity to P-gp. The 

gene is located on chromosomes 2q24 (25) and the 28 exons code for a 1321 amino acid 

glycosylated ABC transporter with a molecular mass of ~160 kDa (31,32).

ABC transporters have a core architecture consisting of two NBDs and two TMDs. 

In eukaryotes these modules are encoded on a single gene, but one must distinguish 

between the full-size transporters (two TMDs and two NBDs) and half-size transporters 

(only one of each domain). The latter homo- or heterodimerize to form a functional 

transporter. BSEP is a full-size ABC transporter with a core molecular weight of 146 kDa. 

Interestingly, the N-terminal NBD (NBD1) of BSEP contains a methionine instead of a 

glutamate within the Walker B motif. The glutamate normally interacts with ATP through 

a catalytic water molecule that catalyzes the nucleophilic attack onto the g–phosphate. 

ATP binding sites in ABC transporters are composed of the Walker A  and B  motifs of 

one NBD and the C-loop of the other NBD. Therefore the ATP-binding site that contains 

NBD1 (site 1) is a degenerated site. Degeneration of this conserved residue is also seen 

in other human ABC transporters like TAP1/2 or CFTR (41). Functional studies of other 

degenerated ABC transporters have demonstrated that this mutation leads to an ATP-

defi cient site within the NBD dimer. This, of course, implies an asymmetric function of 

the two NBDs and further suggests that ATP binding site 1 of BSEP is catalytically inac-

tive or active only at drastically reduced levels compared with the other ATP binding 

site in the composite dimer. This phenomenon has not been investigated for BSEP so far 

but is of high concern for a molecular understanding of ATP hydrolysis coupled to bile 

salt transport. The TMDs are located within the membrane and provide the translocation 
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pathway for the substrate. In contrast to the NBDs, the TMDs are highly variable in 

their sequence and thus determine the substrate specifi city. It is assumed that many 

human ABC transporters show the 6  6 topology, meaning that they contain six TM 

helices (TMH) traversing the membrane followed by a cytoplasmically located NBD 

and again six TMHs and an NBD. This assumption was originally proposed based on 

cysteine scanning mutagenesis of P-gp and the recently developed x-ray structures of 

mouse P-gp and bacterial homologues (42); it may be true for BSEP as well. BSEP is also 

a full-size ABC transporter containing 12 TMHs and two NBDs ( Fig. 2.2). This number of 

helices is derived from hydrophobicity calculations because structural information on 

BSEP is lacking. To date only one eukaryotic ABC transporter structure (of mouse P-gp) 

has been published (42). The second available structure (ABCB10) is deposited only in 

the Protein Data Bank (PDB database). The P-gp structure shows the typical bundle of 

six helices crossing the membrane. However, as fi rst observed for Sav1866, a domain 

swap is present in P-gp, suggesting that such a swapping is a conserved feature of ABC 

drug pumps. Here, four helices of one bundle and two helices of the other bundle build 

up one TMD. The TMDs provide a large cavity for substrate binding for mouse P-gp, 

which may also be true for BSEP. According to the “cholesterol fi ll-in mechanism,”  cho-

lesterol also participates in substrate recognition and fi lls the volume of the cavity that 

is not occupied by the substrate, as postulated for P-gp. Besides the amino acids, which 

constitute the substrate-binding site, this could also e an additional explanation for the 

fact that those two closely homologous transporters have different substrate spectra and 

Fig. 2.2: Models of BSEP, MDR3 and ABCG2. (A) The model of BSEP based on the known 

structure of Sav1866 from Staphylococcus aureus. The transmembrane domain is highlighted 

in blue and the nucleotide binding domain in cyan. The used template is deposited under 

protein data bank (PDB) code 2HYD (B) The model of MDR3 based on the known structure of 

P-gp from Mus musculus. The transmembrane domain is highlighted in blue and the nucleo-

tide binding domain in cyan. The used template is deposited under PDB code 3G61. (C) The 

model of ABCG2 based on the known Structure of the multidrug ABC transporter Sav1866 

from Staphylococcus aureus in complex with AMP-PNP. The used template is deposited under 

PDB code 2ONJ. Since ABCG2 is a halfsize transporter the two monomers are colour coded 

differently. Monomer I is highlighted in blue and monomer II in purple. Due to the bound 

AMP-PNP in the template structure the conformation of ABCG2 represents the potential 

nucleotide bound state. It is important to clarify that these models are based on the known 

X-ray structure and the structures obtained from the actual protein might look differently.

Models of (A) BSEP (B) MDR3 (C) ABCG2
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BSEP is restricted to bile salts. It has been demonstrated that the activity of BSEP critically 

depends on cholesterol. This might be because BSEP is targeted to detergent-resistant 

microdomains  (DRMs) in the canalicular membrane, which exhibit a high amount of 

cholesterol and sphingomyelin, or because of the “cholesterol fi ll-in model.”  Whatever 

the molecular reason(s) for the differences between P-gp and BSEP may be, all the mod-

els proposed must be verifi ed experimentally for BSEP in the future. So far most if not all 

functional information on BSEP results from disease-linked mutations found in patients 

with, for example, PFIC2 (see chapter 9) and offers insights into the way single amino 

acids infl uence the traffi cking, stability, and transport capabilities of BSEP.

2.2.5 Cloning and expression systems for BSEP

To study a protein biochemically in vitro, it is often necessary to obtain suffi cient 

amounts of pure, homogeneous protein. Therefore an expression system must be cho-

sen and recombinant expression constructs must be cloned. All this is true for BSEP, 

but it has one big drawback. The human cDNA that codes for BSEP has been found 

to be unstable in Escherichia coli  (31,32,43). This phenomenon has been observed for 

several other mammalian membrane proteins as well (44). Because E. coli is the most 

widely used cloning and expression host for standard molecular biology techniques, 

other strategies must be applied in utilizing the favored expression system. In the case of 

human BSEP, after several years of struggle, efforts to clone the cDNA into an expression 

vector were eventually successful. However this led, even after a bacterial promoter in 

the cDNA was silenced, to a construct with several point mutations within the coding 

sequence (six missense mutations) and the loss of specifi c parts of the coding sequence 

during expression construct propagation (32). All these fi ndings led to the notion that 

the cDNA of BSEP is “ toxic”  or “unstable”  for cloning and/or the expression host since 

colonies would no longer grow. One way of circumventing this laborious work is to use 

homologous recombination (HR) in the yeast Saccharomyces cerevisiae (45,46). We 

therefore established a workfl ow for human BSEP that can also be applied to any other 

target (47). Here the expression vector of interest was modifi ed by the introduction of 

an origin of replication (ori) and a selection marker for S. cerevisiae into the backbone 

of the plasmid. The linearized expression vector and the PCR-amplifi ed BSEP cDNA, 

which has overlapping ends to the expression vector, are then transformed into yeast. 

S. cerevisiae is capable of recombining those overlapping ends to a circular vector, 

and only clones that do this correctly are able to grow under selection. The expres-

sion vector can be recovered from yeast and transformed in E. coli for amplifi cation. 

We have found that E. coli is capable of handling the BSEP cDNA if it is in a closed, 

circular plasmid form (no nicks, etc.) and grown strictly at or below 30°C. If required, 

our expression construct can be designed to remove the origin of replication or selec-

tion marker to prevent a potential infl uence of these additional sequences on balanced 

expression systems. Furthermore, we developed a mutagenesis strategy relying only 

on yeast. A changed primer design (primers carrying the mutation are not completely 

complementary to each other) results in a PCR product with overlapping ends (5’ and 

3’ ends) that can be recombined by yeast, resulting in a plasmid containing the desired 

mutation. With the directed recombination–assisted mutagenesis (DREAM) method, 

mutations can be introduced more easily and quickly than with commercially available 

strategies. Therefore this method is seen as a DREAM (47).

Bereitgestellt von | Heinrich Heine Universitaets und Landesbibliothek Düsseldorf

Angemeldet | 134.99.254.64

Heruntergeladen am | 03.03.13 12:41



Chapter 3 

 78 

 

 

30    2 Structure and function of hepatic ABC transporters 

The major bottleneck in studying membrane proteins in vitro (e.g. structural and 

functional studies), is their homo– or heterologous overexpression, making it diffi cult to 

purify the protein in adequate amounts. Therefore one must choose between prokary-

otic and eukaryotic expression systems. As a prokaryotic expression system, E. coli is 

the most widely used host (48), although there are others like Lactococcus lactis, which 

is also successfully used for the overexpression of membrane proteins (49). Mammalian 

transporter can be expressed in E. coli, but sometimes in an inactive manner. Therefore 

we also tried to overexpress human BSEP in E. coli using the T7-RNA polymerase/pro-

motor system in combination with a synthetic gene, which sequence was optimized for 

use in E. coli. Unfortunately cells stopped growing upon induction of BSEP expression 

and we were not able to detect BSEP in cell lysates via Western blotting. BSEP is a 

plasma membrane protein and E. coli does not possess the eukaryotic posttranslational 

modifi cation system, and no cholesterol is present in the inner membrane. Therefore, 

eukaryotic expression systems are likely the methods of choice for BSEP. Three different 

expression systems, which are also commercially available, are used the most: yeast, 

insect, and mammalian cell lines. Mammalian cell lines have the great advantage that 

they present the native environment of BSEP; these cells contain the native lipid environ-

ment, the native secretory/posttranslational pathways, and a known functional expres-

sion. Human BSEP could be expressed in different mammalian cell lines (e.g. HEK293 

cells (50), HepG2 cells (51), MDCK cells (52) and LLC PK1 (53) cells) and characterized 

functionally without purifi cation. The most widely used system for the heterologous ex-

pression of BSEP is the insect cell system. Human BSEP was expressed in Sf 9 (32,54) as 

well as HighFive cells (31). Insect cells exhibit a nonnative lipid environment with low 

levels of cholesterol as well as nonnative glycosylation (generally of the high-mannose 

type), but they resemble the native conditions more than yeast does. Expression in this 

system is used to investigate the transport properties of BSEP in vesicular-based transport 

assays. Cell culture−based systems may generally be suitable for addressing questions 

of a cellular phenotype, protein traffi cking, and the modifi cation of protein interactions. 

But mammalian and insect cell systems are also costly and maybe not be producible 

in large the amounts required for purifi cation and structural studies of BSEP. From this 

point of view, a better choice might be yeast. Two yeast-based systems are used to 

overexpress mammalian membrane proteins: the previously mentioned S. cerevisiae 

and Pichia pastoris. The advantages are obvious: yeast is inexpensive, requires simple 

culture media, and exhibits well-studied genetics. Furthermore, yeasts have the eukary-

otic modifi cation machinery. Of course there are disadvantages, since, for example, 

the lipid composition of the membrane is different from that of mammalian cells (they 

contain ergosterol instead of cholesterol) and S. cerevisiae often hyperglycosylates pro-

teins (highly branched and extended high-mannose structures), which is not observed 

in P. pastoris. It has been shown that BSEP requires glycosylation for transport activity 

in MDCK cells (55), although the type of glycosylation seems not to be important, as 

shown by functional expression in insect cells. S. cerevisiae was also used to express 

human P-gp (56) and MRP1 (57), and we were also able to express BSEP in this host 

(unpublished data), yielding only low amounts of fully translated protein. Therefore we 

switched to P. pastoris. This yeast was shown to overexpress 25 human ABC transporters 

(BSEP was not among them) and was also the expression host for mouse P-gp, which 

in the end and after a long endeavor resulted in the three dimensional x-ray structure 

(42,58). Recently we demonstrated the heterologous overexpression of human BSEP in 
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 2.2 Structure and function of the bile salt export pump    31

this yeast (47). Another advantage of P. pastoris is that this methylotrophic yeast strain 

can be fermented to high cell densities generating large amounts of biomass, which can 

be used for subsequent purifi cation. 

2.2.6 In vitro assays to study BSEP

Although BSEP has not been purifi ed to homogeneity yet, assays have been described to 

study the function of BSEP in vivo. A vesicular transport assay is the most important one. 

It consists of three steps: (a) preparation of membrane vesicles, (b) addition of substrate 

and an energy source, and (c) readout of substrate uptake into the vesicles. In general 

there are two ways to prepare membrane vesicles from cells, right-side-out (RSO) and 

inside-out (IO) vesicles. In RSO vesicles, the cytosolic side of the transporter is localized 

in the lumen of the vesicles, whereas in IO vesicles it is vice versa. The latter ones are 

commonly used for primary transporters such as BSEP. With the addition of ATP and 

substrate, transport is initiated and the substrate begins to accumulate in the lumen of 

the vesicles. After a defi ned amount of time, the reaction is stopped by, for example, a 

rapid-fi ltration method; then the transported amount of substrate, which is retained in 

the vesicle on the fi lter, is quantifi ed (via radioactivity, fl uorescence, or LC/MS). With 

this assay, the substrate spectrum of BSEP was elucidated (see Tab. 2.1 for human BSEP). 

These assays were mainly performed with BSEP derived from insect cell vesicles (31,32) 

but also with vesicles originated from HEK293 cells or isolated canalicular membranes 

(52). Human BSEP transports monovalent conjugated bile salts in the order of tauroche-

nodeoxycholate > taurocholate > tauroursodeoxycholate > glycocholate (it has to be 

Tab. 2.1: Substrate spectra and Michaelis-Menten constant for human BSEP from different 

expression systems. For an excellent overview, see reference 60. 

Substrate KM / μM Source

Taurocholate   8 (32), 20 (30, 61), 15(54) Sf9

  4 (31) HighFive

  6 (50)

Taurochenodeoxycholate   4 (54), 5 (32), 13 (61) Sf9

  7 (50) HEK293

Tauroursodeoxycholate  12 (32) Sf9

Taurodeoxycholate  34 (61) Sf9

Taurolithocholate   4 (61) Sf9

Taurolithocholate 3 sulfate  10 (50) HEK293

Glycocholate  11 (32), 36 (54) Sf9

 22 (50) HEK293

Glycochenodeoxycholate   2 (54) Sf9

  8 (50) HEK293

Pravastatin 124 (62) HEK293
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32    2 Structure and function of hepatic ABC transporters 

mentioned, that the KM values vary slightly between different expression systems but not 

unconjugated ones) (see Tab. 2.1). In most of these studies bile acids are tritium-labeled 

for readout, but fl uorescent bile acid derivatives, such as cholylglycylamidofl uorescein 

and chenodeoxycholylglycylamidofl uorescein, have also been investigated (59). In ad-

dition, inhibitors were analyzed for their potential impact on BSEP. Inhibition of BSEP 

by different drugs causes drug-induced cholestasis, leading to severe liver injury (63). 

Examples of inhibitors that were determined for human BSEP by a vesicular uptake 

assay in competition experiments with bile salts include cyclosporine, rifampicin, and 

bosentan. These assays and the recommendation of the European Medicines Agency 

(64) emphasize the importance of BSEP for drug development. With a vesicular uptake 

assay for BSEP commercially available, the screening of drug libraries is in principle 

straightforward. One disadvantage of this kind of assay, however, is that besides the 

target transporter, the vesicles contain many irrelevant membrane proteins that probably 

affect the uptake assay. This can be excluded if proper controls are performed, but it 

complicates the assay.

Mutations in the BSEP gene can lead to an impairment of bile salt transport due to 

the protein’s dysfunction. This can lead to PFIC2 or BRIC2, a severe liver disease, which 

at present can be cured only by liver transplantation (65). Currently, according to the 

Human Gene Mutation Database (http://www.hgmd.org/), 179 disease-related BSEP 

mutations are known. Thus an understanding of the effect of such mutations could, in 

the future, lead to therapeutic innovations that might cure this disease without trans-

plantation. If, for example, mutated BSEP is still able to transport and the disease is 

caused by a traffi cking defect, it could also be investigated by the vesicular transport 

assay, with mutation and localization studies in cell culture systems involving immunos-

taining or with a fl uorescent tag like eGFP or YFP.

Traffi cking and the regulation of BSEP in the apical membrane of hepatocytes also 

requires adaptor proteins. HCLS1-associated protein X-1 (Hax1), for example, was 

identifi ed using yeast two-hybrid screens as well as pull-down assays with glutathione-

S-transferase (GST) tag fusion proteins (soluble parts of BSEP with GST tag) and co-

immunoprecipitation (66). Other adaptor proteins are still not known and would be 

of high interest, especially for the short-term regulation of BSEP or for their potential 

involvement in traffi cking mutants.

2.3  Structure and function of the multidrug resistance 
protein 3 (ABCB4; MDR3)

As described in section 2.2.1 , BSEP is essential for the circulation of bile salts. How-

ever, bile salts are harsh detergents and possess the power to solubilize any biological 

membrane. The outer leafl et of the canalicular membrane is destabilized by bile salts, 

which are translocated in the canaliculus by BSEP (ABCB11). To dampen this effect, bile 

salts and phosphatidylcholine (PC) form mixed micelles with cholesterol translocated 

by ABCG5/G8. These mixed micelles  have a lower capacity to extract lipids from the 

membrane. A second function of PC is the solubilization of cholesterol, which prevents 

the crystallization of cholesterol in the biliary duct and the formation of cholesterol 

gallstones. The bulk of PC is reabsorbed in the intestine and returns to the hepatocyte 

within the enterohepatic cycle. However, the half-time of PC to fl ip spontaneously from 
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the inner to the outer leafl et of a lipid bilayer is very low; therefore PC must be trans-

located across the membrane of the hepatocyte by an active transporter. The multidrug 

resistance protein 3 (MDR3), also called ABCB4, is localized only in the canalicular 

membrane of the hepatocyte ( Fig. 2.1) and is indispensable for the primary active 

transport of PC from the inner to the outer leafl et of the canalicular membrane against 

a concentration gradient. The mouse homologue is called Mdr2 and fulfi lls the same 

function as MDR3 to fl op PC across the apical membrane of hepatocytes. Mutations 

in the MDR3 gene caused different types of liver diseases, such as progressive familial 

intrahepatic cholestasis type 3 (PFIC3), intrahepatic cholestasis of pregnancy (ICP), and 

low phospholipid−associated cholestasis (LPAC).

2.3.1 A brief history of MDR3

During an analysis of cDNAs from human liver in 1987, van der Bliek et al. identifi ed a 

gene that is highly homologous to the human P–gp and designated it MDR3. One year 

later the complete cDNA sequence was published (67). This sequence is composed of 

two similar halves. One half consists like BSEP of six putative TMHs and one NBD. The 

NBDs are identical to those of the human MDR1. Furthermore, the TMDs showed up to 

80% identity. Divergence between MDR1 and MDR3 is greatest at the N-terminus and 

in the 60−amino acid linker connecting the two halves (67).

While MDR1 transports a wide variety of structural unrelated substances and is in-

volved in multidrug resistance (MDR), no drug-pumping activity has been demonstrated 

for MDR3 (68). Smit and coworkers characterized mice with a disruption of mdr2 in 

1993. They ascertained that the homozygous disruption of the murine homologous 

mdr2 gene leads to a complete absence of PC and cholesterol from bile (69). Further-

more, mice heterozygous for Mdr2 (Mdr2 /+) have normal amounts of cholesterol and 

only 40% of PC in bile. Human MDR3 can functionally replace mdr2 in knockout 

mice (70). This demonstrates that the closely related Mdr2 and MDR3 carry out the 

same function. Direct evidence that MDR3 can translocate endogenous PC has been 

obtained in enhanced transport of newly synthesized [3H]choline-labeled PC to the 

surface of transgenic fi broblast (71). This suggested that MDR3 translocates specifi cally 

PC from the inner to the outer leafl et of the canicular membrane.

Van Helvoort and coworkers (72) were the fi rst to demonstrated specifi c transport 

of a short-chain PC in polarized pig kidney epithelial cells transfected with MDR3. In 

this study they measured lipid translocation across the plasma membrane by extract-

ing fl uorescently labeled short-chain lipids from the cell surface into the basolateral 

and apical media. MDR3 translocated fl uorescently labeled PC but not the other lipid 

analogues (72). However van Helvoort et al. showed that radiolabeled short-chain 

PC lacking the fl uorescence moiety was not translocated into the apical medium by 

MDR3.

2.3.2 MDR3 – an ATP-binding cassette (ABC) transporter

The 141-kDa lipid translocase is postranslationally modifi ed by glycosylation at 

two predicted asparagine residues (N91 and N97) and is allocated to the group of 

P glycoproteins based on amino acid sequence homology. Like BSEP, MDR3 is a 

so called full-size transporter and is encoded on one structural gene (NBD-TMD)2 

(see Fig. 2.2). 
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34    2 Structure and function of hepatic ABC transporters 

2.3.2.1 Transport machinery – the fl ippase model

Two models, the “vacuum cleaner model”  and the “ fl ippase model” , are postulated 

for the transport of hydrophobic substrates by ABC transporters. The vacuum cleaner 

model proposes that the molecule in the cytosol interacts with the transporter, enters 

a hydrophobic cavity of the ABC-transporter, and is pumped into the extracellular 

space. 

In contrast, Higgins and Gottesman proposed a fl ippase model for mammalian 

P-glycoproteins  (73). P-gp binds an amphipathic molecule located in the inner leafl et 

of the plasma membrane and fl ips the molecule to the exoplasmic leafl et. Therefore a 

 substrate-binding site must be accessible from the lipid phase. The substrate accumulates 

in the outer leafl et, forming a concentration gradient between the cytosolic and exo-

plasmic leafl et of the plasma membrane. From the leafl et the substrate can freely dif-

fuse into the extracellular medium. On the basis of the fl ippase model, it is feasible 

to explain the observation that PC secretion depends on the expression of Mdr2, the 

mouse homolog of MDR3, and the bile salt concentration (74). Elferink and coworkers 

showed if either PC or bile salts were lacking, PC would not be detectable in bile, 

concluding that bile salts translocation is the main driving force for the secretion of 

phospholipids  (75).

It is assumed that P-gp, which is over 76% identical to MDR3, can bind substrates 

within the inner leafl et of the membrane as well as from the cytosol. How ABC trans-

porters recognize and translocate substrates is still unclear and the subject of intensive 

investigation.

2.3.2.2 MDR3 – a drug ABC transporter?

MDR3 shares 78% amino acid sequence identity with the well-characterized drug-

pumping ABC transporter P-gp. Because of the high amino acid sequence homology 

between MDR3 and MDR1 (over 85%) it was assumed that MDR3 also translocates 

drugs. However, initial experiments with MDR3 cDNA or its mouse homolog Mdr2 

transfected cells showed no drug resistance (67,76–78) and MDR3 was not detected in 

MDR cell lines (67,79). The fi rst indication that MDR3 translocates drugs was obtained 

by Kino et al. (80). They observed that MDR3 transfected yeast cells showed low-level 

resistance against the antifungal agent aureobasidin A. Another study of MDR3 was 

performed by Smith et al. (81), who investigated vectorial substrate transport by polar-

ized pig kidney monolayers transfected with MDR3 cDNA of several MDR1 substrates. 

They observed that the transport of digoxin, paclitaxel , vinblastine,  and ivermectine  

into the apical medium was signifi cantly increased in the MDR3-transfected cells com-

pared with the control cells. Digoxin transport by MDR3 was effi ciently inhibited by the 

MDR1-specifi c inhibitor verapamil, cyclosporine,  and PSC833, which also inhibited 

the transport of short-chain PC. Verapamil had also previously been shown to inhibit the 

translocation of short-chain C6-NBD-PC (72,82). No signifi cant transport of some other 

MDR1 substrates, such as cyclosporine or dexamethasone, was determined.

These results suggest that MDR3 is not specifi c for PC and is able to translocate 

various typical MDR1 substrates as well. But why is drug transport observed only in 

polarized monolayers transfected with MDR3 cDNA? Currently there is no satisfactory 

explanation. Further studies on the translocation of long-chain PC and drugs by MDR3 

are required.
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2.3.3 Analysis of the substrate specifi city of the PC translocator

The analysis of lipid transporters is very complex by reason of the diffi culty of develop-

ing a reliable assay for the molecular mechanism of lipid transporters. Following are 

described two different ways of analyzing the function of P-glycoproteins and especially 

lipid translocases. On the one hand, MDR3 translocates PC across the membrane; three 

different approaches to this have been reported. On the other hand, MDR3 hydrolyzes 

ATP. The resultant ATPase activity correlates indirectly with the substrate transport.

2.3.3.1 Transport of lipids and lipid analogues by the ABC transporter

Currently no sensitive assay for measuring naturally occurring long-chain protein-

mediated lipid translocation from one leafl et to the other leafl et of the membrane exists. 

Nevertheless Sleight and Pagano used the lower hydrophobicity of short-chain lipids 

(C5-C6 acyl chain) to determine lipid transport of lipid translocases, which allows their 

free exchange as monomers via the aqueous phase (83). At fi rst short-chain lipids are 

easily integrated into the surface of the membrane of interest and can be detected by a 

spin-, fl uorescent-, or radiolabel on the short-chain. The transport can be measured by 

chemically quenching of the spin-labeled or fl uorescent analogue in the outer leafl et 

(84) or by “back-exchange.”  To date two different systems to determine short-chain PC 

transport by MDR3 or the mouse-homologous Mdr2 have been described.

Ruetz and Gros expressed Mdr2 in the membrane of secretory vesicles obtained from 

a yeast secretion mutant (82). These vesicles can be easily isolated and consist of a 

pure population of inside-out vesicles, meaning that the cytoplasmic NBDs of the ABC 

transporter are located on the outside of the vesicle. To determine Mdr2-driven transport 

of PC from the outer leafl et into the inner leafl et of the vesicular membrane they used 

fl uorescent-labeled short-chain PC – C6-NBD-PC: (N-6[7-nitro-2,1,3-benzoxadiazol-4-

yl]-amino-hexanoyl-phosphatidylcholine) – which is chemically reduced to the non-

fl uorescent compound by a membrane-impermeable reducing agent such as sodium 

dithionite. Dithionite reduces only the C6-NBD-PC located in the outer leafl et, whereas 

the translocated C6-NBD-PC in the inner leafl et remains unaffected. Detergent disrup-

tion of the vesicles lead to a decrease of fl uorescence emission because of the release of 

translocated C
6
-NBD-PC. With this system Ruetz and Gros proved indeed a very small 

but specifi c transport of short-chain PC analogue by Mdr2. Second, they showed that 

transport was ATP-dependent and inhibited by verapamil, a specifi c inhibitor for MDR1.

In the “back-exchange”  method, short-chain lipids are extracted from the outer leaf-

let by bovine serum albumin (BSA). BSA has the ability to selectively bind short-chain 

lipids from the outer leafl et. The lipids are analyzed by two-dimensional thin layer 

chromatography (TLC) and the transport activity is calculated by the ratio between 

translocated and total amount of short-chain PC (85). 

The fl oppase activity of MDR3 was confi rmed by van Helvoort et al. using LLC-PK1 

pig cells transfected with an MDR3 cDNA construct (72). LLC-PK1 cells are able to 

grow as monolayers on fi lters and MDR3 is found only in the apical membrane. Cells 

are cultured in the presence of a short-chain lipid precursor, which is taken up and 

converted into the corresponding short-chain lipid analogue. The intracellularly synthe-

sized C6-NBD-PC was specifi cally transported by MDR3 but not C6-NBD-phosphati-

dylethanolamine, C6-NBD-sphingomyelin, or C6-NBD-glucosylceramide. Remarkably, 

radiolabeled short-chain PC with two C8 fatty acids lacking the fl uorescence moiety 
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2.3.3 Analysis of the substrate specifi city of the PC translocator

The analysis of lipid transporters is very complex by reason of the diffi culty of develop-

ing a reliable assay for the molecular mechanism of lipid transporters. Following are 

described two different ways of analyzing the function of P-glycoproteins and especially 

lipid translocases. On the one hand, MDR3 translocates PC across the membrane; three 

different approaches to this have been reported. On the other hand, MDR3 hydrolyzes 

ATP. The resultant ATPase activity correlates indirectly with the substrate transport.

2.3.3.1 Transport of lipids and lipid analogues by the ABC transporter

Currently no sensitive assay for measuring naturally occurring long-chain protein-

mediated lipid translocation from one leafl et to the other leafl et of the membrane exists. 

Nevertheless Sleight and Pagano used the lower hydrophobicity of short-chain lipids 

(C5-C6 acyl chain) to determine lipid transport of lipid translocases, which allows their 

free exchange as monomers via the aqueous phase (83). At fi rst short-chain lipids are 

easily integrated into the surface of the membrane of interest and can be detected by a 

spin-, fl uorescent-, or radiolabel on the short-chain. The transport can be measured by 

chemically quenching of the spin-labeled or fl uorescent analogue in the outer leafl et 

(84) or by “back-exchange.”  To date two different systems to determine short-chain PC 

transport by MDR3 or the mouse-homologous Mdr2 have been described.

Ruetz and Gros expressed Mdr2 in the membrane of secretory vesicles obtained from 

a yeast secretion mutant (82). These vesicles can be easily isolated and consist of a 

pure population of inside-out vesicles, meaning that the cytoplasmic NBDs of the ABC 

transporter are located on the outside of the vesicle. To determine Mdr2-driven transport 

of PC from the outer leafl et into the inner leafl et of the vesicular membrane they used 

fl uorescent-labeled short-chain PC – C6-NBD-PC: (N-6[7-nitro-2,1,3-benzoxadiazol-4-

yl]-amino-hexanoyl-phosphatidylcholine) – which is chemically reduced to the non-

fl uorescent compound by a membrane-impermeable reducing agent such as sodium 

dithionite. Dithionite reduces only the C6-NBD-PC located in the outer leafl et, whereas 

the translocated C6-NBD-PC in the inner leafl et remains unaffected. Detergent disrup-

tion of the vesicles lead to a decrease of fl uorescence emission because of the release of 

translocated C
6
-NBD-PC. With this system Ruetz and Gros proved indeed a very small 

but specifi c transport of short-chain PC analogue by Mdr2. Second, they showed that 

transport was ATP-dependent and inhibited by verapamil, a specifi c inhibitor for MDR1.

In the “back-exchange”  method, short-chain lipids are extracted from the outer leaf-

let by bovine serum albumin (BSA). BSA has the ability to selectively bind short-chain 

lipids from the outer leafl et. The lipids are analyzed by two-dimensional thin layer 

chromatography (TLC) and the transport activity is calculated by the ratio between 

translocated and total amount of short-chain PC (85). 

The fl oppase activity of MDR3 was confi rmed by van Helvoort et al. using LLC-PK1 

pig cells transfected with an MDR3 cDNA construct (72). LLC-PK1 cells are able to 

grow as monolayers on fi lters and MDR3 is found only in the apical membrane. Cells 

are cultured in the presence of a short-chain lipid precursor, which is taken up and 

converted into the corresponding short-chain lipid analogue. The intracellularly synthe-

sized C6-NBD-PC was specifi cally transported by MDR3 but not C6-NBD-phosphati-

dylethanolamine, C6-NBD-sphingomyelin, or C6-NBD-glucosylceramide. Remarkably, 

radiolabeled short-chain PC with two C8 fatty acids lacking the fl uorescence moiety 
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(C8C8-[
3H]PC) were slightly translocated into the apical medium. Van Helvoort and col-

leagues confi rmed that the high specifi city of MDR3 is determined by the choline head 

group.

To date, only Smith and coworkers have been able to generate a system for the trans-

location of long-chain PC through the membrane of fi broblasts from transgenic mice 

by MDR3 (71). Intracellular synthesized radioactively labeled PC is inserted into the 

inner leafl et and translocated to the outer leafl et in the presence of MDR3. PC-TP, a PC-

specifi c transfer protein, carries out the exchange of labeled PC from the outer leafl et to 

acceptor liposomes in the medium. In this study Smith et al. determined an increased 

translocation of long-chain PC in the presence of MDR3. One main drawback of this 

system is the high background in the absence of MDR3 by vesicular transport. This 

makes usage of this assay extremely complicated. 

Thus far no in vitro system for the translocation of PC by MDR3 is established because 

of the challenge of cloning, expressing, and purifying functional MDR3 in suffi cient 

amounts and the technical diffi culty of measuring the translocation of natural PC. 

2.3.3.2 Substrate-stimulated ATPase activity

ABC transporters hydrolyze ATP  to energize the transport across the membrane. Since 

ATP hydrolysis is linked by substrate translocation, the transport activity can be visual-

ized indirectly. Most ABC transporters offer a basal ATPase activity. This ATPase activity 

is stimulated or inhibited by adding the substrate or inhibitor. There are two assays for 

measuring the ATPase activity by the determination of released inorganic phosphate: the 

malachite green assay (86) and the NADH-coupled assay (87,88). Both assays measure 

the release of free orthophosphate. 

The highly sensitive malachite green assay is based on the complex formation 

of free phosphate with molybdate. The reaction of phosphomolybdate and the dye 

malachite green results in a green complex, whose absorbance can be easily de-

termined at a wavelength of 620 to 650 nm. Nevertheless, a disadvantage of this 

method is its inability to observe the hydrolytic reaction continuously. The NADH-

coupled assay enables one to follow the rate of ATP hydrolysis in real time by cou-

pling the release of Pi and the oxidation of NADH to NAD+. The ATPase hydrolyzes 

ATP to ADP and Pi. ADP is converted to ATP and phosphoenolpyruvate (PEP) to 

pyruvate by pyruvate kinase. The lactate dehydrogenase reduces pyruvate to lactate, 

while NADH is oxidized to NAD+. The decrease of NADH is then determined at a 

wavelength of 340 nm.

The precondition to measuring ATPase activity is simple: suffi cient expression of 

MDR3. To date it has not been possible to clone and express functional MDR3 in bac-

terial systems such as E. coli or L. lactis because of the “ toxic”  or “unstable”  DNA 

sequence (as described in section 2.2.5). The expression of MDR3 in mammalian cell 

lines such as LLC PK1 and insect cells has been demonstrated by different groups 

(72,82). However, the obtained protein amounts are not suffi cient to purify MDR3. 

Thus, up to now, it has not been possible to measure the PC-stimulated ATPase activity 

of membrane vesicles containing MDR3 and/or of isolated MDR3 in detergent solution 

or reconstituted into liposomes. To overcome this major obstacle it is crucial to study 

MDR3 in vitro and obtain a more detailed knowledge of this interesting ABC transporter 

as expressed inside the liver.
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2.4  Structure and function of the breast cancer 
resistance protein (ABCG2; BCRP) 

2.4.1 History of ABCG2

ABCG2 was fi rst identifi ed in human (BCRP, ABCG2)  carcinoma cells. Despite the ab-

sence of overexpression of known multidrug transporters, like P-gp or MRP1, these 

cells displayed a remarkable resistance to multiple chemotherapeutic drugs such as 

doxorubicin  and mitoxantrone . The gene conferring this resistance was isolated and 

subsequently used to transfect carcinoma cells, which then displayed a diminished 

accumulation of daunorubicin in fl ow cytometry assays. Additionally, this transport 

function appeared to depend on the presence of ATP, and this transport protein was 

termed breast cancer resistance protein (BCRP; ABCG2) (89). Independently, ABCG2 

was discovered as the determinant responsible for the resistance of human colon car-

cinoma cells selected in mitoxantrone. Isolated cDNA clones displayed high levels of 

resistance to mitoxantrone. The gene showed relation to the Drosphila melanogaster 

white gene and homology to ABC transporters; it was named MXR for “mitoxantrone 

resistance”  (90). Furthermore, ABCG2 was identifi ed among a group of new human 

ABC transporters that were found to be highly expressed in the placenta. The isolated 

cDNA contained an open reading frame of 655 amino acids consisting an ABC half-

size transporter with an N-terminal NBD and a C-terminal TMD (91). Although it was 

discovered three times in different contexts, the gene involved always encoded ABCG2.

2.4.2 Structure and function of ABCG2

ABCG2   is a 72-kDa 655−amino acid glycoprotein. Among the members of the ABC 

transporter family, ABCG2 has, like other members of the ABCG subfamily, a reverse 

topology, meaning that the NBD is located N-terminal to the TMD. With only one NBD 

and one TMD encoded on a single gene, ABCG2 is considered to be a half-size trans-

porter and thought to dimerize  to become a functional ABC transporter (see Fig. 2.2). 

Several studies have focused on this oligomerization behavior. Interestingly, intermo-

lecular disulfi de bonds are required to obtain a dimeric protein. Cysteine scanning 

mutagenesis revealed that residue C603 of ABCG2 is involved in intermolecular cross-

linking via disulfi de bonds (92). Additionally, no mutation of any other cysteine residue 

had an effect on the dimerization of ABCG2 or its activity. In agreement with these 

results, Henriksen et al. showed that the oligomeric species of ABCG2 was observed 

with the use of a nonreducing SDS-PAGE can be gradually disrupted by the addition of 

a reducing agent (93). Here, mutational analysis of the three cysteine residues located in 

the third extracellular loop showed that only the C603A mutant impaired dimerization. 

However, a cell survival assay with mitoxantrone showed that this mutation was still 

as resistant as the wild type, indicating that the disulfi de bond is not essential for the 

transport function. A biotinylation assay supported the idea that the other two cysteine 

residues in this loop, C592 and C608, form an intramolecular disulfi de bond. However, 

this disulfi de bond is important for protein degradation (94).

An important feature of ABCG2 is the GXXXG motif, which has been identifi ed as a 

recurring transmembrane sequence and is proposed to be an interaction site between 

the transmembrane a-helices of different monomers. Polgar et al. investigated the only 

putative GXXXG motif in transmembrane helix 1 of ABCG2. Mutation of one or both of 
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the glycine residues resulted in lower ATP hydrolysis and a reduced substrate transport 

rate, although the protein was still expressed at similar levels on the cell surface. These 

fi ndings support the hypothesis that the GXXXG motif plays a role for the correct orien-

tation of the transmembrane segments toward each other in the functional transporter. 

Mutational studies of G553 indicate an involvement of this residue in the dimerization 

of ABCG2 (95). 

Another important characteristic of ABCG2 is its hyperglycosylation, deduced from 

the apparent molecular weight of the protein in SDS PAGE gels and susceptibility to 

PNGaseF treatment. The glycosylation, however, appears to have no infl uence on the 

traffi cking of ABCG2 to the plasma membrane. Surface expression was investigated by 

immunostaining of human ovarian carcinoma cells and hamster ovary cells. Although 

three glycosylation sites are predicted to be potentially located in the third extracellular 

loop, only the N569Q mutant showed impaired glycosylation. As mentioned in section 

2.2.5, this impaired glycosylation does not result in misstraffi cking , in contrast to, for 

example, the N557 alanine mutation, which results in a ER localization of ABCG2 (96).

Nonglycosylated ABCG2 still showed reduced accumulation of the substrate rhod-

amine 123 in fl ow-cytometric assays and normal ATPase activity, which can be stimu-

lated by prazosin. The results were comparable to levels found for glycosylated ABCG2 

in crude membrane preparations, indicating that glycosylation is not essential for the 

function of ABCG2. Many studies investigating the function of ABCG2 have employed 

mutagenesis to clarify the role of different residues in the protein. Residues C592, C603, 

and C608 are involved in intra- or intermolecular disulfi de bonds and N596 is glyco-

sylated. Furthermore, residue R482 has been extensively characterized. Early isolates 

of ABCG2 from carcinoma cell lines showed a mutation at this position. By testing the 

accumulation of rhodamine 123 in cells expressing the variants R482G and R482T, 

broader substrate specifi city was observed (97). Whereas the wild-type protein con-

ferred no resistance to compounds like rhodamine 123, doxorubicin, or daunorubicin, 

expression of ABCG2 and the mutants R482G and R482T reduced the accumulation of 

the drugs and prolonged cell survival in cytotoxicity assays. Other compounds – like mi-

toxantrone, prazosin, and Hoechst 33342 – are substrates for both mutant and wild-type 

transporters (98,99)  . A later study confi rmed previous results and additionally observed 

binding of substrates, which are not transported to the wild-type transporter (100).

A common single-nucleotide polymorphism encoding the mutation Q141K is linked 

with the occurrence of gout. ABCG2 was shown to be located in the brush-border 

membrane of kidney proximal tubule cells. Functional assays with X. laevis  oocytes 

expressing wild-type ABCG2 or Q141K mutant showed that the latter exhibited urate 

effl ux, thereby linking ABCG2 to this genetic disease (101). A recent study revealed 

that this mutant is exhibiting increased susceptibility for lysosomal and proteasomal 

degradation (102).

2.4.3 Analysis of the substrate specifi city of ABCG2

Owing to the discovery of ABCG2 in drug-resistant cells, the fi rst reported substrates for 

it were predominantly chemotherapeutic drugs. These included mitoxantrone, fl avopiri-

dol, metothrexate, irinotecan and its active metabolite SN-38, porphyrines, and tyrosin-

kinase inhibitors such as imatinib and gefi tinib (103). Other substrates are antibiotics 

(104,105), fl avonoids, antivirals (106,107), folic acid (108), and fl uorescent dyes such 
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as Hoechst 33342. Mutation of the arginine residue at position 482 conveys a broader 

substrate spectrum including rhodamine 123 and anthracyclines such as doxorubicin. 

Because of its broad substrate spectrum and its expression in several tissues apart from 

the liver – such as the small intestine, colon, central nervous system, testis, ovary, and 

placental syncytiotrophoblasts – the transporter is thought to have a protective role 

(103,109,110). The number of ABCG2 inhibitors identifi ed is equally large. Fumitrem-

orgin C was the fi rst inhibitor described (111). Its analog, Ko143, was found to be one 

of the most effective ABCG2 inhibitors  (112). Some inhibitors were also inhibitors of 

P-gp or MRP – among them cyclosporine (113) and elacridar (GF120918)(114). Many 

compounds are both inhibitors and transported substrates, such as dihydropyridines 

(115). Despite the great number of substrates and inhibitors described to date, no clear 

structural requirements for a binding compound could be identifi ed.

2.4.4 Expression, purifi cation, and biochemical studies of ABCG2

To date, ABCG2 has been successfully expressed in a number of different vector systems 

and host organisms. Early studies have been done with drug-selected mammalian cell 

lines. Finally, the isolation of the cDNA offered the opportunity to move the expression 

to some heterologous hosts, such as Xenopus oocytes, insect cells , yeast,  or bacteria.

Baculovirus-infected insect ovary cells (Sf 9) and High Five cells offer an alternative 

to mammalian cell lines and have been successfully used to overexpress ABCG2, al-

though in both cases hypoglycosylation, transport, and ATPase activity were observed 

(116,117). Other expression systems include yeasts like P. pastoris and S. cerevisiae. 

Mao et al. expressed ABCG2 in P. pastoris, obtaining active protein comprising about 

3% of the total protein in microsome  preparations (118). Similar expression levels could 

be observed in baker’s yeast, yielding protein with ATPase activity, which could be 

stimulated by substrate (119). Additionally, a prokaryotic expression system has been 

reported employing the gram-positive bacterium L. lactis (120). Expression in another 

bacterial system, E. coli, did not yield functional protein (121). 

Especially for the purifi cation of ABCG2 from the membrane fraction of the expression 

host, a high yield is needed. Protein expression of the systems mentioned previously in 

this section was tested on the ability to obtain high yields of ABCG2 after purifi cation. 

Solubilization of ABCG2 using different detergents showed the best results with the use 

of lysophosphatidylcholine  (LPC) and n-dodecyl-b-D-maltoside (b-DDM) for P. pastoris  

membranes and FosCholine-14 and -16 for ABCG2 expressed in insect cells (122,123). 

Also used for solubilization of protein from insect cell membranes was CHAPS (117). 

Purifi cation steps of the amino-terminal-histidine-tagged protein in all cases yielded 

suffi ciently pure protein after immobilized metal-ion affi nity chromatography (IMAC). 

Because of weak binding to the affi nity resin, further purifi cation steps were necessary 

when the insect cell expression system was used. These included ion exchange and size 

exclusion chromatography (117). ABCG2 retained ATPase activity and substrate binding 

after its purifi cation.

 Because of its ability to effl ux a broad variety of substrates, multiple drug binding sites 

have been proposed for ABCG2. Clark et al. investigated this with heterologous displace-

ment assays. [3H]daunomycin  binding constants were measured in the presence of other 

known substrates of the ABCG2 gain-of-function mutant R482G. Three distinct binding 

sites were proposed, which are interlinked by allosteric communication (124). Several 
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studies of the substrate specifi city and drug binding could be obtained by employing 

fl uorescent substrates of ABCG2. For example 1,4-dihydropyridines could be identifi ed 

as ABCG2 substrates by photoaffi nity labeling with [125I]Iodoarylazidoprazosin (IAAP) 

and [3H]azidopine (125).

Since the translocation process is ATP-dependent, the ATPase activity of ABCG2 has 

been measured to confi rm its physiologic activity. The majority of kinetic parameters 

were obtained on membrane preparations containing other ATPases. The wild type and 

the R482G isoform are capable of hydrolyzing ATP in the absence of any substrate (98). 

Since the infl uence of substrates and inhibitors on hydrolytic activity is an indicator 

of interaction with the protein, the measurement of ATPase activity is the focus of sev-

eral studies. ATPase activity has been used as a readout in order to identify cholesterol 

content of the membrane as a major factor in ABCG2 activity (126). Cholesterol load-

ing and depletion experiments showed stimulation of ATPase activity by substrates and 

improved drug transport in cholesterol-loaded membranes. In contrast, ATPase activity 

could not be stimulated in cholesterol-depleted membranes, indicating an essential role 

of membrane cholesterol.

Another tool to gain further knowledge about the topology of ABCG2 is epitope 

insertion mutagenesis. One study employed hemagglutinin (HA) tags to probe the 

predicted hydrophilic regions of ABCG2 via immunofl uorescence (127). The results 

supported a model of six transmembrane helices with the amino and carboxy termini 

located intracellularly. A later study investigated a current homology model of ABCG2 

by epitope insertion and found signifi cant differences in the location of the predicted 

transmembrane segments (122).

To date there are no high-resolution structural data on ABCG2, although some at-

tempts to obtain such data have been undertaken. These include negative-stain elec-

tron cryomicroscopy of purifi ed protein. ABCG2 overexpressed in insect cells was 

solubilized and retained its stimulated ATPase activity. Analysis of the electron micro-

scopy data revealed large particles (~170 Å in diameter) with a noticeable fourfold 

symmetry, in agreement with a higher oligomer as postulated by biochemical analysis. 

The fi nal three-dimensional structure with an estimated resolution of ~18 Å could be 

accurately fi tted with homology models of ABCG2, forming a tetramer. Data from size-

exclusion chromatography and blue native PAGE supported the idea that ABCG2 forms 

a higher-order oligomeric species under the tested conditions (122). 

Rosenberg et al. used purifi ed ABCG2 expressed in P. pastoris to obtain two- dimensional 

crystals. The substrate mitoxantrone  had a noticeable effect on the crystal shape. Analysis 

showed a signifi cant change in unit cell dimensions, indicating a conformational change 

upon drug binding. A new homology model verifi ed by epitope insertion mutagenesis 

supported the structural data by showing rigid body motion of two transmembrane 

helices, leading to a more compact conformation of the transporter in the drug-

bound state. However, a three-dimensional structure is still a long way off. Eventually 

that will provide a detailed look at the function of ABCG2 at the molecular level.

2.5 Concluding remarks

Several interesting transporters are expressed within the hepatocytes, contributing to 

the function of these cells. This chapter focused on three of them, BSEP, MDR3, and 
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ABCG2. A wealth of information is to be derived from studies of their expression and 

mutation in different mammalian cell lines – studies focusing on their localization, traf-

fi cking, and activity. Although such studies have revealed extremely valuable and often 

essential information, the next step must be to achieve a molecular understanding of 

these transport mechanisms. Here, the fi rst prerequisite is to elucidate the overexpres-

sion of these transporters, which will lead to their characterization directly in isolated 

membranes and/or after subsequent solubilization and purifi cation in detergent solu-

tion. As described and summarized, the expression of membrane proteins is by no 

means trivial and often hampered by a too low expression in homo- or heterologous 

expression systems. However, if overexpression can be achieved for BSEP, MDR3, or 

ABCG2, the gain in knowledge derived from localization studies as well as mutational 

analysis will shed much light on the molecular mechanism of transport of a large variety 

of substrates with ATP only as an energizing molecule. Truly it will be a long way to go, 

but the information obtained will be worth the effort. 
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Fig. S3 

 

 

Table S1: PCR primers used in this study 

Oligonucleotide Sequence 5´-3´ (relevant restriction sites in underlined italics and point 

mutations indicated in bold letter) 

Used in 

YEpNHISFor GATCCTTTAATTATCAAACAATATCAATATGCATCATCACCATCATCACCATC

ATCACCATCATCATCACCATGGTGGTGGTATTGAAGGTAGACCCGGGTAGA 

Supplementary 

figure 1 

YEpNHISRev CGCGTCTACCCGGGTCTACCTTCAATACCACCACCATGGTGATGATGATGG

TGATGATGGTGATGATGGTGATGATGCATATTGATATTGTTTGATAATTAAAG 

Supplementary 

figure 1 

BSEP-YEpHISN-S1 TCACCATCATCATCACCATGGTGGTGGTATTGAAGGTAGATCTGACTCAGTA

ATTCTTCGAAGTATAAAG 

Supplementary 

figure 1 

BSEP-YEpHISN-S2 GAATAAGGTAAACATGGTAGCGATGTCGACCTCGAGACGCGTCTAACTGAT

GGGGGATCCAGTGGTGACT 

Supplementary 

figure 1 

BSEP-YEpHISC-S1 ATAAGAAGATAGGATCCTTTAATTATCAAACAATATCAATATGTCTGACTCAG

TAATTCTTCGAAGTAT 

Supplementary 

figure 1 

BSEP-YEpHISC-S2 CGATGTCGACCTCGAGACGCGTCTAATGGTGATGGTGATGGTGATGGTGAC

CACTGATGGGGGATCCAGTGGTGACT 

Supplementary 

figure 1 

OriLeu-pPIC3.5-NdeI-S1 AACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGAGGC

CCTTTCGTCTTCAAGAATTAACTGTGGGA 

 

Figure 1 

OriLeu- pPIC3.5-NdeI-S2 GTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATGATCTGTG

CGGTATTTCACACCGCATATATCG 

Figure 1 

BSEP-pPIC3.5-S1 AATTATTCGAAGGATCCTACGTAGAATTCCCTAGGGCGGCCGCATGTCTGA

CTCAGTAATTCTTCGAAGTATAAAGAAAT 

Figure 1 

BSEP-pPIC3.5-S2 TGAGGAACAGTCATGTCTAAGGCGAATTAATTCGCGGCCGCCTAATGGTGA

TGGTGATGGTGATGGTGACCACTGATG 

Figure 1 

BSEP-BstBImut-S1 AGCTCTTCGAAGAGCCTTCTCTTACACCCCAAGTTATGCAAAAGCTAAA Figures 2 and 3 

BSEP-BstBImut-S2 AGAAGGCTCTTCGAAGAGCTGTTGCACTCAGTACAACTGCAGAGATCAC Figures 2 and 3 

OriLeu-pEYFP-AflII-S1 TCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGCGAGGCCCTTTC

GTCTTCAAGAATTAACTGTGGGA 

Figure 3 

OriLeu-pEYFP-AflII-S2 ATTTTAACAAAATATTAACGCTTACAATTTACGCCTTAAGATCTGTGCGGTAT

TTCACACCGCATATATCG 

Figure 3 
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Table S2: Plasmids used in this study 

Plasmid Purpose Reference 

YEpHIS and YEpMDR1HIS constitutive; C-terminal his8 tag. YEpMDR1HIS contains 

human MDR1 cDNA 

[67] 

YEpNHIS constitutive; N-terminal his14 tag This study 

YEpNHIS-BSEP constitutive BSEP expression with N-terminal his14 tag This study 

YEpHIS-BSEP constitutive BSEP expression with C-terminal his8 tag This study 

pPIC3.5-OriLeu-CHISBSEP yeast-shuttle, P. pastoris integration vector for 

chromosomal BSEP expression with C-terminal his8 tag 

This study 

pEYFP-N1-BSEP mammalian BSEP expression plasmid [68] 

pEYFP-N1-OriLeu-BSEP yeast-shuttle, mammalian BSEP expression plasmid

  

This study 
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Supplementary Table S1 

 

 

Position Detergent cmc % used %   nature 

A1 Anameg®-7 0.65 1%                 N 

A2 Anapoe®-20 0.0072 1%                 N 

A3 Anapoe®-35 0.001 1%                 N 

A4 Anapoe®-58 0.00045 1%                 N 

A5 Anapoe®-80 0.0016 1%                 N 

B1 Anapoe®-C10E6 0.025 1%                 N 

B2 Anapoe®-C10E9 0.053 1%                 N 

B3 Anapoe®-C12E8 0.0048 1%                 N 

B4 Anapoe®-C12E9 0.003 1%                 N 

B5 Anapoe®-C12E10 0.2 1%                 N 

C1 Anapoe®-C13E8 0.0055 1%                 N 

C2 Anapoe®-X-100 0.015 1%                 N 

C3 Anapoe®-X-114 0.011 1%                 N 

C4 Anapoe®-X-305                 – 1%                 N 

C5 Anapoe®-X-405 0.16 1%                 N 

D1 Big CHAP 0.25 1%                 N 

D2 Big CHAP deoxy 0.12 1%                 N 

D3 CYGLU®-3 0.86 2%                 N 

D4 CYMAL®-1 15 2%                 N 

D5 CYMAL®-2 5.4 2%                 N 

E1 CYMAL®-3 0.37 1%                 N 

E2 2.6-Dimethyl-4-heptyl-β-D-maltose 1.2 2%                 N 

E3 2-propyl-1-pentyl maltose 1.9 2%                 N 

E4 MEGA-8 2.5 2%                 N 

E5 n-Octyl-β-D-glucoside 0.53 2%                 N 

F1 n-Nonyl-β-D-glucoside 0.2 1%                 N 

F2 n-Octyl-β-D-maltoside 0.89 2%                 N 

F3 n-Nonyl-β-D-maltoside 0.28 2%                 N 

F4 n-Decyl-α-D-maltoside                  – 1%                 N 

F5 n-Tetradecyl-β-D-maltoside 0.00054 1%                 N 

G1 n-Undecyl-α-D-maltoside 0.029 1%                 N 

G2 n-Undecyl-β-D-maltoside 0.029 1%                 N 

G3 n-Dodecyl-α-D-maltoside 0.0076 1%                 N 

G4 n-Dodecyl-β-D-maltoside 0.0087 1%                 N 
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G5 n-Tridecyl-β-D-maltoside 0.0017 1%                 N 

H1 n-Heptyl-β-D-thioglucoside 0.85 2%                 N 

H2 n-Octyl-β-D-thiomaltoside 0.4 2%                 N 

H3 n-Nonyl-β-D-thiomaltoside 0.15 1%                 N 

H4 n-Decyl-β-D-thiomaltoside 0.045 1%                 N 

H5 n-Undecyl-β-D-thiomaltoside 0.011 1%                 N 

I1 n-Dodecyl-β-D-thiomaltoside 0.0026 1%                 N 

I2 Pentaethylene glycol 

monodecylether(C10E5) 

0.031 1%                 N 

I3 Tetraethylene glycol 

monoethylether(C8E4) 

0.25 1%                 N 

I4 Sucrose monododecanoate 0.016 1%                 N 

I5 Dimethyldecylphosphine oxide 0.1 1%                 N 

J1 Tripglu 3.6 2%                 N 

J2     

J3 Decyl-β-D-glucoside 0.07 1%                 N 

J4     

J5 CYGLU®-4 0.058 2%                 N 

K1 CYMAL®-5 0.12 2%                 N 

K2 MEGA-10 0.21 2%                 N 

K3 NP40        0.05-0.3 1%                 N 

K4 Cyclohexyl-n-hexyl-β-D-maltoside                  – 1%                 N 

     

C6 Anzergent® 3-10 1.2 2%                  Z 

C7 Anzergent®3-12 0.094 1%                  Z 

C8 Anzergent® 3-14 0.007 1%                  Z 

C9 CHAPS 0.49 2%                  Z 

C10 CHAPSO 0.5 2%                  Z 

D6 C-DODECAFOS™ 0.77 2%                  Z 

D7 Cyclofos™-4 0.45 2%                  Z 

D8 Cyclofos™-5 0.15 1%                  Z 

D9 Cyclofos™-6 0.094 1%                  Z 

D10 Cyclofos™-7 0.022 1%                  Z 

E6 Cyclofos™-2 7.5 1%                  Z 

E7 Fos-Choline®-9 1.2 2%                  Z 

E8 Cyclofos™-3 1.3 2%                  Z 

E9 Fos-Choline®-11 0.062 1%                  Z 

E10 Fos-Choline®-12 0.047 1%                  Z 

F6 Fos-Choline®-13 0.027 1%                  Z 



Chapter 5 

 135 

F7 Fos-Choline®-14 0.0046 1%                  Z 

F8 Fos-Choline®-15 0.0027 1%                  Z 

F9 Fos-Choline®-16 0.00053 1%                  Z 

F10 Fos-Choline®-Iso-9 0.99 2%                  Z 

G6 Fos-Choline®-Iso-11 0.9 2%                  Z 

G7 Fos-Choline®-Iso-11-6U 0.87 2%                  Z 

G8 Fos-Choline®-Unisat-11-10 0.21 1%                  Z 

G9 Fos-Choline®-8 3.4 2%                  Z 

G10 Fosfen™-9 0.014 1%                  Z 

H6 Nopol-Fos™ 1.4 2%                  Z 

H7 PMAL™-8                   – 1%                  Z 

H8 PMAL™-C10                   – 1%                  Z 

H9 n-Decyl-N.N-dimethylglycine 0.46 2%                  Z 

H10 n-Dodecyl-N.N-dimethylglycine 0.041 1%                  Z 

     

I7 n-Tetradecyl-N.N-dimethylamine-N-

oxide 

0.0075 1%                  Z 

I8 n-Dodecyl-N.N-dimethylamine-N-

oxide 

0.023 1%                  Z 

I9 Tripao 4.5 2%                  Z 

I10 n-Tetradecyl-N.N-dimethylamine-N-

oxide 

0.0075 1%                  Z 

J6 LAPAO 0.052 2%                  Z 

J7 PMAL™-C-12                    – 2%                  Z 

J8 2-Carboxy-w-

heptadecenamidopropyldimethylami

ne 

                   – 1%                  Z 

J9 2-Carboxy-5-

pentadecenamidopropyldimethylami

ne 

                   – 1%                  Z 

J10 N.N dimethyl(3-carboxy-4-dodec-5-

ene)aminopropylamine 

0.0178 1% Z 

     

A6 Deoxycholic acid. sodium salt 0.24 1%                   A 

A7 Sodium cholate 0.41 2%                   A 

A8 Fosmea®-10 0.15 1%                   A 

A9 Sodium dodecanoyl sarcosine 0.42 2%                   A 

A10 n-Dodecyl-β-iminodipropionic acid 

(only used for MDR3) 

N/A 1% A 
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B6 Decyltrimethylammonium chloride 0.07 1%                  C 

B7 Dodecyltrimethylammonium 

chloride 

0.0012 1%                  C 

B8 Hexadecyltrimethylammonium 

chloride 

0.000102 1%                  C 

B9 Tetradecyltrimethylammonium 

chloride 

0.0009 1%                  C 
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Abstract 

The human bile salt export pump BSEP (ABCB11) is an ABC transporter, which is 

responsible for bile salt transport in the liver. Mutations within its gene can lead to 

different cholestatic diseases and BSEP might also be involved in cholestatic drug-

induced liver injury (DILI). To characterize the impact of mutations or drugs as 

inhibitors on BSEP function, vesicular uptake assays based on inside-out membrane 

vesicles from human BSEP expressing insect cells are usually performed. Here, we 

provide the proof-of-principle that human BSEP expressed in the yeast Pichia 

pastoris is functionally active in a vesicular transport assay and displays similar 

Michaelis-Menten constants for the bile salts taurocholate and 

taurochenodeoxycholate as compared to the insect or human cell systems. Thus, the 

P. pastoris expression system has to be considered as an alternative to cell-based 

systems for characterizing vesicular uptake mediated by BSEP. 

 

Keywords: BSEP, Pichia pastoris, vesicular uptake assay, Michaelis-Menten 

constant 

  



Chapter 6 

 140 

Introduction 

The ABC transporter bile salt export pump (BSEP, ABCB11) is the major bile salt 

transporter in vertebrates [1]. It is exclusively expressed in the liver and localized in 

the canalicular (apical) membrane of hepatocytes lining the canaliculus [2]. Here, 

BSEP is responsible for the bile salt dependent bile flow. It transports primary and 

secondary bile salts conjugated to taurine or glycine such as taurocholate (TC), 

taurochenodeoxycholate (TCDC), taurodeoxycholate (TDC) or glycocholate (GC) and 

glycochenodeoxycholate (GCDC) [3,4]. The bile salt transport across the canalicular 

membrane is ATP-dependent [2]. This catalyzes the uphill transport, because bile 

salt concentration within the canaliculus is approximately 1000 times higher than in 

the cell [5]. Together with the ABC transporters MDR3 (ABCB4) and ABCG5/G8, 

which transport phosphatidylcholine (PC) and cholesterol (CL), respectively, BSEP 

represents the bile forming machinery and bile salts are integrated into mixed 

micelles composed of PC and CL to dampen their harsh detergent effect [6,7]. 

Because of its strategic and crucial role in bile formation, BSEP is an important 

pharmaceutical target. Mutations within the BSEP gene can lead to severe 

cholestatic diseases in humans like progressive intrahepatic cholestasis type 2 

(PFIC2) [8], benign recurrent intrahepatic cholestasis type 2 (BRIC2) [9], a milder 

form of cholestasis or intrahepatic cholestasis of pregnancy (ICP) [10]. Those 

diseases are manifested by a strongly reduced or even a complete abolishment of 

bile salt transport. In many cases, PFIC2 mutations lead to the absence of BSEP in 

the canalicular membrane and thus bile salt concentration rises within the cell and 

induces for example apoptosis [11,12]. Although different therapies exist, liver 

transplantation is the ultimate therapy for example for PFIC2 [13]. BSEP is also 

involved in drug-induced liver injury (DILI). Certain drugs inhibit BSEP in vitro and 

inhibition of BSEP is consistent with the disposition of various drugs to cause 
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cholestatic DILI in humans [14,15]. To assay BSEP for transport or inhibition under 

certain conditions, a reliable expression system for BSEP is necessary. Several 

expression systems for BSEP have been established so far. All of them are based on 

mammalian cell lines such as HEK293 cells, HepG2 cells, MDCK cells and LLC PK1 

or insect cells such as Sf9 or HighFive cells and BSEP is functionally characterized 

without purification [3,4,16,17,18,19]. These systems are very convenient to address 

questions of localization, interactions or degradation of BSEP. Nonetheless, the yield 

of BSEP produced in those cell lines is not sufficient for purification of the transporter 

for functional in vitro assays and no reports have been published up to now.  

Yeasts, like Pichia pastoris cells, have the advantage that they harbor the eukaryotic 

modification machinery, are inexpensive, require simple culture media, and exhibits 

well–studied genetics [20]. Thus, yeast might be another well-suited opportunity for 

the heterologous overexpression of human BSEP. Of course there are differences, 

for example the lipid composition of the plasma membrane is different compared to 

mammalian cells (they contain ergosterol instead of cholesterol) and the 

glycosylation pattern differs in respect to the human counterpart. Nevertheless, P. 

pastoris has been used to successfully express 25 of the 48 human ABC transporters 

[21]. Furthermore, the functional purification of human ABC transporters such as P-

gp, MRP3 or ABCG5/G8 has been reported [21,22,23]. Recently, we could show the 

expression of human BSEP in the yeast Pichia pastoris and its subsequent 

purification for biochemical analysis in detergent solution [24,25].  

In general, characterization of BSEP mostly utilized inside-out vesicles (IOVs) of 

insect cell membranes expressing BSEP to study its transport or inhibition potential 

without any subsequent purification [26,27]. Like P. pastoris, the glycosylation pattern 

also does not resemble the human glycosylation, but similar kinetic parameters have 

been determined compared to studies with IOVs from human origin like HEK293 cells 
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[1]. Thus, glycosylation of BSEP does not influence its transport kinetics, but can only 

have an influence on trafficking, as shown by mutational studies of N-linked 

glycosylation sites of BSEP in MDCK cells [28]. In addition to this well-established 

system, we demonstrate the applicability of IOVs of BSEP expressed in P. pastoris to 

perform transport assays as a proof-of-principle, showing similar kinetic parameters 

and make this system a new emerging competitor to the insect cell system. 
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Materials and Methods 

Cloning of human BSEP for the Pichia pastoris expression system 

Human BSEP (NCBI accession code: NM_003742.2) was cloned into the P. pastoris 

expression vector pSGP18 [21] as previously described using homologous 

recombination in S. cerevisiae [24,25]. 

 

Transformation and Expression of human BSEP in Pichia pastoris X33 

The procedure is described in detail in Ellinger et al. [24]. In brief, 20 µg of PmeI 

(New England Biolabs) linearized pSGP18-hBSEP plasmid DNA was transformed 

into electrocompetent P. pastoris X33 (Life Technologies) by electroporation (1500 V, 

5 ms). Clones were screened for expression in small scale analogous to Wang et al. 

[23]. Expressing clones were fermented in a 15 L table-top glass fermentor (Applikon 

Biotechnology) according to the Invitrogen Pichia fermentation guideline using the 

basal salt media. Typically a volume of 6 L media was inoculated with 1 L of an 

overnight culture grown in MGY (1.34% yeast nitrogen base, 1% glycerol and 4 x 10-

5% biotin) media. Aeration was kept above 20% O2 saturation and the glycerol fed-

batch was performed for 5 h feeding ~500 ml of 50% (v/v) glycerol. Protein 

expression was induced by addition of 3.6 ml/h/l (~1000 ml) methanol for 48 h. Cells 

were harvested by centrifugation (5,000xg, 10 min, 4°C), flash-frozen in liquid 

nitrogen and stored at -80°C until further use. 

 

Preparation of yeast plasma membranes (PMs) 

PMs of fermented P. pastoris cells were prepared as described for S. cerevisiae by 

Ernst et al. [29]. Briefly, approximately 30 g of BSEP expressing P. pastoris cells 

were resuspended in 50 mM Tris-acetate, pH 7.5 and 0.2 mM EDTA and disrupted in 

a bead beater (Biospec) with acid-washed glass beads (Roth). Unbroken cells and 
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cellular debris were removed by three centrifugation steps (twice 1,000xg, 5 min, 4 

°C and 3,000xg, 5 min, 4°C). The supernatant was centrifuged for 45 min at 

20,000xg and the membrane pellet was resuspended in 10 mM Tris-acetate, pH 7.5 

and 0.2 mM EDTA. The suspension was adjusted to 5 mg/ml with the same buffer 

and mitochondrial membranes were precipitated by lowering the pH to 5.2 and 

removed by centrifugation (7,000xg, 5 min, 4°C). The supernatant was re-adjusted to 

pH 7.5 and PMs were harvested by ultracentrifugation for one hour at 100,000xg. 

After resuspension with a brush in buffer A (50 mM Tris-HCl, pH 8.0, 75 mM NaCl, 

30% glycerol) protein concentration was determined via the Bradford assay (Pierce) 

and membranes were snap-frozen in liquid nitrogen and stored at -80°C. All steps 

were carried out at 4°C. 

 

Immunoblotting analysis of BSEP 

5 µg of PMs were separated on a 7% SDS-PAGE gel, blotted onto a nitrocellulose 

membrane and probed with the monoclonal BSEP F-6 antibody (Santa Cruz). 

 

Electron Microscopy of inside-out vesicles 

Highly enriched plasma membrane vesicles with a concentration of 1 mg/ml were 

diluted in transport buffer (50 mM Tris/HCl pH 7.5, 250 mM sucrose) to different 

ratios (1:100 – 1:10000). Ni 75 pioloform coated grids with a diameter of 3.05 mm 

were equilibrated with transport buffer and then 2 µl of vesicle suspension were 

spotted onto the grids. Excess liquid was removed, the grids were washed twice with 

Millipore water and for negative staining the grids were incubated in uranyl acetate. 

The dried vesicles were analyzed with an electron microscope (Zeiss) and 

photographed. 
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Vesicular transport assay of yeast PMs 

P. pastoris PMs were thawed on ice, diluted fourfold in ice-cold transport buffer (50 

mM Tris/HCl pH 7.5, 250 mM sucrose) and vesiculated by 10 passages through a 26 

gauge needle to yield inside-out vesicles (IOVs). 20 μg of this vesicle preparation 

was assayed in a reaction volume of 20 μl with 0.1 mg/ml creatine kinase (Sigma-

Aldrich), 10 mM creatine phosphate, and 10 mM MgCl2 as an ATP-regenerating 

system. After addition of [3H]-taurocholate (Perkin Elmer) or [3H]-

taurochenodeoxycholate (Hartmann Analytic), reactions were equilibrated on ice for 5 

min. Bile salt transport was started by addition of ATP (or buffer for background) with 

a final concentration of 4 mM at 37°C and stopped by addition of 1 ml of ice-cold 

transport buffer containing 1 mM of unlabeled TC after 5 min or indicated time points. 

The stopped reaction was rapidly filtrated through a 0.2 μm cellulose membrane filter 

(type GSTF; Millipore) prewetted with transport buffer containing 1 mM of unlabeled 

TC. After filtration, membranes were immediately washed twice with 5 ml transport 

buffer and once with 5 ml of ice-cold TC-free transport buffer. The radioactivity 

retained on the filter discs was counted in a liquid scintillation counter (Packard 

Instruments) using Ultima Gold liquid scintillation cocktail (Perkin Elmer). The BSEP-

dependent transport into IOVs was calculated by subtracting the amount of 

radioactivity in IOVs obtained in the presence of ATP from that obtained in the 

absence of ATP. The concentration-dependent transport of bile salts in BSEP IOVs 

was analyzed by incubation with increasing concentrations of bile salts as indicated 

in figure 4. All the experiments were performed in triplicate. 
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Results and Discussion 

The ABC transporter BSEP is the major player in bile salt circulation in vertebrates. It 

has been assigned to cholestatic DILI and inheritable cholestatic liver diseases in 

humans. Most of its biochemical characterization has been performed in cell culture 

based expression systems, like HEK293 [16], HepG2 [17] and Sf9 [3,4] insect cells. 

Especially, the vesicular transport assay based on inside-out membrane vesicles 

(IOVs) of insect cells expressing BSEP has been used extensively to characterize the 

kinetics of transport or to identify BSEP inhibitors [1]. 

Cloning of the human BSEP cDNA is often hampered by its inherent instability in 

prokaryotic organisms used for cloning [25]. Therefore, the successful usage of other 

heterologous expression systems is limited. We developed a yeast-based cloning 

procedure and cloned the human BSEP cDNA for the yeast P. pastoris expression 

system and could also show the subsequent purification from P. pastoris cells [24]. 

Besides purification, we also evaluated the potential of P. pastoris IOVs containing 

BSEP for transport studies. Therefore, highly enriched plasma membranes of P. 

pastoris X33 cells either transformed with the empty plasmid (mock control) or the 

BSEP expression plasmid were prepared and expression of BSEP in plasma 

membranes could be detected using a monoclonal antibody (Figure 1). The mock 

sample did not show any immune-reactivity against the antibody. 

To test, if highly enriched plasma membranes form vesicles in solution, we employed 

transmission electron microscopy to visualize the shape of the membranes by 

negative staining with uranyl acetate. As shown by Figure 2, small round-shaped 

particles could be observed with a diameter of roughly 20-30 nm. It was assumed 

that these particles represent vesicles of P. pastoris plasma membranes, because 

grids with no plasma membranes did not show this pattern (data not shown). 
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Next, we tested time-dependent transport into the lumen of the IOVs for BSEP and 

the mock sample (Figure 2). Hence, IOVs were incubated with 2 µM of [3H]-TC and 

reactions were stopped with transport buffer at indicated time points and filtered 

through a nitrocellulose membrane. A BSEP-dependent TC transport could be 

observed with a linear rise up to 5 min and then turning into saturation. Mock IOVs 

also showed the same behavior, but the measured radioactivity remained 

approximately three fold lower over time. This background transport of the mock 

sample might be due to other ATP-driven transporters of e.g. the multidrug 

transporter family, which transport a huge variety of structurally unrelated 

substances. Furthermore, yeasts contain an ABC transporter for bile salt transport 

localized in the vacuole [30]. This was one of the rationales to prepare plasma 

membranes to prevent contamination of this transporter and therefore can be 

excluded as contaminating reason. Passive diffusion of bile salts should not appear, 

due to the negative charge of the taurine conjugate. It cannot be excluded that 

equilibration of TC or TCDC with membranes might be different between the mock 

and BSEP membrane preparation. Nonetheless, BSEP-containing IOVs showed a 

specific BSEP-dependent and ATP-dependent transport. 

To test, if BSEP IOVs can be used for the determination of kinetic parameters and in 

subsequent experiments for inhibitor studies or mutational analysis of BSEP, kinetic 

analysis of radiolabelled TC and TCDC uptake was performed (figure 3A and B). The 

concentrations used for TC and TCDC ranges from 0 to 50 µM and 0 to 70 µM, 

respectively. For both bile salts, a concentration-dependent saturation curve could be 

observed and a Michaelis-Menten constant (KM) for TC of 22.7 ± 6.2 µM could be 

determined. For TCDC the constant was 12.7 ± 1.8 µM. The measured KM-values are 

in very good agreement with values obtained for human BSEP in cell culture-based 

expression systems [1]. The KM-value for TC ranges between 4.0 and 20.0 µM for 
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BSEP expressed in IOVs in HEK293, Sf9 or HighFive insect cells [1]. For TCDC the 

KM-value has been measured between 4.0 and 13.0 µM in different systems [1]. 

Although, the Vmax-values might be lower than in cell-culture systems, this value is 

dependent on the number of transporter in the IOVs, which differs between different 

expression systems and membrane preparation procedures. Reproducibility of the 

obtained results differed slightly between different rounds of fermenter runs. P. 

pastoris was usually fermented in large volumes up to 7 liters to overexpress BSEP. 

This procedure is quite sensitive to different conditions such as feeding rate of carbon 

sources, oxygen supply etc. which might in turn influence the heterologous 

expression of BSEP. Furthermore, the way of preparing membranes also had an 

influence on BSEP activity. Cell disruption via pressure-based methods like the 

French press did not result in preparations compared to the quality of the sample 

derived from cell by glass beads in the transport assay. Most likely the different 

procedures affected the membrane integrity differently (data not shown). 

Nevertheless, when using plasma membranes prepared with the bead beater and 

resuspended with a brush rather with a potter-elvehjem homogenisator (potter) 

(Figure 5), results were comparable and reproducibility was enhanced. 

In summary, IOVs containing BSEP prepared from P. pastoris cells are a valuable 

alternative to established systems for transport studies of BSEP. Thus, with this 

system it is possible to characterize clinically relevant mutants as well as inhibitors, 

which might cause DILI. 
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Figure Legends 

 

Figure 1: Immunoblot analysis of purified plasma membranes (PMs) of P. pastoris 

X33 cells. X33 was either transformed with the empty pSGP18 plasmid (left lane, 

mock) or the expression plasmid with the BSEP cDNA (right lane, BSEP). 5 µg of 

membranes were separated on a 7% SDS-PAGE gel, blotted onto nitrocellulose and 

probed with a monoclonal BSEP antibody.  

 

Figure 2: Electron microscopy picture of plasma membrane vesicles from P. pastoris 

expressing human BSEP. Round-shaped membrane vesicles are exemplified with 

arrows. The bar represents 100 nm. 

 

Figure 3: Time dependent TC transport into inside-out vesicles (IOVs) prepared from 

mock cells (open squares) or BSEP expressing cells (black dots). IOVs were 

incubated with 2 µM [3H]-TC in the presence of ATP (4 mM) or transport buffer, 10 

mM MgCl2 and an ATP regeneration system as described in Materials and Methods. 

Shown is the difference of the radioactivity obtained in the presence of ATP and 

buffer for each indicated time point ± SEM. 

 

Figure 4: Kinetic analysis on BSEP-containing IOVs for [3H]-TC and [3H]-TCDC. The 

concentration ranges from 0 to 50 µM and 0 to 70 µM, respectively. Kinetic 

parameters for [3H]-TC are KM of 22.7 ± 6.3 µM and a VMax of 58.8 ± 7.3 pmol / (mg x 

min). [3H]-TCDC is transported with a KM-value of 12.9 ± 1.8 µM and a VMax of 93.8 ± 

4.0 pmol / (mg x min). Shown is the difference of the radioactivity obtained in the 
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presence of ATP and buffer for each indicated concentration ± SEM. Data were fitted 

to Michaelis-Menten kinetics using the following equation: . 

 

Figure 5: Transport of [3H]-TC by IOVs containing human BSEP prepared from the 

same membrane preparation either resuspended wit a brush or a potter-elvehjem 

homogenisator (potter). Transport was performed for 5 minutes and measured in 

triplicate (n=3, ± SEM). 
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Abstract 

Background/Aims: The bile salt export pump (BSEP, ABCB11) is essential for bile 

salt secretion at the canalicular membrane of liver cells. Clinical phenotypes 

associated with BSEP mutations are commonly categorized as benign recurrent 

intrahepatic cholestasis (BRIC-2) or progressive familial intrahepatic cholestasis 

(PFIC-2).  

Methods: The molecular basis of BSEP-associated liver disease in a sibling pair was 

characterized by immunostaining, gene sequencing, bile salt analysis, and 

recombinant expression in mammalian cells and yeast for localization and in vitro 

activity studies, respectively. 

Results: BRIC-2 was considered in a brother and sister who both suffered from 

intermittent cholestasis since childhood. Gene sequencing of ABCB11 identified the 

novel missense mutation p.G374S, which is localized in the putative sixth 

transmembrane helix of BSEP. Liver fibrosis was present in the brother at the age of 

18 with progression to liver cirrhosis within 3 years. Immunofluorescence of liver 

tissue showed clear canalicular BSEP expression; however, biliary concentration of 

bile salts was drastically reduced. In line with these in vivo findings, HEK293 cells 

showed regular membrane targeting of human BSEPG374S, whereas in vitro transport 

measurements revealed a strongly reduced transport activity. 

Conclusions: The novel mutation p.G374S impairs transport function without 

disabling membrane localization of BSEP. While all other known BSEP mutations 

within transmembrane helices are associated with PFIC-2, the new p.G374S 

mutation causes a transitional phenotype between BRIC-2- and PFIC-2.  
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Introduction 

 

BSEP is the major canalicular bile salt transporter in humans and is responsible for 

the bile salt-dependent bile flow. It mainly transports monovalent bile salts including 

taurine and glycine conjugates of primary bile acids (cholic and chenodeoxycholic 

acid) as well as secondary bile acids (deoxycholic acid) and ursodeoxycholic acid 1. 

"Severe" mutations of BSEP cause progressive familial intrahepatic cholestasis 

(PFIC) type 2 2. PFIC-2 is similar in presentation to PFIC-1, which is caused by 

mutations of the ATP8B1 gene 3. ATP8B1 encodes the "familial intrahepatic 

cholestasis 1" protein (FIC1), a P-type ATPase involved in the flipping of 

aminophospholipids from the outer to the inner leaflet of the canalicular membrane 4. 

Some mutations of ATP8B1 and ABCB11 cause milder forms of cholestatic liver 

diseases, which are termed benign recurrent intrahepatic cholestasis (BRIC) type 1 

and 2 5-7, respectively. Here we report on a novel BSEP mutation identified in a 

sibling pair that is initially associated with a typical BRIC-2 phenotype with 

intermittent cholestasis but eventually progresses towards liver cirrhosis. We attribute 

its severity to its localization close to the putative translocation pore within one of the 

transmembrane α-helices, which commonly harbour PFIC-2 mutations. 
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Materials and methods 

 

Analysis of serum bile salts  

Bile salt analysis was performed by tandem mass spectroscopy. The system 

consisted of an HPLC Waters Alliance 2795 separation module (Waters, Milford, UK) 

coupled to a Quattro Micro triple quadrupole mass spectrometer (Micro Mass, 

Manchester, UK). Electrospray ionization was performed in the negative ionization 

mode. Chromatographic separation was performed on an analytical HPLC 

Phenomenex Luna C18 column coupled to guard column Phenomenex Gemini C18. 

The mobile phase consisted of water containing 0.01 % formic acid and 5 mM 

ammonium acetate (Eluent A) and methanol (Eluent B). Sample elution was run 

isocratically in a ratio of 18:82 (A:B, v/v) over 15 min at a flow rate of 0.2 ml/min. 

Unconjugated bile acids were detected unfragmented. Taurine- and glycine-

conjugated bile salts were analyzed using their specific fragment ions at mass-to-

charge (m/z) 80 and 74. Analytes were detected in the multiple reaction mode. 

Quantification analysis was performed using standard calibration curves in five 

different concentrations (0.1, 0.5, 1.0, 2.5, 5.0 µg/ml) including the deuterated internal 

standard (d4-CA). Concentrations were calculated using the QuanLynx (MassLynx 

4.1, Waters) software. A solid phase extraction (Chromabond HR-X cartridge, 

Macherey-Nagel, Düren, Germany) procedure was applied for serum samples prior 

to HPLC-MS/MS analysis. Normal bile samples were collected during surgery from 

patients who underwent partial liver resection for hepatic metastasis due to colorectal 

or breast cancer and whose livers were otherwise healthy. Their bile ducts were 

canulated before routine removal of the gall bladder. 
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Immunofluorescence of liver tissue and transfected cells 

Immunofluorescence staining and microscopy were performed as described recently 

7, 8and by the use of the transporter specific antibodies K24 for BSEP 9, P3II26 for 

MDR3 (Thermo Scientific, Schwerte, Germany) and A276 for the Na+/K+-ATPase 

(clone M7-PB-E9, Sigma Aldrich, Munich, Germany). 

 

Cloning and mutagenesis of human BSEP 

For large-scale expression in the methylotrophic yeast Pichia pastoris, the BSEP 

coding sequence was PCR-amplified from the mammalian expression vector pEYFP-

N1-hBSEP 10 using primers BSEP-HR-PP-S1 (5´-

ATCAAAAAACAACTAATTATTCGAACGAGGTAAAAGAATGTC 

TGACTCAGTAATTCTTCGAAGTATA-3´) and BSEP-HR-PP-S2 (5´-

ACGTTTGGACCTTGGAAAAG 

ACTTCTAAGGAGTTGGAGGCACTGATGGGGGATCCAGTGGTGACTAGTTT-3´). 

The amplified coding sequence was cloned into a yeast-compatible derivative of the 

custom P. pastoris expression vector pSGP18 11 (kindly provided by M. Dumont, 

Rochester) via homologous recombination as described in Stindt et al. 12. The 

integrity of the coding sequence on the resulting plasmid pSGP18-2µ-BSEPWT was 

verified by DNA sequencing of the entire gene. In addition to the removal of the 

cryptic prokaryotic promoter motif (a TATA box motif was removed by the silent 

modifications c.78T>C and c.81T>C), four silent nucleotide exchanges were found to 

be present with respect to the BSEP reference sequence NM_003742.2, with the first 

nucleotide of the start codon being numbered as 1:  c.2064G>A, c.2559C>T, 

c.3084A>G, and c.3390T>C as described 10. 

For transfection experiments, a yeast-compatible version (pEYFP-N1-OriLeu-BSEP) 

of the mammalian expression vector pEYFP-N1-hBSEP was generated as described 
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recently 12. The mutation c.1120G>A (p.G374S) was introduced into the two plasmids 

pSGP18-2µ-BSEP and pEYFP-N1-OriLeu-BSEP by DREAM mutagenesis 12. The 

mutagenesis primers used were BSEP-G374S-HR-S1 (5´-

CTTTAAATCTTAGCAATGCCTCTCCTTGTTTGGAAGCCTTTGCAACT-3´) and 

BSEP-G374S-HR-S2 (5´-AGGCATTGCTAAGATTTAAAGCTCCTACTATGACAC-

TGAGGAAAATCTG-3´). The plasmid pEYFP-N1-OriLeu-BSEP containing the 

p.G374S variant was found to have one additional silent nucleotide exchange with 

respect to the parent construct (c.1246G>A). 

 

Expression of human BSEP in Pichia pastoris 

Electrocompetent P. pastoris strain X33 cells (Invitrogen, Karlsruhe, Germany) were 

transformed with the linearized pSGP18-2µ-BSEPWT, pSGP18-2µ-BSEPG374S, or the 

empty pSGP18-2µ construct according to the manufacturer´s instructions. Positive 

clones were selected on YPDS plates containing 100 μg/ml Zeocin. Small-scale 

expression screens of the obtained P. pastoris clones were performed as described 

by Lerner-Marmorosh et al. 13. For large-scale expression, BSEP-expressing clones 

were fermented in a 15 litre table-top glass fermentor (Applikon Biotechnology, 

Schiedam, Netherlands) according to the Invitrogen Pichia fermentation guidelines. 

Protein expression was induced by constant methanol feeding for 48 h. Cells were 

then harvested by centrifugation at 4°C for 10 min at 5,000xg, snap-frozen in liquid 

nitrogen and stored at -80°C until further use. 

 

Analysis of BSEPG374S expression in mammalian cells 

Wildtype BSEP-EYFP as well as BSEPG374S-EYFP were transiently transfected into 

HEK293 (human embryonic kidney) cells by the use of X-treme Gene HP (Roche 

Applied Science, Mannheim, Germany) according to the manufacturer's guidelines. 
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After transfection cells were grown for 48 h, fixed with methanol (-20°C, 30 sec) and 

were immunostained for the Na+/K+-ATPase. The secondary antibody was goat anti-

mouse-Cy3 (1:500; Dianova, Hamburg, Germany). Cells were visualized with a LSM 

510 Meta confocal laser scanning microscope (Zeiss, Jena, Germany). The excitation 

wavelength was 488 nm for the enhanced yellow fluorescent protein (EYFP) and 543 

nm for Cy3. Emission was detected by 505-530 nm (green) and 560-615 nm band 

pass filters (red). 

 

Plasma membrane preparation from P. pastoris yeast cells 

Plasma membranes of fermented P. pastoris cells were prepared as described for S. 

cerevisiae by Ernst et al.14. All steps were carried out at 4°C and in the presence of 

protease inhibitors (CompleteTM without EDTA, Roche Applied Science, Mannheim, 

Germany). Briefly, approximately 30 g of respective Pichia cells were resuspended in 

50 mM Tris-acetate, pH 7.5 and 0.2 mM EDTA and disrupted in a bead beater with 

acid-washed glass beads. Unbroken cells and cellular debris were removed by two 

centrifugation steps at 1,000xg and one step at 3,000xg for 5 min each. The 

supernatant was centrifuged for 45 min at 20,000xg, while the membrane pellet was 

resuspended in 10 mM Tris-acetate, pH 7.5 and 0.2 mM EDTA. After determination 

of protein concentration with the Coomassie Plus Protein Assay reagent (Thermo 

Scientific), the suspension was adjusted to 5 mg/ml with the same buffer and 

mitochondrial membranes were precipitated by lowering the pH to 5.2 and removed 

by centrifugation at 7,000xg for 5 min. The supernatant was re-adjusted to pH 7.5 

and plasma membranes were harvested by ultracentrifugation for one hour at 

140,000xg. After resuspension in buffer A (50 mM Tris-HCl, pH 8.0, 75 mM NaCl, 30 

% glycerol) protein concentration was determined and membranes were snap-frozen 

in liquid nitrogen and stored at -80°C. 
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Western Blotting Analysis of BSEP 

5 µg of P. pastoris plasma membrane proteins were separated on a 7 % SDS 

polyacrylamide gel and transferred to a nitrocellulose membrane (PALL, Dreieich, 

Germany). For comparative expression analysis of wildtype and mutant BSEP, 

HEK293 cells were transiently transfected with 10 µg of the appropriate BSEP 

expression plasmids. After 48 hours they were lysed with 1 % SDS in PBS (4°C) and 

were incubated for 10 min at RT. In order to reduce viscosity 0.5 µl of Benzonase 

(Merck, Darmstadt, Germany) were added per 100 µL of lysate. 10 µg of these 

lysates were used for SDS-PAGE and Western blotting. Membranes were probed 

with the monoclonal BSEP antibody F6 (Santa Cruz Biotechnology, Heidelberg, 

Germany). 

 

[3H]-taurocholate transport assays 

Transport activity of human BSEP was measured as described 15. Pichia plasma 

membranes were thawed on ice, diluted fourfold in ice-cold buffer (50 mM Tris/HCl 

pH 7.5, 250 mM sucrose) and vesiculated by 20 passages through a 26 gauge 

needle. 20 µg of this vesicle preparation were assayed in a reaction volume of 20 µl 

with 0.1 mg/ml rabbit muscle creatine kinase (Sigma-Aldrich, Munich, Germany), 10 

mM creatine phosphate, and 10 mM MgCl2 as an ATP-regenerating system. After 

addition of [3H]-taurocholate (Perkin Elmer, Rodgau, Germany) or [3H]-

taurochenodeoxycholate (Hartmann Analytic, Braunschweig, Germany) to a final 

concentration of 2 µM, reactions were allowed to equilibrate on ice for 5 min. Bile salt 

transport was then initiated by addition of ATP to a final concentration of 4 mM. 

Control reactions contained buffer instead of ATP. The reactions were then 

immediately shifted to 37°C for 5 min. Bile salt transport was stopped by addition of 1 

ml of ice-cold buffer containing 1 mM of unlabelled taurocholate (TC), followed by 
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rapid filtration through 0.2 µm cellulose membranes (type GSTF; Millipore, 

Schwalbach, Germany) prewetted with the same buffer. After filtration, the 

membranes were immediately washed twice with 5 ml of the same, ice-cold buffer 

and once with 5 ml of ice-cold TC-free buffer. The radioactivity retained on the filter 

discs was counted in a liquid scintillation counter (Packard Instruments, Frankfurt, 

Germany) using Ultima Gold liquid scintillation cocktail (Canberra Packard, Frankfurt, 

Germany). 

 

Case description and results 

A 22-year-old woman (=sister) of Moroccan origin presented with intermittent 

jaundice for several years and recurrent pruritus of increasing intensity for five 

months. Her body mass index was 12.5 kg/m2. Erythematous macules on the back 

and abdomen with discrete desquamation accompanied by generalized xerosis cutis 

were observed. Alanine aminotransferase (ALT) was mildly elevated with 64 U/l 

(normal: <45 U/l), alkaline phosphatase (AP) was 132 U/l (<108 U/l), while aspartate 

aminotransferase (AST) and gamma-glutamyltransferase ( GT) were not increased. 

Due to the history of recurrent jaundice, a hepatic cause of the pruritus was taken 

into account. While anti-nuclear antibodies (ANA) were detected at a titer of 1:80, all 

other parameters related to liver diseases (anti-mitochondrial antibodies, anti-smooth 

muscle antigen antibodies, liver kidney microsomal antibodies, anti-neutrophil 

cytoplasmatic antibodies, coeruloplasmin, α1-antitrypsin, ferritin, serology for 

hepatitis B and C and phorphyrins) were within their normal ranges.  

On abdominal ultrasound the liver appeared normal. A single bile stone was 

detected. Liver stiffness was normal at 6.2 kPa as determined by FibroscanTM 16. To 

control pruritus, the patient was topically treated with polidocanol-containing 

emollients and received narrow band ultraviolet B (UVB, 311 nm) therapy up to a 
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dose of 0.26 J/cm2 with limited improvement of symptoms. Finally, the patient 

received ursodesoxycholic acid (UDCA, 1000 mg/d) as well as cholestyramin (12 

g/d). Relief of pruritus was only moderate at the beginning but improved 

consecutively due to continued intake of UDCA. 

 

Her brother experienced intermittent jaundice and pruritus since the first year of life 

and presented with increased serum bile salt levels. Increased levels of 

aminotransferases completely normalized between the pruritic episodes whereas 

GT levels were normal at all times, leading to the diagnosis of benign recurrent 

intrahepatic cholestasis (BRIC). Symptoms were moderately controlled by UDCA, 

which was taken sporadically during longer periods. He presented again at the age of 

18 due to progressive jaundice. Bilirubin reached a level of 10.6 mg/dl (normal: <1.1 

mg/dl). Liver stiffness was 11.6 kPa (FibroscanTM, normal range <7.5 kPa) 

suggesting the presence of fibrosis. In line with this, a liver biopsy showed portal 

fibrosis stage 1, ductopenia and cytokeratin 7  positive metaplasia of hepatocytes.  

Three years later, symptoms deteriorated, liver stiffness was 25.7 kPa and 

incomplete liver cirrhosis, signs of chronic cholestasis, ductular proliferation and 

hepatocellular injury were detected in a subsequent liver biopsy. Four months later, 

endoscopic retrograde cholangioscopy was performed due to progressive jaundice. 

Bile and serum were collected for analysis of bile salt profiles. At that point, liver 

stiffness was 39.1 kPa, indicating advanced liver cirrhosis 16, 17. 

 

Gene sequencing of ABCB11 reveals a novel BSEP mutation 

Based on the history of recurrent pruritus with intermittent jaundice, the positive 

family history and consanguinity of the parents, an inherited form of cholestasis was 

considered. In view of low GT levels despite high serum bile salt concentrations 
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mutations of the familial intrahepatic cholestasis 1 (FIC1) gene product (gene symbol: 

ATP8B1) or of the bile salt export pump (BSEP/ABCB11) were the most likely cause 

of cholestasis in both patients. Because bile stones are much more common in 

patients with BSEP mutations 6, the entire coding sequence and flanking intronic 

regions of ABCB11 were sequenced (informed consent was obtained from all family 

members). In comparison to the reference sequence NM_003742.2 nine 

homozygous genetic variants were detected in the siblings. Six intronic variants 

(c.77-17delA, c.99-18T>C, c.477+16G>A, c.909-17G>A, c.909-15A>G, c.3766-

34G>A) were all located at longer distances from splice sites. Furthermore, two 

synonymous exonic variants (c.402C>T; p.I134I and c.957A>G; p.G319G) were 

found. Most importantly, a homozygous genetic variant was detected at position 1120 

at the level of coding DNA. Here, a guanosine was replaced by an adenine 

(c.1120G>A), leading to an amino acid substitution from glycine to serine 

(p.Gly374Ser) at the protein level (Fig. 1). The parents, both of whom were symptom-

free were heterozygous for this and all other variants. Likewise, the younger, healthy 

sister was heterozygous for p.G374S. In a control cohort of 6 Moroccans and of 148 

unrelated persons p.G374S was not detected.    

 

The p.G374S mutation does not impair BSEP trafficking to the plasma 

membrane 

In order to investigate the pathophysiological relevance of this newly discovered 

mutation, a liver biopsy (taken at the age of 21) of the brother was stained with 

transporter-specific antibodies. The phospholipid floppase MDR3 (ABCB4) and the 

bile salt export pump BSEP were both detected at the canalicular membrane of 

hepatocytes as in healthy livers (Fig. 2A). In order to analyze intracellular trafficking 

of mutated BSEP the mutation p.G374S was introduced into a plasmid encoding 
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BSEP fused to the enhanced yellow fluorescent protein (EYFP) at the C-terminus. 

After transfection into HEK293 cells both the wildtype and the mutant protein were 

targeted to the plasma membrane (Fig. 2B) as compared to the Na+/K+-ATPase as a 

plasma membrane marker. Western blot analysis showed an equal expression level 

of wildtype and mutated BSEP in HEK293 cells (Fig. 2C). In line with the finding from 

the liver biopsy, these results clearly demonstrate that the amino acid exchange in 

BSEPG374S has no major impact on intracellular trafficking of BSEPG374S in vivo and in 

vitro. 

 

Bile salt analysis confirms disturbed bile salt secretion  

Bile acids (CA, CDCA, DCA, UDCA and LCA) and their taurine and glycine 

conjugates were analyzed from sera of the sister, her brother and 40 controls as well 

as from the bile of the brother and 7 persons with normal liver function by HPLC-

MS/MS (high performance liquid chromatography coupled to tandem mass 

spectrometry). Although bilirubin concentration in the sister's serum was only 0.66 

mg/dl (normal <1 mg/dl), serum bile salts were significantly elevated to 28.2 µM and 

in the brother's serum to 47.8 µM (normal: 1.4 ± 1.2 µM, n=40). Relative amounts of 

derivatives of cholic (CA) and chenodeoxycholic acid (CDCA) were within normal 

ranges as compared to controls (Fig. 3). Deoxycholate, which is derived from CA by 

bacterial dehydroxylation within the large bowel, was slightly elevated in the sister's 

serum (0.82 µM; normal 0.27 ± 0.20 µM) but absent in the brother's serum. Absolute 

and relative amounts of unconjugated bile acids were decreased. Most notably, total 

bile salt concentration in the bile of the brother was as low as 0.061 mM as compared 

to 35.1 ± 18.0 mM in patients with healthy livers (n=7). Thus, the brother's liver was 

unable to generate a sufficient bile salt gradient between serum and bile while 

showing a normal canalicular pattern of BSEP expression. 
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Bile salt transport by BSEPG374S is strongly impaired 

According to a homology model of BSEP the mutation is located in the interior of the 

first transmembrane domain near the putative translocation channel (Fig. 4A-C). In 

order to analyse the functional consequence of this amino acid substitution, bile salt 

transport was measured in plasma membrane vesicles from Pichia pastoris 

expressing either BSEPWT or BSEPG374S (Fig. 4D). Vesicles from P. pastoris cells 

transformed with the empty vector (=control) showed unspecific binding of [3H]-TC or 

[3H]-TCDC; however, this was not significantly increased upon addition of ATP, 

excluding energy-dependent bile salt transport in these vesicles. When ATP was 

added to vesicles with BSEPWT, [3H]-TC transport increased 1.65-fold (n=3) 

compared to TC-transport in the absence of ATP. Likewise, transport of [3H]-TCDC 

increased 1.55-fold (n=3) upon addition of ATP. [3H]-TC as well as [3H]-TCDC 

transport was strongly reduced in BSEPG374S-containing vesicles (Fig. 4D). In 

summary, the data indicate that the amino acid substitution p.G374S severely impairs 

bile salt transport by BSEP.  

 

G374S is the first BRIC-associated mutation in a transmembrane helix of BSEP 

In order to relate the p.G374S mutation to its localization within a transmembrane 

helix, all available missense mutations of BSEP were searched from databases and 

literature as reviewed recently 18. 112 missense mutations related to PFIC-2 and 21 

mutations associated with BRIC-2 were found. The HMMTOP 2.0 topology tool 19 

predicts 12 putative transmembrane helices (TMH) for human BSEP. Interestingly, 

none of the previously identified 21 BRIC-2 mutations are localized within a TMH in 

this model, whereas 20 percent (i.e., 22 of 112) of the PFIC-2 mutations affect the 

TMHs of BSEP (Fig. 5). Accordingly, p.G374S is the first BRIC-2-associated mutation 
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that influences a transmembrane helix, a domain otherwise exclusively affected by 

PFIC-2 mutations. 

Discussion 

In this study we describe the molecular basis of the novel BSEP mutation p.G374S, 

which was found in a pair of siblings. The initial clinical presentation of the siblings 

was consistent with a BRIC-2 phenotype. In particular, the complete remission of 

symptoms and laboratory abnormalities during childhood is in line with the definition 

of BRIC-2. Recently, "BSEP-disease" has been recognized as a continuum of 

cholestasis of varying severity 6. Mutations such as p.E297G or p.A570T have been 

associated with an intermediate phenotype between BRIC-2 and PFIC-2. 

Furthermore, a patient who primarily presented with a BRIC-2 phenotype developed 

liver cirrhosis at the age of 8 years, which was also suggested to represent a 

phenotypic transition between BRIC-2 and PFIC-2 20. In contrast to these reports, in 

our patient liver cirrhosis was diagnosed much later, both by transient elastography 

and liver histology. At that time the ability of the liver to accumulate serum bile salts 

into bile was severely impaired as the ratio of bile salt concentrations between bile 

and serum was less than 10 (µM/µM) as compared to more than 5000 (µM/µM) in 

healthy individuals (Herebian, Mayatepek, Kubitz and Häussinger, unpublished).  

 

Because BSEP targeting was apparently normal, reduction of transporter activity was 

likely to explain the phenotypic presentation of the patients. While in other studies 

transport activity of BSEP was analyzed in membrane vesicles from insect cells 9, 21, 

we established heterologous BSEP expression in P. pastoris and performed transport 

assays using highly enriched plasma membrane vesicles. Transport of both primary 

bile salts (taurine conjugates of CA and CDCA) was reduced by the same order of 
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magnitude in vitro (Fig. 4D), explaining their reduced concentration in bile despite an 

unchanged ratio of TC to TCDC in both serum and bile in vivo. Although this in vitro 

transport assay may not exactly reflect the residual activity of the mutated transporter 

in vivo it strongly suggests a drastic reduction of BSEPG374S activity. The remaining 

BSEP transport activity may account for the stable BRIC-2 condition of the sister who 

closely followed the UDCA treatment. 

A frequent finding in BSEP-disease is the reduction of BSEP expression at the 

canalicular membrane 8, 22, which has been estimated to occur in more than 90 % of 

PFIC-2 patients 23. In our male patient, expression of BSEPG374S at the canalicular 

membrane was apparently unchanged as shown in his liver biopsy (Fig. 2A). This in 

vivo finding was supported in vitro by a comparable membrane localization of 

BSEPWT or BSEPG374S in transfected HEK293 cells (Fig. 2B). In contrast, many other 

disease-related mutations such as p.G238V, p.D482G, p.G982R, p.R1153C, and 

p.R1268Q impair membrane targeting of BSEP in transfected cells 10, 24, and it was 

suggested that the degree of membrane expression inversely correlates with the 

severity of cholestasis (PFIC-2 versus BRIC-2 versus ICP) 25. However, the p.G374S 

mutation does not fit into this scheme. Systematic analysis revealed that all other 

missense mutations of BSEP within putative transmembrane α-helices (TMH) are 

linked to PFIC-2, the more severe form of BSEP-disease. Transmembrane helices 

may be particularly sensitive to missense mutations because substrate recognition, 

binding and translocation occur within these protein domains. p.G374S is the first 

missense mutation within a TMH that initially presents as "benign recurrent 

cholestasis" before ultimately leading to development of PFIC-2-like disease if not 

treated properly. Stable, BRIC-like liver disease in the sister but development of 

cirrhosis in the brother who took UDCA discontinuously indicates that p.G374S is a 

more severe BRIC-2 mutation which predisposes to a PFIC-2 phenotype.  
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In summary, p.G374S is, to the best of our knowledge, the first mutation associated 

with a BRIC-2 phenotype, which affects a transmembrane helix and strongly reduces 

transport without influencing canalicular expression of BSEP. The severity of this 

mutation may be due to its localisation in a transmembrane helix of BSEP. 

 

Figure Legends 

Figure 1: Genetic analysis of ABCB11 

Gene sequencing of BSEP (ABCB11) revealed a homozygous nucleotide exchange 

at position 1120 of the coding sequence from guanine to adenine (c.1120G>A) in the 

two patients (sister and brother), resulting in an amino acid change from glycine to 

serine at position 374 of the polypeptide sequence of BSEP (p.G374S). Both parents 

and the younger sister were heterozygous. The genotypes correlate with the 

phenotypes: heterozygous, phenotypically healthy family members are represented 

by half-filled symbols.  

 

Figure 2: BSEPG374S expression in the patient's liver and in cell culture 

(A) Liver biopsy of the brother (21 years) and of a normal human liver (control) were 

immunostained for BSEP (green) and the phospholipid floppase MDR3 (red). Both 

proteins are localized at the canalicular membrane. Some canaliculi are considerably 

enlarged in the liver of the patient (arrows, affected brother; white bars = 20 µm). (B) 

Human BSEP was fused to yellow fluorescent protein (green). The mutation p.G374S 

was introduced by DREAM mutagenesis 12. Transfection of HEK293 cells showed 

targeting of BSEPWT as well as of BSEPG374S to the plasma membrane. Na+/K+-

ATPase as a plasma membrane marker is shown in red (white bars = 10 µm). (C) 
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Wildtype and mutated BSEP are equally expressed in HEK293 cells as indicated by 

densitometric analysis of three independent lysates of transfected HEK293 cells (for 

details see materials and methods). The Ponceau stain shows equal sample loading. 

 

Figure 3: Serum bile salt profiles of both patients 

(A, B) The sister and brother had significantly elevated serum bile salt concentrations 

with absent deoxycholate (DCA)-derivatives in the brother's serum. (C) The relative 

amounts of the primary bile salts cholic acid (CA) and chenodeoxycholic acid (CDCA) 

were within the normal ranges. (B, D) Unconjugated bile acids were (almost) absent 

in their sera. Individual bile salt/acid concentrations were compared to measurements 

of 40 control persons (dark grey bars). Mean values are represented by bars; full 

ranges (minima til maxima) are represented by vertical lines. 

 

Figure 4: Strongly reduced activity of BSEPG374S and position of G374  

(A-C) Based on the structure of the MDR transporter Sav1866 (pdb entry: 2HYD) 26 a 

homology model of BSEP was constructed. The position of G374 in the BSEP model 

is shown in red. (A) Side view (arrow indicates G374 position). G374 lies in the 

transmembrane part of the predicted sixth helix of the first transmembrane domain. 

(B) Top view on optical section (transporter channel in green). (C) Side view on 

optical section. (D) Transport of [3H]-labeled bile acids into yeast plasma membrane 

(PM) vesicles by BSEPG374S is strongly reduced (mean and SEM, n=3) as compared 

to BSEPWT. Ctrl: PM vesicles without BSEP. Right inset: Western blot analysis of 

equal total PM protein amounts. 
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Figure 5: Localization of all known BRIC- and PFIC-associated BSEP missense 

mutations 

(A, B) All known missense mutations of BSEP were grouped according to their 

associated clinical phenotypes (BRIC-2 or PFIC-2) and to their localization in relation 

to the putative transmembrane helices (TMHs, grey boxes in A). All mutations within 

TMHs are related to PFIC-2 except p.G374S (red), which is the only BRIC-2 mutation 

so far localized in a TMH. (B) All known mutations within the predicted 

transmembrane segments are shown in the model of the BSEP transmembrane 

domain pair. The parts of the -helices predicted to be membrane-integral are shown 

in dark grey. Amino acid positions of PFIC-2 mutations are coloured in green. 
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Figure 1: Genetic analysis of ABCB11  
Gene sequencing of BSEP (ABCB11) revealed a homozygous nucleotide exchange at position 1120 of the 

coding sequence from guanine to adenine (c.1120G>A) in the two patients (sister and brother), resulting in 

an amino acid change from glycine to serine at position 374 of the polypeptide sequence of BSEP (p.G374S). 

Both parents and the younger sister were heterozygous. The genotypes correlate with the phenotypes: 
heterozygous, phenotypically healthy family members are represented by half-filled symbols.  
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Figure 2: BSEPG374S expression in the patient's liver and in cell culture  

(A)  Liver biopsy of the brother (21 years) and of a normal human liver (control) were immunostained for 

BSEP (green) and the phospholipid floppase MDR3 (red). Both proteins are localized at the canalicular 

membrane. Some canaliculi are considerably enlarged in the liver of the patient (arrows, affected brother;  

white bars =  20 µm). (B)  Human BSEP was fused to yellow fluorescent protein (green). The mutation 

p.G374S was introduced by DREAM mutagenesis 12. Transfection of HEK293 cells showed targeting of 

BSEPWT as well as of BSEPG374S to the plasma membrane. Na+ /K+ -ATPase as a plasma membrane 

marker is shown in red (white bars =  10 µm). (C)  Wildtype and mutated BSEP are equally expressed in 

HEK293 cells as indicated by densitometric analysis of three independent lysates of transfected HEK293 cells 

(for details see materials and methods). The Ponceau stain shows equal sample loading.  
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Figure 3: Serum bile salt profiles of both patients  

(A, B)  The sister and brother had significantly elevated serum bile salt concentrations with absent 

deoxycholate (DCA)-derivatives in the brother's serum. (C)  The relative amounts of the primary bile salts 
cholic acid (CA) and chenodeoxycholic acid (CDCA) were within the normal ranges. (B, D)  Unconjugated bile 

acids were (almost) absent in their sera. Individual bile salt/acid concentrations were compared to 
measurements of 40 control persons (dark grey bars). Mean values are represented by bars; full ranges 

(minima til maxima) are represented by vertical lines.  
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Figure 4: Strongly reduced activity of BSEPG374S and position of G374  

(A-C)  Based on the structure of the MDR transporter Sav1866 (pdb entry: 2HYD) 26 a homology model of 

BSEP was constructed. The position of G374 in the BSEP model is shown in red. (A)  Side view (arrow 
indicates G374 position). G374 lies in the transmembrane part of the predicted sixth helix of the first 

transmembrane domain. (B)  Top view on optical section (transporter channel in green). (C)  Side view on 
optical section. (D)  Transport of 3[H]-labeled bile acids into yeast plasma membrane (PM) vesicles by 

BSEPG374S is strongly reduced (mean and SEM, n=3) as compared to BSEPWT. Ctrl: PM vesicles without 

BSEP. Right inset: Western blot analysis of equal total PM protein amounts.  
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Figure 5: Localization of all known BRIC- and PFIC-associated BSEP missense mutations  
(A, B)  All known missense mutations of BSEP were grouped according to their associated clinical 

phenotypes (BRIC-2 or PFIC-2) and to their localization in relation to the putative transmembrane helices 

(TMHs). All mutations within TMHs are related to PFIC-2 except G374S (red), which is the only BRIC-2 

mutation so far localized in a TMH. (B)  All known mutations within the predicted transmembrane segments 
are shown in the model of the BSEP transmembrane domain pair. The parts of the α-helices predicted to be 

membrane-integral are shown in dark grey. Amino acid positions of PFIC-2 mutations are coloured in green. 
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3 General Discussion 
 

This doctoral thesis deals with the structural and functional investigation of two 

different proteins with a common ground. They contain a structural motif known as 

the P-loop. The P-loop, a highly conserved structural feature found in many proteins 

across all kingdoms of life, is responsible for the binding of nucleotides like ATP or 

GTP. The first two chapters are concerned with the CRISPR-associated protein Csn2 

from Streptococcus agalactiae involved in mediating adaptive immunity within the 

recently discovered CRISPR/Cas-system in prokaryotes. The three-dimensional 

structure of Csn2 was solved by using X-ray crystallography to derive a function from 

its structure. Furthermore, the binding properties of Csn2 to nucleic acids were 

investigated. Those combined studies were used to define a role of Csn2 in spacer 

integration in the CRISPR/Cas-system. 

The last five chapters deal with the human, P-loop containing ABC transporter bile 

salt export pump (BSEP). BSEP is the main bile salt transporter in vertebrates and 

the bottleneck in the formation of bile. The aim of this thesis was to find a suitable 

overexpression system for BSEP for investigations of its isolated form and 

furthermore to establish a system for the characterization of clinically relevant BSEP 

mutants leading to cholestatic diseases. For both aims, the BSEP cDNA, which 

appeared intrinsically unstable in prokaryotic cloning hosts, was first cloned for a 

yeast-based heterologous overexpression system using a new cloning and 

mutagenesis procedure. For the first time, BSEP could be expressed in P. pastoris 

and subsequently purified and characterized to some extent in detergent solution. To 

characterize clinically relevant mutations, which were found in cholestatic patients, a 

vesicular transport assay based on BSEP expressing yeast cells was established. 

With this system a first mutant could be investigated and characterized. 
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3.1 CRISPR/Cas mediated immunity 

 

The CRISPR/Cas-system has been discovered to confer immunity against foreign 

genetic elements like plasmids or phages in prokaryotes [23]. Roughly 40 % of all 

sequenced bacteria and almost 90 % of all archaea are equipped with this 

inheritable, adaptive immune system [167]. It consists of a CRISPR array, where 

pieces of foreign DNA get integrated by Cas proteins, which furthermore provide 

immunity [25,26]. It acts in three stages, namely I) cleavage of invading foreign 

nucleic acids and integration into the CRISPR array, II) expression of the CRISPR 

array and maturation of crRNAs and III) targeting foreign nucleic acids with the 

crRNA as probe and destruction by cleavage (see Figure 3 in the introduction). 

 

3.1.1 Spacer integration into CRISPR/Cas arrays 

 

The most important step in the CRISPR/Cas mechanism is the acquisition of novel 

protospacers, nucleic acids from foreign origin, which are later used as probe to 

detect and destroy nucleic acids of this particular origin. Little is known about this 

step and many aspects still remain unclear. CRISPR/Cas-systems contain a diverse 

set of Cas proteins and they have been classified according to their composition 

[29,30]. A diagnostic feature of all CRISPR/Cas-systems is the presence of two Cas 

proteins known as Cas1 and Cas2. These two proteins are present in all three 

CRISPR/Cas types and their subtypes (see Figure 2 in the introduction). Because of 

this finding it is assumed that both proteins are likely to be involved in the spacer 

integration step. Studies have proven that the overexpression of Cas1 and Cas2 in E. 

coli mediated the incorporation of new spacers from the expression plasmid when 

both proteins were present whereas the overexpression of only one of the two did not 

lead to spacer integration [35]. Furthermore, mutations within the Cas1 protein 

abolished spacer integration [35]. This process is does not depend on other Cas 

proteins like the Cascade complex or other nucleases [35]. The exact mechanism of 

Cas1 or Cas2 is still unknown. Up to now, crystal structures and biochemical 

characterizations of Cas1 from Pseudomonas aeruginosa, E. coli and Sulfolobus 

solfataricus are available [32,33,160]. Cas1 from S. solfataricus binds to dsDNA, 

ssDNA and hybrids of RNA, and DNA with high affinity, but without any sequence 

specificity [160]. The Cas1 protein from P. aeruginosa contains a stirrup-like structure 
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and cleaves dsDNA in ~80 nt long pieces. Those pieces are much longer than the 

spacer sequence of 33 nt integrated into the CRISPR array, and no sequence 

specificity for cleavage could be observed, tempting to speculate that other proteins 

are necessary for further processing [33]. Interestingly, the Cas1 protein from E. coli 

is able to cleave ssRNA, dsDNA as well as ssDNA and also to resolve Holliday 

junctions, DNA structures which occur during homologous recombination, e.g. in 

DNA repair [32]. Furthermore, Cas1 was found to co-localize with DNA repair 

enzymes like RecB, RecC or RuvB [32]. This indicates that Cas1 probably plays a 

role in other mechanisms like DNA repair and DNA repair proteins are also involved 

in spacer integration. Cas2, which is always found together with Cas1 in the cas 

operons, has also been studied extensively in a structural and biochemical context 

[34,161,162]. Cas2 from different organisms showed diverse properties. This 

includes cleavage of ssRNA and ssDNA of Cas2 from S. solfataricus [34], no in vitro 

activity of Cas2 from Desulfovibrio vulgaris [161] and a magnesium-dependent 

dsDNA cleavage of Cas2 from Bacillus halodurans [162]. However, Cas2 has not yet 

been assigned a specific role until now. The missing sequence specificity for Cas1 

and Cas2 is in line with the selection of protospacers. Protospacers contain random 

sequences of the foreign genetic element from the sense or antisense strands [23]; 

the only requirement is the PAM motif. Spacers are selected on the basis of a short 

sequence adjacent to the protospacer and therefore is called protospacer-adjacent 

motif (PAM) [31]. It could be shown in Streptococcus thermophilus that all new 

spacers selected were based on this PAM sequence and integrated proximal to the 

leader sequence [23]. The fact that this motif does not enhance the affinity of Cas1 or 

Cas2 proteins implies that additional proteins or recognition patterns are responsible 

for cleavage or processing of the protospacer [33]. Besides the ubiquitous 

occurrence of Cas1 and Cas2 a role for subtype specific Cas proteins has been 

assigned to spacer integration [23,163]. Fusion proteins of Cas1 and Cas4 as well as 

Cas3 and Cas2 are found and are likely to be involved in spacer integration [164]. 

 

3.1.2 The P-loop protein Csn2 and the link to the spacer integration mechanism 

 

One of the first Cas proteins thought to be involved in spacer integration was Csn2 

from the type IIA CRISPR/Cas-system. It was shown that a knock-out of the csn2 

gene still conferred immunity with the existing spacers, but that no acquisition of new 
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protospacer could be detected in S. thermophilus [23,36]. Therefore, Csn2 is a 

hallmark protein for spacer integration and unraveling its function might explain 

spacer integration and this function could be transferred to the other CRISPR/Cas-

systems. In this thesis, the X-ray structure of Csn2 from S. agalactiae was solved at a 

resolution of 2.0 Å. It possesses a ring-like, toroidal structure built up of four 

protomers with a central hole in the middle with a diameter of roughly 30 Å. 

Furthermore, calcium ions were found in the electron density. The structure of Csn2 

was aligned against structures deposited in the protein databank (PDB) and showed 

that Csn2 exhibits an ABC-like head domain reminiscent of the NBDs found in ABC 

transporters or T7 bacteriophage primase/helicase (Figure 14A). This domain 

belongs to group II of P-loop containing proteins and is referred to as “ASCE” type.  

 

A 

 

B 

 
Figure 14 

Figure 14: The Csn2 ABC domain harboring the P-loop.  
A) The ABC domain (head domain) of Csn2 with the P-loop depicted in blue and the Walker B in red 
(picture taken from chapter 1). B) Section of an amino acid sequence alignment between Csn2 and 
P-loop containing proteins with a similar structural fold as identified by a structural alignment using 
the DALI server [165]. The P-loop (Walker A) is depicted in blue, the Walker B motif in red and the 
consensus sequence is shown under the respective box. 
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A helicase activity of Csn2 would fit into a general model of spacer integration 

because helicases usually catalyze the separation of DNA double-strands using the 

energy of ATP hydrolysis in processes like recombination or transcription [166]. As 

mentioned above, Cas1 co-localizes with helicases like RecB and D in E. coli [32], so 

Csn2 could adopt such a function in Streptococcus spec. Nonetheless, on the 

sequence level the P-loop is completely degenerated and the Walker B does not 

contain an aspartate or glutamate, either (Figure 14B). Csn2 was assayed for 

nucleotide hydrolysis and binding, but no activity could be detected (Figure 15). 

 

A 

 
Figure 15 

B 

 

Figure 15: Binding curves for GTP and ATP to A) Csn2 Y29W and B) N-Acetyl-L-tryptophanamide 
(NATA), a tryptophane blocked at its ends, determined using intrinsic tryptophane fluorescence. (N=3, 
mean ± SD).black circle = GTP, black triangle = ATP 

 

For binding experiments a Csn2 mutant, Csn2 Y29W, was generated to use intrinsic 

tryptophane fluorescence to monitor binding of nucleotides. The mutated tyrosine 29 

(Y29) is part of the P-loop (see alignment Figure 14B), which usually participates in 

nucleotide binding [8]. As a control experiment binding of nucleotides (GTP and ATP) 

to a tryptophane analogue, N-Acetyl-L-tryptophanamide (NATA) was also 

determined. In both cases, the dissociation constant (Kd) for GTP was similar (1.16 ± 

0.062 mM vs. 0.85 ± 0.029 mM, respectively) which leads to the conclusion that the 

measured effect was due to effects like inner filter effects of high concentrations of 

nucleotide rather than binding of nucleotides to Csn2. For ATP, no Kd could be 

determined. This finding was also observed for Csn2 from Enterococcus faecalis, 

whose structure was also determined and possesses a similar shape and oligomeric 

state [38]. Thus the possibility of helicase action could be excluded. Therefore, the 
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Csn2 protein is a nice example of structural conservation of the P-loop, but without 

any enzymatic function. Strikingly, Csn2 exhibits a conserved DxD motif as well as 

conserved arginine residues in the head domain. Those residues are also conserved 

in RNA polymerases and primases [167]. One option for spacer integration could be 

the detection of the PAM motif by Csn2 in foreign nucleic acids and the subsequent 

generation of a primer for transcription of the protospacer. The protospacer thus has 

to be converted back from RNA to DNA and then could be integrated by the help of 

Cas1 or Cas2. Even Cas1 fusion proteins with reverse transcriptase domains that 

underline this idea exist [168]. But in vitro experiments could not detect a polymerase 

function of Csn2. The only function which could be assigned to Csn2 was binding to 

dsDNA in a calcium-dependent manner. Until now, this behavior has already been 

shown for Csn2 proteins from other organisms, like E. faecalis and S. pyogenes 

[38,69]. The Csn2-like protein from S. thermophilus binds linear dsDNA without 

calcium. Mutational analysis revealed that the dsDNA was not bound by the head 

region close to the P-loop or the conserved DxD motif, but probably around the hole 

in the middle. The cavity is lined by a set of conserved lysine residues and molecular 

dynamics studies revealed two possible binding modes. In one of the binding modes 

Csn2 sits on the DNA, whereas in the other DNA gets threaded into the hole. That is 

why DNA can only lace at its end through Csn2, because Csn2 is a very stable 

tetramer under certain conditions and may not assemble around the DNA like other 

DNA binding proteins (e.g clamp loader PCNA [169]). Thus, in chapter 1, the Csn2 

structure and its binding to dsDNA could be revealed, but no distinct function could 

be derived from its ABC domain or overall structure, except binding to dsDNA in a 

sequence unspecific manner. In Chapter 2, the Csn2 DNA binding properties were 

investigated in more detail using various biochemical techniques. It could be shown 

that Csn2 just binds to linear dsDNA. Free DNA ends are a requirement for the 

binding of Csn2 because neither supercoiled or relaxed circular DNA nor DNA with 

blocked ends could be bound by Csn2. Atomic force microscopy also showed a 

cooperative binding found in other DNA end-binding proteins (e.g. RdgC [170]), 

which lead to a “pearls-on-a-string” structure. For binding to dsDNA, Csn2 has to bind 

at the very end and the DNA has to be threaded through the center.  
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3.1.3 Non-homologous end-joining as mechanism for spacer integration 

 

As Csn2 seems to have no enzymatic activity (no helicase, nuclease or polymerase 

activity), Csn2 might “just” be a DNA end-binding protein. The behavior described in 

Chapters 1 and 2 is reminiscent of the Ku protein, which is involved in non-

homologous end-joining (NHEJ), a DNA double-strand break (DSB) repair 

mechanism [171,172]. Ku is a conserved protein found in eukaryotes like humans or 

yeast as well as in prokaryotes. Depending on the organism, it forms hetero- or 

homodimeric complexes and like Csn2 binds DNA DSBs with high affinity (Kd ~30-60 

nM), but most importantly in a sequence-independent manner. Thereby, the free 

DNA ends are protected against nucleolytic degradation [171,172]. Furthermore, it 

has the ability to be loaded onto the DNA in a higher quantity which then gives the 

above-mentioned “pearls-on-a-string” structure [173]. Ku serves as a platform for the 

recruitment of other proteins like LigD in bacteria, a protein consisting of a 

polymerase, a nuclease and a ligase domain [174]. Therefore, eukaryotic Ku proteins 

exhibit additional C- and N-terminal extensions (van Willebrand factor A and SAP 

domains) which the bacterial counterparts do not have [175]. The Csn2-like protein 

from S. thermophilus also contains a C-terminal extension, which might also 

participate in protein-protein interactions and recruit proteins involved in DNA repair 

[70]. NHEJ in bacteria just depends on Ku and LigD. DSBs are either repaired using 

microhomology between complementary 3´ overhangs of DNA breaks or are directly 

joined [171,172]. In eukaryotes, both free DNA ends are occupied by the Ku 

heterodimer, tethered together by DNA-dependent protein kinases (DNA-PKs), and 

repair enzymes are recruited [171,172]. This mechanism could likely be involved in 

spacer integration in the CRISPR/Cas-system. Cas1 or Cas2 or another nuclease 

could introduce a DSB into the first repeat adjacent to the leader sequence, while 

Cas1 or Cas2 could also be involved in protospacer selection depending on the PAM 

and its nucleolytic digestion from the foreign nucleic acid. Csn2 then binds to the free 

DNA ends and recruits the protospacer, which is bound by a Cas protein as well as a 

LigD-like host protein to join the protospacer between the opened repeat. The 

polymerase activity of the LigD-like protein fills gaps and the spacer is inserted and 

the repeat sequence duplicated (see model chapter 2). Thus, this work sheds a first 

light onto spacer integration in the CRISPR/Cas-system.  
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3.2 The bile forming ABC transporter BSEP 

 

The formation of bile is a crucial aspect in all vertebrates. Bile promotes the digestion 

of fat as well as the uptake of lipophilic substances like vitamins. Furthermore, bile 

circulation presents a pathway to get rid of endo- or exogenous xenobiotics [130]. 

For bile formation, three ABC transporters are essential: BSEP, which transports bile 

salts, MDR3, a transporter responsible for flopping the phospholipid 

phosphatidylcholine from the inner to the outer leaflet of canalicular membranes, and 

ABCG5/G8, a heterodimeric ABC transporter involved in cholesterol transport [128]. 

Together, those three components constitute bile. 

Because BSEP is the limiting factor in this formation and because mutations within its 

gene can lead to severe cholestatic diseases, an understanding of its biochemical 

and mechanistical properties and the analysis of structure-function relationship of 

mutant BSEP variants would greatly contribute to improve potential drug design and 

the treatment of patients. Thus, the first objective was to find a suitable 

overexpression system to obtain BSEP in high yields for purification and its 

subsequent analysis in its isolated state. 

 

3.2.1 Heterologous overexpression systems for eukaryotic membrane proteins 

 

In order to study a protein in its isolated form, expression and purification are 

necessary steps towards an understanding of its characteristics. To date, the 

overexpression system most widely used for homo- or heterologous recombinant 

proteins is based on the Gram-negative bacterium E. coli [176]. It provides a well-

known molecular biology and promotor-polymerase systems are available to achieve 

high yields of homo- or heterologously expressed proteins. Also, the Cas protein 

Csn2 could be expressed very easily to high yields in E. coli (see chapter 1). 

Although this might be true for a large number of proteins, the overexpression, 

especially of eukaryotic membrane proteins in E. coli, is a major obstacle [177]. 

Prokaryotic hosts might have problems with the transcription or translation of 

eukaryotic genes due to codon bias and their lack of the eukaryotic protein 

processing machinery for trafficking, glycosylation or membrane insertion [178]. 

Another very important factor is the non-native lipid environment, because it is known 

that specific protein-lipid interactions are crucial for folding, stability or activity of 
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membrane proteins [179]. The human ABC transporters P-gp and ABCG2 (BCRP) 

have also been expressed in E. coli, but it was shown that the topology of P-gp 

expressed in cell-culture systems was different [180,181,182]. ABCG2 showed 

transport activity in living bacteria, but was inactive in inverted membrane vesicles 

and could only be solubilized with SDS [182]. A codon-optimized gene of BSEP for E. 

coli was also tested during this thesis, but no expression could be detected. Thus, 

bacterial systems like E. coli might not be the first choice for the expression of 

eukaryotic ABC transporters [183]. Nonetheless, a number of eukaryotic integral 

membrane proteins (IMPs) have been produced in a functional form in E. coli [184]. 

The Gram-positive bacterium Lactococcus lactis was successfully used to 

overexpress eukaryotic membrane proteins, but only few reports were published 

[185]. For this reason, prokaryotic homologues are often expressed and purified, 

because they are easier to handle and results can be transferred to eukaryotic 

membrane proteins [178]. 

BSEP is well-known to be expressed in eukaryotic cell culture systems. Compared to 

bacterial hosts the advantage is obvious. Cell culture systems harbor all the native 

systems necessary for translation, targeting, folding and insertion into the membrane 

and post-translational modifications yielding functional protein. Many cell types have 

been used to express BSEP. Examples are HEK293, HepG2, LLC PK1, MDCK or 

Sf9 cells [186,187,188,189]. These cells resemble the natural canalicular membrane 

as much as possible. They contain the mammalian lipid environment and 

glycosylation pattern and BSEP is localized in the plasma membrane of those cells. 

Cell culture systems have been used for a wide range of human ABC transporters, 

primarily to study questions on cellular processes like trafficking, localization or 

transport. Furthermore, active purification of human ABC transporters from HEK293 

or Sf9 cells has also been reported for transporters like ABCG2, P-gp or MRP2 

[190,191,192]. Nonetheless, for structural and mechanistical in vitro approaches 

larger amounts of purified protein are needed which makes the use of cell culture 

systems extremely cost intensive and therefore not feasible. In general yeast-based 

systems have been found to be suitbale for the heterologous overexpression of 

eukaryotic membrane proteins [193]. In general, yeast systems are inexpensive, only 

need simple culture requirements, have well established genetics and contain the 

eukaryotic protein processing machinery. 
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A prominent system is based on the yeast S. cerevisiae. It cannot only be used as a 

cloning organism, but also as a host for the heterologous overexpression of 

eukaryotic membrane proteins, like rabbit Ca2+-ATPase or human AQP0 aquaporin 

[194,195]. Furthermore, human ABC transporters have already been overexpressed 

in this host. Human P-gp and MRP1 are two examples for functional expression 

[196,197]. In Chapter 4, BSEP was also expressed in S. cerevisae, but could only be 

detected on immunoblot levels. Even a variation of the tag position had no influence 

on the expression level. There can be several reasons for low expression, like codon 

bias or a difference in glycosylation, which might be important for trafficking or 

stability. S. cerevisiae is known to hyperglycosylate proteins (~40-150 mannose 

residues) [178]. This does not seem to be the case for BSEP, as it migrates at ~130 

kDa in the SDS-PAGE in contrast to fully glycosylated BSEP with a size of ~160-180 

kDa expressed in cell culture [151]. Proteolytic degradation of recombinant proteins, 

also often observed in yeast could not be detected in immunoblotting. Because of 

this low abundance of BSEP, the expression system was changed to the 

methylotrophic yeast P. pastoris. This yeast can be grown to very high cell densities 

during fermentation yielding kilogram quantities of wet cell weight and has been used 

as host for the expression of different eukaryotic membrane proteins which ended up 

in structure determination [178]. One study reported the heterologous overexpression 

of 25 of the 48 human ABC transporters [198]. Remarkably, the human liver ABC 

transporter MRP2 could not be expressed, but three other liver ABC transporters (P-

gp, ABCG5/G8 and MRP3) were purified to homogeneity and yielded roughly 1-6 mg 

of protein [105,198,199,200,201]. Furthermore, the crystal structure of mouse P-gp 

was solved based on the expression in P. pastoris, thus making this expression 

system extremely suitable for human ABC transporters [105]. The bile forming ABC 

transporters BSEP and MDR3 were not included in this study, likely due to their 

instable cDNAs during cloning. Therefore, in this thesis, the BSEP cDNA was cloned 

for the P. pastoris expression system with the cloning procedure established in 

chapter 4 and a substantial overexpression, as shown in chapters 4 and 5 could be 

achieved. Again, no proteolytic degradation in P. pastoris could be observed. Hence, 

in this thesis the expression of the important human ABC transporter could be 

established yielding ~1 mg out of 100 g of cells.  
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3.2.2 A generalized cloning and mutagenesis approach for the instable BSEP 

cDNA 

 

A big drawback in cloning the BSEP cDNA is its instability during cloning in the 

common host E. coli, used in classical cloning approaches based on restriction and 

ligation enzymes [151,152]. E. coli cells transformed with the BSEP cDNA are mostly 

not viable and clones are rarely observed. Moreover, the observed clones then often 

contain random mutations or deletions of the sequence. Furthermore, the BSEP 

cDNA contains a cryptic prokaryotic promotor, but even silencing this sequence did 

not abolish the instability [151,152]. As a consequence, cloning of the BSEP cDNA is 

a tremendous effort and only limited information of BSEP from heterologous 

expression systems is available. There are different reasons, why DNA sequences 

can be instable in bacterial hosts. On the sequence level, secondary structure 

elements like z-DNA or direct repeats can be responsible [202]. On the other hand, 

the gene product can be toxic for the host, either interfering with cellular processes or 

overloading the translation and degradation machinery, especially observed for 

eukaryotic proteins, which need additional processing not available in prokaryotic 

hosts [203]. In particular, eukaryotic membrane proteins in particular show this effect. 

For example the b and c subunits of the F-ATPase or the oxoglutarate-malate carrier 

protein from mitochondrial membranes were hard to express in E. coli [203]. Another 

example of failure in cloning is the fungal high-affinity calcium channel CCH1 [204]. 

E. coli clones did not appear and remarkably, the deletion of the start codon ATG 

reversed those toxic, instable effects, although no E. coli promotor for protein 

expression was upstream of the gene sequence. This is also the case for the BSEP 

cDNA, as the attempt to clone it in E. coli failed. To obtain yeast expression 

constructs, BSEP was cloned using homologous recombination (HR) in the yeast S. 

cerevisiae itself. HR is an efficient way for general cloning and to prevent instable 

side effects in prokaryotes [205]. The size of inserted fragments does not matter and 

cloning “artefacts” like linker regions often occurring in classical cloning can be 

prevented. Required are homologous ends with a length of 20 to 50 bp between the 

expression plasmid backbone and the gene-of-interest, which can easily be 

introduced by PCR. To generalize this cloning procedure for BSEP for other 

expression systems, an origin of replication for S. cerevisae was introduced into the 

backbone of expression vectors for other systems like the P. pastoris overexpression 
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system. In that way, this cloning procedure opens the way to clone each instable 

gene-of-interest for any expression system, just by using S. cerevisae and its origin 

of replication. 

Mutational studies on proteins are important to understand their structure-function 

relationships or protein-protein interactions. Usually, mutations are inserted via a site-

directed mutagenesis procedure [206]. Thereby, the primers containing the mutation 

are completely complementary and the mutagenesis PCR is a non-exponential 

amplification of the template. The product of the first cycle cannot be used as 

template for the second cycle. This prevents errors occurring during the PCR 

reaction. Furthermore, all those techniques all rely on the use of E. coli. The final 

products all contain nicks in the mutated plasmid, which are ligated in E. coli. 

Because of the inherent instability of the BSEP cDNA obtaining mutated BSEP 

variants is very hard to achieve. Therefore, in this thesis a complete new 

mutagenesis method, just relying on yeast, was developed (see Figure 16). By 

changing the primer design from complete to partial overlap, the PCR reaction 

becomes exponential with the rationale to outnumber the template. Usually, the 

template, which of course does not carry the mutation, is digested by a restriction 

enzyme recognizing methylated DNA originated from E. coli. This is not the case for 

yeast and thus the template has to be outnumbered during PCR. The primer design 

furthermore, introduces homologous ends to the mutated PCR product that directly 

can be transformed into yeast and is recombined to the complete vector carrying the 

mutation. This method provides an easy and rapid way to mutate instable cDNAs 

with a minimum of effort. Here, it was used to introduce clinically relevant mutations 

into the BSEP cDNA for further biochemical studies (see below). 

 

 

Figure 16: Scheme of the DREAM mutagenesis just relying on S. cerevisiae. 
M = mutation within the primer. 
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3.2.3 Purification of human BSEP – the need for detergent screening 

 

Studying a protein in its isolated form has the big advantage of avoiding disturbing 

side effects. Therefore, the subsequent purification after its successful 

overexpression has to be performed. Protein purification technologies have made big 

advances and many strategies are available now. The most used technique is the 

affinity purification relying on affinity tags genetically fused to the protein to be 

purified [207]. The most prominent one is the histidine tag with varying length. After 

disrupting the biological material the protein of interest can easily be purified in most 

cases. This might also apply to membrane proteins, but a big obstacle is the 

environment the protein is located in: a biological membrane. Because lipids interfere 

with most downstream applications, the membrane protein has to be solubilized out 

of the membrane first [208]. This is achieved by the use of detergents. Detergents 

are amphipathic molecules with a polar head group and a hydrophobic tail. They can 

be subdivided into four main groups based on their charge: anionic, cationic, 

zwitterionic and neutral [208]. A membrane protein in solution would directly 

aggregate due its nature. The transmembrane domains are hydrophobic and line the 

lipids in the membrane; thereby the entropic effect favors a clustering of membrane 

proteins in solution. To avoid this and to disrupt the membrane structure, detergents 

are used to solubilize membranes. The detergent destabilizes the membrane 

structure and the hydrophobic tail lines the TMD of the membrane protein. 

Detergents have to be used above their critical micellar concentration (cmc), so that 

they form micelles, where the membrane protein gets inserted in. Finding the 

detergent which, on the one hand extracts the membrane protein efficiently and, on 

the other hand keeps the membrane protein in a functional, folded state is an 

empirical process like the overexpression [208]. Usually detergents are chosen that 

have been proven to be well suited in many cases, like β-DDM, a neutral maltoside 

detergent [208]. For BSEP expressed in P. pastoris, a high-throughput detergent 

screening was employed to directly test over 100 different detergents at once using a 

dot blot technique. This technique was also used before for other eukaryotic 

membrane proteins [209]. In chapter 5, this technique was employed for BSEP 

containing two affinity tags for purification consisting of a calmodulin-binding peptide 

(CBP) tag and a his6x-tag as well as for a BSEP-GFP fusion protein. Remarkably, 

only the zwitterionic, harsh detergents of the Fos-Choline series, which are lipid-like 
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detergents, were able to solubilize BSEP in an efficient way. This result is in contrast 

to other used detergents used for liver ABC transporters expressed heterologously in 

P. pastoris. ABCC3 was solubilized in β-DDM like ABCG5/G8 [198,200]. P-gp was 

solubilized in various detergents from P. pastoris membranes including β-DM, β-

DDM, Lyso-PC, deoxycholic acid or Triton-X100 [105,210,211,212,213]. Despite the 

high degree of sequence identity between P-gp and BSEP (~50 %), it could not be 

solubilized with Triton-X100, which was used to solubilize mouse P-gp [105]. Also 

ABCG2 was solubilized in β-DDM, but could only be solubilized in Fos-Choline-16 

when expressed in High Five insect cells [192,214]. In some cases, proteins could 

only be solubilized in Fos-Cholines and resulted in non-native or inactive proteins 

[215]. To gain insight into the solubilized state of BSEP, fluorescence-detection size-

exclusion chromatography (FSEC) was employed. This technique has the advantage 

to monitor the monodispersity of membrane proteins in detergent solution without the 

need for purification [216]. Only a fluorescence tag, like GFP, has to be fused to the 

target protein. Thereby, only the protein of interest is monitored by fluorescence 

detection. As shown in chapter 5, BSEP behaved non-monodispersely in the Fos-

Choline series, but showed nice symmetrical peaks in neutral, maltoside detergents 

like β-DDM, β-DM or Cymal5. As it is a common procedure to change the detergent 

after solubilization, this was done for BSEP as well. BSEP was solubilized in large 

amounts in Fos-Choline-16 and then the detergent was exchanged on the Ni2+-IDA-

column, which was used to purify BSEP making use of its his6x-tag. BSEP was 

further purified using its CBP-tag. With this established protocol, ~1 mg of human 

BSEP could be obtained in different detergents, after extraction with Fos-Choline-16. 

This result is in good agreement with other human ABC transporters purified from P. 

pastoris [198,210] and shows its applicability for human ABC transporters, in contrast 

to cell culture systems, which might only produce µg quantities. The detergent 

exchange can be advantageous, e.g. in restoring activity, as it might be lost in the 

solubilizing detergent. For mouse P-gp, the detergent was exchanged after 

solubilization from P. pastoris membranes in Triton-X100 to β-DDM and then 

crystallized in a functional manner and the structure was solved [105]. The purity of 

the BSEP preparations was roughly 80 %, most likely due to the use of Fos-Choline-

16. This detergent solubilizes membranes very efficiently and other membrane 

proteins including BSEP get solubilized and are integrated in the same detergent 

micelle. Different approaches like buffer changes, longer washing steps or different 
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salt conditions to prevent purifying those contaminants failed. Nonetheless, chapter 5 

presents the first published purification procedure for BSEP and MDR3, another bile 

forming ABC transporter. 

 

3.2.4 Assays to evaluate functional protein purification – BSEP in detergent 

solution 

 

After the successful purification of a protein, it is inevitable to test the protein for 

activity, if feasible. This, of course, requires an assay in hand that is specific for the 

protein. In the case of ABC transporters, the first choice is the ATPase assay [217]. 

ABC transporters couple the transport of allocrites across membranes to ATP 

hydrolysis, thus the hydrolysis of ATP can be measured by the release of inorganic 

phosphate (Pi). ABC transporters are P-loop containing proteins, belonging to the 

“ASCE” group II of P-loop proteins [11,12]. As a base, they utilize a catalytic 

glutamate, which abstracts a proton from a catalytic water molecule [13]. The 

activated water molecule is used to attack the β-γ phosphodiester bond of ATP to 

hydrolyze it to Pi and ADP. According to the ATP switch model this resets the 

transporter to its ground state (see Figure 11 in introduction). Furthermore, binding of 

nucleotides to P-loop proteins can be determined. As in the case of Csn2 (see Figure 

15), this has been done for several ABC transporters using wilde-type or tryptophane 

substituted proteins [218,219]. Instead of modifying the nucleotides binding pocket, 

fluorescent nucleotide derivatives can be used like 2’(or 3’)-O-(2, 4, 6-trinitrophenyl)-

adenosine-5’- monophosphate (TNP-ATP) [220,221]. Upon binding, the fluorescence 

increases and binding constants can be determined, although the affinity might be 

higher due to the TNP group. Moreover, binding can also be monitored using 

radioactive labeled nucleotides or nucleotides coupled to agarose beads, which 

might give more qualitative data. In the case of purified BSEP, no substantial ATPase 

activity could be measured in its basal state without any allocrite. Furthermore, 

addition of allocrites like taurocholate or taurochenodeoxycholate did not show an 

impact. It is not uncommon that purified ABC transporters display no substantial 

ATPase activity. This has been shown for human ABCD1 purified from Sf9 cells or 

the ABC transporter LmrA from L. lactis [217,222]. Likewise, the yeast ABC 

transporter Pdr5p did not show ATPase activity when solubilized in β-DDM and it 

could be shown that detergent molecules inhibited transport as well as ATPase 
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activity [223]. This was ascribed to a lock of the transporter in an ATPase-

incompatible state. In this state, the NBDs are close together, so that hydrolysis 

cannot proceed. Although BSEP is able to bind to ATP agarose in detergent, this 

could also explain the lost ATPase activity. A crucial aspect during purification is to 

prevent complete delipidation. This cannot be controlled in detail because it depends 

on many different aspects like duration of washing during purification or the nature of 

the detergent used. Therefore, it has been shown that adding lipids back or including 

them during the purification process retained activity of some membrane proteins 

[179]. In the case of LmrA for instance, the reconstitution into liposomes drastically 

increased its specific activity compared to the detergent solubilized state as well as 

for Pdr5p [217]. Reasons for such a behavior might be either the lateral pressure in 

the membrane, which applies to the membrane protein, or the presence of annular 

lipids, tightly bound lipids at the membrane protein, which can have a crucial role in 

its activity or transport mechanism. Adding back lipids like whole-cell liver lipids to the 

purified BSEP also did not show an effect, either. For BSEP, it is known that its 

transport activity is depending on cholesterol as shown by the enrichment of Sf9 cell 

membranes expressing BSEP with cholesterol [224]. A drastical increase in its 

transport activity could be observed. How this effect is mediated is still unknown. 

Cholesterol might be bound by BSEP as annular sterol or the binding site of BSEP 

needs to be filled by cholesterol, to accommodate for bile salt binding according to 

the cholesterol fill-in theory [109]. MDR3 and BSEP share ~80 % and ~50 % identity 

to P-gp, a multidrug transporter transporting a wide variety of hydrophobic, 

structurally unrelated compounds [225]. To explain the differences in the allocrite 

spectrum, it was assumed that the binding site might be very similar, but binding of 

cholesterol within the binding cavity forms the three-dimensional binding site capable 

of binding individual allocrites [109]. In the yeast expression host however, ergosterol 

is the predominant sterol instead of cholesterol like in other mammalian cells. Both 

sterols differ by two additional double bonds (in the ring and in the tail) in the case of 

ergosterol, which might abrogate binding of ergosterol and thus binding of the 

allocrite and ATPase-activity. To further test, if BSEP is at least able to bind to ATP, 

binding assays with ATP agarose beads were performed. BSEP was able to bind to 

ATP in neutral, maltoside detergents like β-DDM and Cymal-5, but not in Fos-

Choline-16, the detergent used for its solubilization. This experiment at least shows 

that the NBDs have to be properly folded so that binding can be restored. Fos-



General Discussion 

 197 

Choline-16 might lock the transporter more drastically than the neutral detergents. 

Most likely, BSEP just gets inhibited by detergent molecules, as is the case for other 

ABC transporters. However, the assumption that a membrane component is missing 

which has not yet identified cannot be ruled out. 

 

3.2.5 The vesicular transport assay based on yeast membranes to study BSEP 

mutants 

 

To test whether BSEP is functionally expressed in P. pastoris in general, membranes 

were prepared and a vesicular uptake assay was performed. A protocol for highly-

enriched plasma membranes, originally established for the yeast S. cerevisiae, was 

adopted [226]. The vesicular transport assay is a well-established functional test 

system for ABC transporters [227]. This is the first type of assay which could detect 

the direct transport of substrates across a membrane [228]. The prerequisite are so 

called inside-out vesicles, which form under adequate conditions. In this 

configuration, the NBDs of the ABC transporter are localized to the surrounding 

medium and the direction of transport is into the lumen of the vesicle. After the 

transport has taken place, the vesicles are separated from the rest of the liquid 

solution, in most cases by filtration, and the amount of transported substrate can be 

determined. This depends on the nature of the test compound. Most common are 

radioactive labeled substrates, so that the measurement of the radioactivity is the 

direct output of activity. Also, fluorescent or unlabeled substrates are used. These 

then can be detected by fluorescence spectroscopy or mass spectrometry, 

respectively. For BSEP the vesicular uptake assay has been used extensively to 

characterize its kinetic values as well as the inhibition or modulation of its activity 

[148]. The vesicular transport assay is mostly based on the BSEP expression in 

insect cells like Sf9 and to a lesser extent in HEK293 cells. In many studies, the 

substrate spectra as well as potent inhibitors could be revealed. The Michaelis-

Menten constants (KM) for various substrates have been measured in different 

expression systems and multiple times (Table 1) [148]. 
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Table 1: KM-values for bile salts determined with different systems for BSEP. 

Substrate KM / M Source 

Taurocholate 8, 20, 15 Sf9 

 4  HighFive 

Taurochenodeoxycholate 4, 5, 13  Sf9 

 7  HEK293 

 

Therefore, to test for functionality of BSEP, the vesicular uptake assay for BSEP was 

adopted to membranes prepared from P. pastoris. The most important value to be 

determined was the Michaelis-Menten constant, as this is an indirect measure for the 

affinity of the substrate to BSEP. In chapter 6 two tritium labeled substrates, 

taurocholate and taurochenodeoxycholate were tested for their transport. BSEP 

expressed in P. pastoris was able to transport both substrates and the KM-values 

were 22.7 ± 6.2 µM and 12.9 ± 1.8 µM, respectively. These values are in very good 

agreement with the observed constants from insect cell culture or mammalian cell 

culture [148]. This indicates that human BSEP can be functionally expressed in P. 

pastoris and that it requires at least some lipids to be functional compared to 

detergent-solubilized BSEP. This investigation also shows that ergosterol might 

replace mammalian cholesterol, which seems to be an important factor for its activity. 

The canalicular membrane is highly enriched in cholesterol and other ABC 

transporters like ABCG2 or P-gp have been shown to reside in detergent-resistant 

microdomains (DRMs) [229,230]. This is also the case for BSEP [231]. Those DRMs 

are enriched in cholesterol and sphingomyelin and certain proteins have been shown 

to co-localize with them [232]. DRMs in canalicular membranes might protect the 

membrane against solubilization by bile salts and thus protect the transporters. There 

might also be an inherent resistance of BSEP against solubilization, which might be 

determined by its amino acid sequence or in concert with bound lipids. 

 

3.2.6 The impact of BSEP mutations on its structure and function 

 

BSEP is the main bile salt transporter in vertebrates and responsible for the bile salt 

dependent bile flow [233]. Thus, dysfunction disrupts the complete bile flow, either by 

slowing it down or in the worst case by complete abrogation [234]. The reduction of 

bile flow is called cholestasis. There are two common mechanisms leading to 
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cholestasis caused by BSEP. BSEP is retrieved from the plasma membrane under 

certain conditions, either, under hyperosmolaric conditions or by taurolithocholic acid 

[235,236]. This reduces the number of active transporters in the membrane and bile 

salt transport is reduced. The other cause for BSEP-dependent cholestatic diseases 

are mutations within the BSEP gene [237]. These can be nonsense mutations 

leading to a truncated protein by the introduction of a stop codon, missense 

mutations leading to an amino acid change, and insertion or deletion mutations 

where nucleotides are introduced or deleted in the gene resulting in a changed 

protein sequence. Mutations have also been shown to affect the correct splicing of 

BSEP [238]. In those cases, the change in the nucleotide sequence changes the so-

called exonic splicing enhancer site (ESE), which is needed to guide the splicing 

machinery to the corresponding splice site [239]. 

In principle, three different cholestatic diseases in regard to BSEP mutations can be 

distinguished. I) Progressive familial intrahepatic cholestasis type 2 (PFIC2) [237], II) 

benign recurrent intrahepatic cholestasis type 2 (BRIC2) [156] and III) intrahepatic 

cholestasis of pregnancy (ICP) [159]. PFIC2 symptoms include jaundice, itching and 

growth failure and is usually diagnosed within the first half year after birth. In general, 

over 90 % of those mutations lead to the absence of functional BSEP protein in the 

membrane [154,240]. This leads to elevated levels of bile salts within the cell and can 

induce apoptotic effects or the induction of carcinogenesis due to reactive oxygen or 

nitrogen species. The character of the mutation may explain the different causes of 

the membrane absence. One of them being mutations leading to instable protein 

after translation. The global BSEP folding is affected and BSEP is retained within the 

ER and degraded. This could be shown e.g. for the BSEP G238V, G982R, R1153C 

and R1268Q mutations [241]. Furthermore, mutations can have an impact on 

trafficking to the membrane itself. This was observed for the E297G and D482G 

mutations [187]. In addition, mutating of glycosylation sites also lead to trafficking 

defects and intracellular degradation [242]. Also, mutated BSEP protein, which 

reaches the plasma membrane to a certain portion, may have a reduced half-life as 

shown for the D482G and E297G mutations. The half-life could be prolonged by the 

use of chemical chaperones like 4-phenylbutyrate (4-PBA) [242]. Trafficking 

mutations may not lead to inactive protein per se as folding mutations may do. So it is 

always necessary to evaluate the transport function of such mutations. On the other 

hand there are mutations which do not influence folding or trafficking and have a 
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normal plasma membrane half-life. In these mutations, the binding site of the 

substrate or the ATP hydrolysis is affected. In chapter 7, a summary of all published 

mutations leading to either PFIC2 or BRIC2 is given. From this it can be derived that 

both, PFIC2 and BRIC2 mutations, are both localized in loops located intra- or 

extracytosolic or within the NBDs of BSEP. This might influence either the stability, 

trafficking or ATP hydrolysis mechanism of BSEP. 22 known PFIC2 mutations are 

localized within the TMDs of BSEP. Those mutations can have an influence on the 

binding site for bile salts in BSEP, as it is presumed that allocrite binding takes place 

within the TMDs. As only a small portion of all known BSEP mutations are 

characterized to some extent, either with immunohistochemistry of liver biopsies or 

rarely with transport assays, the influence on allocrite binding is hard to judge. For 

some mutations in the TMDs, at least the localization in hepatocytes was determined. 

It could be shown that e.g. the M62K, Y157C, A167T, G327E or the G982R BSEP 

mutants were not detected at the canalicular membrane in liver biopsies 

[243,244,245]. Also, the level was drastically reduced in some cases as for the 

Y818F or C68Y mutants [238,246]. Those findings likely point to an instable BSEP 

protein due to misfolding and rapid degradation. But even these findings need to be 

seen with caution, because patients often are compound heterozygote and contain 

two different mutant alleles of BSEP, so that the influence of an individual mutation to 

the clinical finding is hard to establish. In chapter 7, the BSEP G374S mutation was 

investigated. This mutation was found in a patient suffering from cholestasis. Highly 

interesting, the mutation seemed to display the first BRIC2 mutation within a TMD. 

BRIC2 is a milder form of cholestasis, because patients only suffer intermittently from 

cholestatic effects [156]. This is dependent on the residual transport activity of the 

mutated BSEP and the patients’ way of life. Liver biopsy, as well as expression in 

HEK293 cells of BSEP G374S showed correct targeting to the plasma membrane, 

excluding trafficking or degradation effects. It was shown that the transport function of 

this mutant was strongly reduced compared to wild-type BSEP protein, but still 

showed minimal transport, which explains the BRIC2 phenotype of the patient. This 

was tested in the transport assay, established in P. pastoris as described above. 

Because of this finding, it can be assumed that this mutation affects the allocrite 

binding site. Either because this amino acid directly participates in binding or blocks 

the way to the binding site. A further mutant investigated, which is not part of this 

thesis, is the T919Δ mutant. Although one amino acid is missing, the global fold may 
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not be affected, because it is correctly targeted to the plasma membrane and, very 

interestingly, shows transport of taurocholate comparable to the wild-type protein 

(Figure 17). Although the overall bile salt concentration in bile of this patient is only 

2.5 % within of healthy individuals (unpublished results), bile salt transport seems to 

be comparable to wild-type BSEP in in vitro systems. Other mechanisms than an 

impaired bile salt transport have to be considered for this cholestatic disease. Such a 

characteristic was also observed for the PFIC2-associated mutant BSEP C336S, 

which is also localized in the TMD. This mutant also displayed transport rates 

comparable to those of the wild-type BSEP protein when expressed in insect cells 

[247]. Nonetheless, it could not be excluded that further BSEP mutations in the gene 

caused this cholestatic symptoms due to imperfect sequencing. 

 

A 

 

Figure 17 

 

B 

 

Figure 17: Characterization of the BSEP T919Δ mutant. A) Expression of human BSEP in HEK293 
cells. Left: Mock control (transfected with empty plasmid), middle panel: BSEP wild-type and right: 
BSEP T919Δ. White bars represent 10 µm. B) Transport of [

3
H]-taurocholate measured with the 

vesicular uptake assay (cpm = counts per minute) (n=3 ±SD) 

 

In a BSEP homology model based on the crystal structure of P-gp with bound 

substrates from mouse (PDB code: 3G61), both amino acid side chains (G374 and 

T919) line the pore (Figure 18). Nonetheless, when compared to the P-glycoprotein 

structure crystallized with inhibitors, T919 is not part of the binding cavity. The 

distance to the allocrite is ~18 Å. Therefore, T919 might not have a crucial role and 

its deletion does not necessarily affect folding or stability of BSEP, so that transport 

of bile salts is still possible. G374 could potentially interact with its backbone or 

hydrogen atom of the Cα to substrate binding, but when substituted to serine, there 

might be repulsions of the hydroxyl group of the serine and the bile salt. Or hydrogen 

bonding with the hydroxyl groups of bile salts might be abolished. Although 
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substrates bound by P-gp do not directly interact with G374, the allocrite binding site 

for BSEP might be localized closer to G374. 

P-gp is able to transport a variety of structurally diverse allocrites [225]. This is 

achieved by the use of many aromatic residues in the binding cavity, which leads to 

stacking and cation–π interactions and hydrophobic and hydrogen bonding 

interactions [108]. BSEP is also able to bind to the drug pravastatin, which is able to 

compete with bile salts [248]. Furthermore, BSEP is one cause for drug induced liver 

injury (DILI), suggesting that drugs can at least bind to BSEP and inhibit its activity 

[158]. BSEP may therefore also exhibit polyspecificity to some extent. 

A 

 
Figure 18 

B 

 

 

Figure 18: Homology model for human BSEP. A) Homology model of human BSEP based on the 
crystal structure of mouse P-gp (PDB code: 3G61) generated with the Phyre2 server 
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). In blue the residue G374 and in red the 
residue T919 are depicted. B) An inhibitor co-crystallized with mouse P-gp is aligned with the BSEP 
homology model. For the sake of clarity, only the two helices with the G374 and T919 residues are 
shown in blue and red, respectively, and the inhibitor in red as sticks. The length is measured in Å. 
 

The only solved structure of a bile salt transporter is a bacterial homolog of the 

sodium-taurocholate cotransporting peptide (NTCP) from Neisseria meningitides, 

ASBT [249]. In the co-crystal structure with taurocholate, there is only one direct 

hydrogen bonding between asparagine 295 and the 7α-hydroxyl group of 

taurocholate. Although the structure represents the inward-facing conformation, 
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which should display the low-affinity binding site, there might be only weak 

interactions between taurocholate and ASBT, in general. This could also be true for 

BSEP explaining its “polyspecificity” in regard to different bile salts and drugs. Further 

structure-function analysis of BSEP might give a more specific answer to the location 

of the allocrite binding site and coupling mechanism. Clinically mutations are a 

valuable tool, but the 3D structure of BSEP will greatly contribute to an understanding 

of the transport mechanism. This will require further efforts. This doctoral thesis has 

laid the fundament for the future biochemical and structural characterization of 

human BSEP in its isolated form to achieve this goal. A cloning and mutagenesis 

procedure was established, which simplifies BSEP cloning and the introduction of 

clinically, relevant mutations. In principle, this system can be used for any other 

instable cDNA. Furthermore, the BSEP expression system in P. pastoris can be used 

for its purification on the one hand and for the subsequent functional characterization 

of BSEP mutants in a transport assay on the other hand. 
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5. Abbreviations 
 

aa amino acid 

AAA+ ATPases Associated with diverse cellular Activities 

ABC ATP binding cassette 

ASBT apical sodium-dependent bile acid transporter 

ADP adenosine-5'-diphosphate 

ANP phosphoaminophosphonic acid-adenylate ester 

ATP adenosine-5'-triphosphate 

BCRP Breast Cancer Resistance Protein 

bp base pair 

BRIC2 benign recurrent intrahepatic cholestasis type 2 

BSEP Bile Salt Export Pump 

Cas CRISPR-associated 

Cascade CRISPR- associated complex for antiviral defence 

CBP calmodulin binding peptide 

cDNA complementary DNA 

CH coupling helix 

cmc critical micellar concentration 

cpm counts per minute 

CRISPR clustered regularly interspaced short palindromic repeats 

crRNA CRISPR-RNA 

CSD catalytic subdomain 

3D three-dimensional 

β-DDM n-dodecyl β-D-maltoside 

β-DM n-decyl β-D-maltoside 

DIC drug-induced cholestasis 

DNA deoxyribonucleic acid 

DRM detergent resistant microdomain 

DSB double-strand break 

dsDNA double-stranded DNA 

E. coli Escherichia coli 

E. faecalis Enterococcus faecalis 

e.g. exempli gratia 

ESE exonic splicing enhancer 

FSEC fluorescence-detection size-exclusion chromatography 
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g gram 

GNP phosphoaminophosphonic acid-guanylate ester 

GTP guanosine-5'-triphosphate 

H+ proton 

HEK293 human embryonic kidney 293 cells 

HepG2 hepatocellular carcinoma G2 cell line 

his6x-tag histidine-tag 

HR homologous recombination 

HSD helical subdomain 

ICP intrahepatic cholestasis during pregnancy 

IMP integral membrane protein 

IUBMB International Union of Biochemistry and Molecular Biology 

Kd dissociation constant 

kDa kilo Dalton 

kg kilogram 

kJ kilo Joule 

KM Michaelis-Menten constant 

L. lactis Lactococcus lactis 

LLC PK1 pig kidney epithelial cells 

MDCK Madin Darby canine kidney 

MDR multidrug resistance 

mg milligram 

µg microgram 

µM micromolar 

MRP multidrug resistance related protein 

NBD nucleotide binding domain 

NHEJ non-homologous end-joining 

Ni2+-IDA nickel(2+)- iminodiacetic acid 

nt nucleotide 

NTCP sodium-taurocholate cotransporting polypeptide 

OATP organic anion-transporting polypeptide 

OST organic solute transporter 

Pi inorganic phosphate 

PAM protospacer adjacent motif 

PCR polymerase chain reaction 

PEBD partial external biliary diversion 

PFIC2 progressive familial intrahepatic cholestasis type 2 



Abbreviations 

 217 

P. aeruginosa Pseudomonas aeruginosa 

P-gp permeability glycoprotein 1 

P-loop phosphate-binding loop 

P. pastoris Pichia pastoris 

R-M system restriction-modification system 

RNA ribonucleic acid 

S. agalactiae Streptococcus agalactiae 

S. cerevisiae Saccharomyces cerevisiae 

SF1/2 superfamily 1/2 

Sf9 Spodoptera frugiperda 9 

SLC solute carrier 

SNP single nucleotide polymorphism 

S. pyogenes Streptococcus pyogenes 

ssRNA single-stranded RNA 

S. solfataricus Sulfolobus solfataricus 

S. thermophilus Streptococcus thermophilus 

TMD transmembrane domain 

TNP-ATP 2′,3′-O-(2,4,6-trinitrophenyl) adenosine 5′-triphosphate 

tracrRNA tracer-RNA 

 

 

Amino acid Three/One letter code Amino acid Three/One letter code 

alanine Ala / A leucine Leu / L 

arginine Arg / R lysine Lys / K 

asparagine Asn / N methionine Met / M 

aspartic acid Asp / D phenylalanine Phe / F 

cysteine Cys / C proline Pro / P 

glutamic acid Glu / E serine Ser / S 

glutamine Gln / Q threonine Thr / T 

glycine Gly / G tryptophan Trp / W 

histidine His / H tyrosine Tyr / Y 

isoleucine Ile / I valine Val / V 
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