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Abstract

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 A 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 ubiquitdr und an zahlreichen biochemischen
Funktionen beteiligt. Diese reichen von Signaltransduktionsprozessen, dem Transport von Molekiilen
oder lonen Uber biologische Membranen bis hin zur Translation von Proteinen und DNA
Reparaturmechanismen. lhre Gemeinsamkeit ist das Vorhandensein des P-Loops. Der P-Loop (auch
~Walker A* Motiv genannt) ist eine Glycin-reiche Schleife, die fur 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 fiir P-Loop enthaltende Proteine. Diese
Dissertation beschaftigt sich mit zwei P-Loop Proteinen, dem ATP-bindenden Kassette Transporter
(ABC Transporter) bile salt export pump (BSEP, ABCB11), der den Transport von Gallensalzen lber
die kanalikulare 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 beschaftigen sich mit Csn2 aus Streptococcus agalactiae. Das
CRISPR/Cas-System ist ein adaptives Immunsystem, das auf der Integration von kurzen, nicht-Wirt-
Nukleinsaurefragmenten 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 Nukleinsaure, welche dann in
einem RNA-Interferenz ahnlichen Mechanismus zerstort wird. Csn2 ist an der Integration fremder
Nukleinsaurefragmente in den CRISPR Lokus beteiligt. Der zugrunde liegende Mechanismus der
Integration ist nur rudimentar verstanden. Um daher die Rolle von Csn2 im Integrationsmechanismus
zu klaren, wurden strukturelle und biochemische Methoden angewandt. Zunachst konnte mit Hilfe der
Roéntgenstrukturanalyse die dreidimensionale, rdumliche Struktur von Csn2 mit einer Auflésung von
2.0 A bestimmt werden. Csn2 besitzt eine ,Ring“-ahnliche, tetramere Struktur mit einem Loch in der
Mitte, sowie einen P-Loop und ein ,Walker B Motiv, die auf Aminosaureebene jedoch degeneriert
sind. Es konnte weder die Bindung noch die Hydrolyse von Nukleotiden gezeigt werden, jedoch war
Csn2 in der Lage doppelstrangige DNA Calcium-abhangig und Sequenz-unspezifisch zu binden.
Weitere Analysen zeigten, dass Csn2 freie DNA Enden bendtigt, die durch die freie Mitte von Csn2
eingefadelt werden koénnen. Dieses Bindeverhalten ahnelt dem Bindeverhalten des Ku Proteins,
einem Protein, das sowohl bei Pro- wie auch Eukaryonten am nicht-homologen Endjoining beteiligt ist.
Daher wird ein a&hnlicher Mechanismus fir Csn2 bei der Integration von fremden

Nukleinsdurefragmenten im CRISPR/Cas-System postuliert.

Kapitel drei bis sieben beschaftigen sich mit dem Leber-lokalisierten P-Loop ABC Transporter BSEP.
BSEP nutzt die Energie der ATP-Hydrolyse zum Transport von Gallensalzen Uber biologische
Membranen. Mutationen im BSEP Gen konnen zu schweren, cholestatischen Krankheiten flihren,

deren letzte Therapiemdoglichkeit die Lebertransplantation ist. Um das humane BSEP in vitro zu

V
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charakterisieren, wurde eine Klonierungs- und Mutagenesestrategie fur die instabile cDNA von BSEP
entwickelt und etabliert. Mit dieser Strategie war es moglich BSEP fur das Pichia pastoris
Uberexpressionssystem zu klonieren und BSEP zum ersten Mal rekombinant in P. pastoris
herzustellen. Fir die Isolierung von BSEP aus P. pastoris Membranen wurden Uber 100 verschiedene
Detergenzien getestet, um adequate Detergenzien fir die weitere Aufreinigung zu identifizieren. In
Detergenzlésung war BSEP in der Lage an Nukleotide zu binden. Somit konnten die Expression,
Reinigung, sowie erste Bindestudien fir humanes BSEP erfolgreich etabliert werden. Weiterhin wurde
ein vesikularer Transport-Funktionstest etabliert, der auf P. pastoris Plasmamembranen beruht, die
BSEP enthalten. Die Michaelis-Menten Konstanten fir zwei Gallensalze ahnelten den bereits
publizierten Daten, die mit anderen Expressionssystemen erhalten wurden. Mit Hilfe dieses Systems,
sowie der Klonierungs- und Mutagenesestrategie war es moglich 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 erklaren 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.

Vi



Introduction

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 (P;) 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 GxxxxGKI[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 p- and y-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 (POPDPD/E, where @ 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 B- and y-phosphates of the nucleotide [9].
Typically, P-loop NTPases hydrolyze the triphosphate nucleoside to a diphosphate
nucleoside by attacking the -y phosphodiester bond. P-loop containing proteins are
a/B sandwich proteins (Figure 1). They are three layered, which denotes that they
exhibit a parallel B-sheet flanked on both sides by a-helices. The P-loop forms a loop
between a B-strand and an a-helix, whereas the Walker B motif is located C-

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

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 | with direct
vicinity of the P-loop and the Walker B motif. B) RecA from Escherichia coli (PDB code: 1XMS)
belongs to group Il and the P-loop and the Walker B motif are separated by an additional B-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 |, the
“KG”-group (kinase-GTPase-group), is defined by the direct neighborhood of the P-
loop and the Walker B motif (Figure 1A). Group Il is the “ASCE” class (additional
strand, catalytic E) and contains other P-loop NTPases which are characterized by
an additional B-strand between the two Walker motifs (Figure 1B).
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Group Il 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 | — 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 | — Il 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 Jjap 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 | A-F, type Il A-B and type Ill A-B) (Figure 2)
[30].
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cas genes CRISPR array
leader

cas7 EE} I-E

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.
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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 (l), where
foreign DNA is taken up and gets integrated into the CRISPR array as spacers. The
second stage (ll) 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 (lll), 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: |) spacer acquisition, Il) expression and maturation and
lll) interference. In type | and type Il 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 Il 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 | this is performed by the Cas6e,
Cas6f or Casbd protein depending on the subtype within the Cascade complex. In type Il a small
trans-activating-RNA (tracrRNA), RNaselll and Cas9 are involved and in type Il this maturation is
performed by Cas6. In the interference step, the crRNAs are loaded on an effector complex (type I:
Cascade, type Il Cas9 and type Ill 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 Il 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

6
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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 | 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 | subtype) cleaves

7
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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 Il 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 | and Ill systems, it was shown for type Il systems that pre-crRNA
maturation is dependent on the multidomain Cas protein Cas9, the non-Cas protein
RNaselll 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 RNaselll, 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 |
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 | and Ill systems, in type Il 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 |ll systems the degradation is similar to type | 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 | 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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5'- GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAAC-3’

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 A 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 A, 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 | constitutes channels and pores and class Il embraces electrochemical

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

comprises the transmembrane electron carriers.

1) Channels and Pores Il) Electrochemical potential-driven  lll) Primary active
transporters transporters
Symporter Antiporter
A A
outside
Q Concentration
0000 500000 0500 gradient
inside
Y \
Energy
ATP
light
IV) Group translocaters V) Transmembrane electron carriers
T — —

outside

inside

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 Il) 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 Ill transporters are primary active
transporters using an energy source like ATP or light to transport against a concentration gradient.
Group translocators (group [V) 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 | and Il (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 | Importer Type Il 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 | importers are represented by the maltose transporter MalEFGK, (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 Il 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 | ABC importer, type || ABC importer and ABC exporter
folds [86]. Type | ABC transporter folds contain a core of five a-helices per TMD
(Figure 7). Four a-helices (a-helices 2-5) exhibit an “up-down” topology lining the
pore, whereas one a-helix (a-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 Metl and
MalFGK; transporter [96,100,101]. Type Il ABC importer folds where first recognized
for the vitamin B4, importer BtuCD from E. coli and Hi1471 from Haemophilus
influenzae [102,103]. Within one TMD 10 a-helices are found in total and nine of
them pack around a-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 a-
helices. It is assumed that this fold is exclusively found within exporters. Strikingly,
this fold contains a so-called “domain swapping”. One a-helical bundle is formed by
a-helices 1 and 2 from one TMD and a-helices 3-6 from the other TMD in e.g.
Sav1866 [98].

Type | Importer fold Type Il 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 |: MalG (PDB code: 2R6G),
importer type Il: 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 A%. 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 A distant from the membrane interface
because the TMDs of exporters have extended a-helices compared to the importer
TMDs. The ICLs are short a-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
ABCfp 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.

Catalytic subdomain Helical subdomain
J |

Pro-loop

Figure 8: The NBD of an ABC transporter.

Shown is the NBD of the haemolysin B (HIyB) 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 (- and y-phosphate groups of the ATP molecule, whereas the
adenine ring stacks against the A-loop via 1r-11 interactions. The C-loop of the
opposing NBD monomer contacts the y-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 y-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 y-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 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 a-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 a-helices interact with the X-
loop and the green a-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 lll: ATP gets hydrolyzed and breaks up the closed NBD dimer.

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

Extracellular space /—»4
: . « V.

Cytosol Open dimer Closed dimer Open dimer

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: 1) the initiation of synthesis by 7a-hydroxylation of sterol
precursors, |l) further modifications to the ring structure, 1ll) oxidation and shortening
of the side chain and V) 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 B
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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 OSTa/OSTp, 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].

Tight
Junction

ZaaeD>

<€z> 4

€&

auelqaw [eplosnuls

1
-

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-
ap [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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The prokaryotic immune system, CRISPR, confers an adaptive and inheritable defense mechanism against
invasion by mobile genetic elements. Guided by small CRISPR RNAs (crRNAs), a diverse family of CRISPR-
associated (Cas) proteins mediates the targeting and inactivation of foreign DNA. Here, we demonstrate
that Csn2, a Cas protein likely involved in spacer integration, forms a tetramer in solution and structurally
possesses a ring-like structure. Furthermore, co-purified Ca®* was found important for the DNA binding
property of Csn2, which contains a helicase fold, with highly conserved DxD and RR motifs found
throughout Csn2 proteins. We could verify that Csn2 binds ds-DNA. In addition molecular dynamics sim-
ulations suggested a Csn2 conformation that can “sit” on the DNA helix and binds DNA in a groove on the

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Microorganisms have developed several mechanisms to defend
invasions by foreign nucleic acids. In contrast to the well-known
defense strategies such as the restriction-modification system or
inhibition of phage adsorption, the recently discovered CRISPR sys-
tem (clustered regularly interspaced short palindromic repeats)
functions as an inheritable and adaptive immune system of
prokaryotes (Al-Attar et al., 2011; Karginov and Hannon, 2010;
Marraffini and Sontheimer, 2010a). More than 90% of archaea
and nearly 40% of sequenced bacteria are equipped with CRISPR
(Grissa et al.,, 2007), consisting of one or more CRISPR cassettes
and a group of CRISPR-associated (Cas) proteins (Haft et al.,
2005; Jansen et al., 2002). The CRISPR cassette consists of short,
often palindromic, 28-40 bp DNA repeat sequences, separated by

Abbreviations: CRISPR, clustered regularly interspaced short palindromic
repeats; Cas, CRISPR-associated; PolDom, polymerase domain.
* Corresponding authors. Fax: +49 211 81 13847 (H. Gohlke), fax: +49 211 81
15167 (U. Pul), fax: +49 211 81 15310 (S.H,J. Smits).
E-mail addresses: gohlke@hhu.de (H. Gohlke), pul@hhu.de (U. Pul), sander.
smits@hhu.de (S.H.J. Smits).
! Present address: Australian Synchrotron, 800 Blackburn Road, Clayton, VIC3168,
Australia.

1047-8477/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jsb.2012.04.006

non-identical spacer sequences of similar length. In general, the
CRISPR cassettes represent the acquired memory of immunity,
enabling recognition of the invader nucleic acid. More than 40
Cas protein families are known (Haft et al., 2005). According to
the recent “polythetic classification” of the different CRISPR-Cas
modules, three different CRISPR types (Type I, II, and III) exist,
which differ in the Cas protein composition and defense mecha-
nisms (Makarova et al., 2011).

CRISPR defense can be dissected in three steps, (i) CRISPR adap-
tation, (ii) CRISPR expression/processing and (iii) CRISPR interfer-
ence. The first step (immunization or adaptation stage) describes
the capturing of new spacers that originate from the cleavage of
invading DNA to short pieces; these spacers are subsequently inte-
grated into the CRISPR array of the host genome (Barrangou et al.,
2007). The exact mechanism of this integration step is unknown.
Two universal Cas proteins Cas1 and Cas2, which are common to
the three CRISPR types, are likely involved in this process (Deveau
et al., 2010; van der Oost et al., 2009). Both proteins have been
identified as nucleases (DNase/RNase activity for Cas1 and RNase
activity for Cas2) (Babu et al., 2011b; Beloglazova et al., 2008;
Samai et al., 2010; Wiedenheft et al., 2009). Short motifs within
the invading DNA, typically a few nucleotides in length and
referred to as proto-spacer-adjacent motifs (PAMs), seem to be
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involved in recognition/selection of new spacers (Mojica et al.,
2009). In addition, the PAM sequences are required to prevent a
CRISPR autoimmunity reaction (Marraffini and Sontheimer,
2010b).

The second step comprises the transcription of the CRISPR ar-
ray into the precursor CRISPR-RNA (pre-crRNA) and expression of
Cas proteins; the latter mediate processing of pre-crRNA to ac-
tive crRNAs. In type I CRISPR systems, this processing is carried
out by a multiprotein complex termed Cascade (Brouns et al.,
2008). The CRISPR Nmeni-subtype, one of eight subtypes, belongs
to the type II CRISPR systems and processes the pre-crRNA with
the help of a trans-encoded tracrRNA and RNaselll and the
multidomain protein Cas9 (known as Csnl) (Deltcheva et al.,
2011).

The third step is the inactivation of invading foreign DNA, or in
some cases RNA, which is also performed by the Cascade complex
and Cas3 in type I (Brouns et al., 2008) or the Cmr/Csm complex
(Hale et al., 2009) in type IIl. The foreign DNA is targeted with
the help of the crRNA and inactivated by digestion.

In the Nmeni CRISPR subfamily, the Cas9 protein is involved in
neutralizing invading DNA (Garneau et al., 2010), whereas the
endonucleases (or nuclease) Cas1 and Cas2 as well as the subfamily
specific Csn2 protein are involved in spacer integration, although
their precise roles in this process are still obscure (Sapranauskas
et al, 2011). Most functional information of these proteins
comes from knockout studies. For example, deletion of Cas9 in
Streptococcus thermophilus abolishes the resistance against foreign
DNA. Knockdown of Csn2 still confers the ability to target and
inactivate invading, foreign DNA with the help of existing spacers
(Barrangou et al., 2007; Garneau et al., 2010; Sapranauskas et al.,
2011). This led to the assumption that Csn2 proteins are involved
in spacer integration. Recently, Csn2 from E. faecalis was solved at
2.7 A resolution, revealing a tetrameric ring-like structure. Further-
more it was shown that Csn2 is capable of binding ds-DNA, and it
was proposed that the DNA binds through the center of the ring
(Nam et al., 2011).

Here, we report the X-ray structure of Csn2 of S. agalactiae
ATCC13813 at 2.0 A resolution and reveal that Csn2 is a stable
tetramer that can undergo significant conformational changes. Fur-
thermore, we show that Csn2 binds ds-DNA. Csn2 could have two
binding modes: (I) “sitting” on the DNA and (II) the DNA passes
through the center of the ring.

2. Materials and methods
2.1. Recombinant protein expression vectors

Full length Csn2 was subcloned into pET28b (Novagen) on a
Ncol/Xhol fragment generated by PCR from genomic Streptococcus
agalactiae ATCC13813 DNA using the following primers: For
5'-TTCCTAGGAGATTCCCATGGTCAAGATTAATTTTCCAAT-3' and Rev
5'-TATTACTGTGCTTTTACTACTCGAGTACCATATTTTCGCC-3'. The
coding sequence was introduced in frame with the start codon
and a C-terminal hexahistidine purification tag encoded by the
vector. The Csn2 mutants EjA, Ki32A, Ya0A, YooW and RiggA,
Ri99A were prepared using the QuikChange XL mutagenesis kit
(Stratagene). All sequences were verified by in-house sequencing
at the Biological Medical Research Centre (BMFZ) Heinrich Heine
University, Diisseldorf.

2.2. Recombinant protein expression

pET28b-Csn2 transformed Escherichia coli BL21(DE3) pLysS cells
(Novagen) were grown in LB medium at a temperature of 37 °C to
an ODggo of ~0.6 and then protein expression was induced by

adding B-p-thiogalactopyranoside (IPTG) to a final concentration
of 1 mM. Following induction, cells were grown at 30°C for 5h
and harvested by centrifugation at 7500g for 15 min and 4 °C, flash
frozen in liquid nitrogen and stored at —80 °C.

2.3. Purification of Csn2

Cells were resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0,
150 mM Nacl, 2 mM B-mercaptoethanol (B-ME) and lysed using a
cell disruptor (Constant Systems). The lysate was clarified by cen-
trifugation at 40,000g in a Ti45 rotor (Beckmann) for 1h at 4 °C.
Imidazole was added to the Csn2 supernatant to a final concentra-
tion of 20 mM before application to a 5 ml HiTrap Chelating col-
umn (GE Healthcare) loaded with nickel, which had been pre-
equilibrated with 5 column volumes (CV) of running buffer
(50 mM Tris-HCl, pH 8.0, 150 mM NacCl, 2 mM B-ME, 20 mM imid-
azole). After application of the supernatant to the column, it was
washed with 5 CV of running buffer and elution was performed
by a linear-gradient with running buffer containing 300 mM imid-
azole. Pooled fractions were loaded onto a HiLoad Superdex 200
prep grade 16/60 column (GE Healthcare) equilibrated with 1.3
CV of running buffer (10 mM Tris-HCl, pH 8.0, 50 mM NacCl,
1 mM DTT). Fractions containing protein were pooled, concen-
trated using an Amicon Ultra-15 filter (Millipore) with a cut-off of
10 kDa and stored at 4 °C.

2.4. Expression and purification of selenomethionine-labelled Csn2

For selenomethionine substitution, E. coli B834(DE3) cells were
grown in M9 minimal medium supplemented with 50 pg/ml of -
selenomethionine (Molecular Dimensions). Expression and purifi-
cation were identical with those for native Csn2.

2.5. Native page of Csn2

The oligomeric state of Csn2 and its mutants was analyzed by
native gel electrophoresis using a 4-16% NativePAGE™ Novex
Bis-Tris gradient gel (Invitrogen), which was stained with Coomas-
sie brilliant blue.

2.6. Multiple angle light scattering

To determine the oligomeric size of Csn2, a multiple angle light
scattering (MALS) setup consisting of miniDAWN Treos/optiLAB
rex (Wyatt Technologies) connected to an Akta Purifier (GE Health-
care) using a Superdex 200 10/300 analytical size exclusion
column was used. The flow rate was set to 0.2 ml/min and ultravi-
olet (UV) detection was monitored at 280 nm. Light scattering was
detected at angles of 0°, 90°, and 107° and the obtained values
were averaged and evaluated using the program ASTRA (Wyatt
Technologies). For light scattering experiments different NaCl con-
centration were used in SEC running buffer (50 mM, 250 mM and
500 mM).

2.7. Crystallization of Csn2

Crystallization trials were carried out at 4 °C. Crystals of Csn2
(at 25 mg/ml) were grown by mixing protein solution with reser-
voir solution containing 0.1 M Hepes, pH 6.8-7.2, 9-12% (w/v)
PEG6000 and 0.05 M phenol in a 1:1 ratio. Crystals normally grew
in 7-10 days. Suitable crystals were cryo-protected using crystalli-
zation buffer with 30% (v/v) ethylene glycol and then cryo-cooled
in liquid nitrogen. Selenomethionine derivatised crystals were
obtained and treated using the same method.
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2.8. Data collection and structure determination

Data sets from native crystals were collected at the BM30A
beamline (ESRF, Grenoble, France) at a wavelength of 0.979 A at
100 K. For selenomethionine-substituted crystals beamline X12
(EMBL, DESY Synchrotron, Hamburg, Germany) was used and
anomalous diffraction data were collected at the selenium absorp-
tion edge; E=12.667 keV and 4 =0.977 A at 100 K. All data sets
were processed using the XDS software packages (Kabsch, 1993).
The structure was solved by single-wavelength anomalous disper-
sion (SAD) from a selenomethionine derivative with a resolution of
3.4 A using the program Autorickshaw (Panjikar et al., 2005;
Panjikar et al., 2009). The SeMet model was then used to phase
the native data set at a resolution of 2.0 A. Automatic model build-
ing was performed with the program ARP/warp (Langer et al.,
2008) and the quality of the electron density allowed also auto-
matic placement of water molecules which was manually checked
on correct assignment. Iterative cycles of model refinement
using TLS groups were carried out using the program REFMACS5
(Murshudov et al., 1997) from the CCP4 package and manual
adjustments between refinement was done with the program Coot
(Emsley and Cowtan, 2004). Ramachandran analysis was done
using MolProbity (Chen et al., 2010).

Data collection and Refinement statistics are listed in Table 1.
Images of the models were prepared using MacPyMOL
(www.pymol.org).

2.9. DNA-binding analyses

DNA-binding activity of Csn2 was analyzed by incubation of
2 nM 32P-labeled 256 bp P1 DNA fragment (Pul et al., 2007) or IGLB
DNA fragment (Pul et al., 2010) with indicated amounts of Csn2 in
a buffer containing 50 mM Tris-HCI, pH 7.4, 70 mM KCI, 15 mM
NaCl and 10 mM B-mercaptoethanol for 20 min at 37 °C. The com-
plexes were separated on a native 5% (w/v) Tris/Glycine polyacryl-
amid gels (Nam et al., 2011).

2.10. Molecular dynamics simulations

Molecular dynamics simulations were performed with the
AMBER 11 suite of programs (Case et al., 2005) together with the
force field as described by Cornell et al. (1995) using modifications
suggested by Simmerling et al. (2002). Two different MD simula-
tions were performed: (I) the tetrameric Csn2 crystal structure is
used as a starting structure. Henceforth, this structure will be
referred to as “tetrameric structure”. The simulation length is
100 ns; (II) A dimer composed of two o/B domains in the orienta-
tion observed in the crystal structure is used as a starting structure.
This structure was obtained from chains A and B of the crystal
structure by excising residues 70-137 and capping the resulting
C- and N-terminal ends with N-methylamine and acetate, respec-
tively. Henceforth, this structure will be referred to as “dimeric
structure”. The simulation length is 200 ns. In all cases, the starting
structure was placed into an octahedral periodic box of TIP3P
water molecules (Jorgensen et al.,, 1983). The distance between
the edges of the water box and the closest atom of the protein
was at least 11 A, resulting in system sizes of 51,000 (“dimeric
structure”) and 160,000 (“tetrameric structure”) atoms. The sys-
tem was minimized by 50 steps of steepest descent minimization
followed by 450 steps of conjugate gradient minimization. The par-
ticle mesh Ewald (PME) method (Darden et al., 1993) was used to
treat long-range electrostatic interactions, and bond lengths
involving bonds to hydrogen atoms were constrained using SHAKE
(Ryckaert et al., 1977). The time-step for all MD simulations was
2fs, with a direct-space, non-bonded cutoff of 8 A. Applying
harmonic restraints with force constants of 5 kcal mol~' A= to
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Table 1

Crystal parameters and data collection statistics are derived from XDS. Refinement
statistics were obtained from REFMACS5. Ramachandran analysis was performed using
MolProbity.

Native Selenomethionine

Crystal parameters at 100 K

Space group 2 2
Unit cell (A)a, b,c  75.3,83.3,1104 74.9, 82.3, 1094
pe 109.4° 108.9°
Data collection and processing
Wavelength (A) 0.979981 0.977530
Resolution (A) 50.00-2.00 (2.05-2.00) 50.00-3.41 (3.50-
3.41)
Mean redundancy 4.5 (4.2) 3.7(3.2)
Unique reflections 43206 (3103) 16,726 (1232)
Completeness (%) 99.4 (97.9) 99.2 (97.9)
o 36.51 (7.39) 14.83 (6.70)
Rmerge® 26(17.9) 7.9 (17.4)
Wilson B-factor 3333 31.15
(A%
Refinement
R (%) 204
Rree” (%) 22.8
rmsd Bond 0.0077
lengths (A)
rmsd Bond angles  1.0372

)
Average B-factors (A%)

Protein 35.62
Ca* ions 33.30
Ramachandran plot
Molprobity Score 1.43
Favored (%) 94.4
Allowed (%) 34
Outliers (%) 22
Monomers/ASU 2
Protein residues 433
Others 3 ethylene glycol, 5 calcium ions,
296 water

? Rmerge 15 defined as Rmerge = > > i lli (hKD) — (I(hK1))| /30> idi (k).

® Re as Ry = S llFobs| — |Featcll/> niq | Fobs -

€ Reree is calculated as Ry but for 5% randomly chosen reflections that were
omitted from all refinement steps. Data in brackets corresponds to the highest
resolution shell.

all solute atoms, canonical ensemble (NVT)-MD was carried out
for 50 ps, during which the system was heated from 100K to
300 K. Subsequent isothermal isobaric ensemble (NPT)-MD was
used for 150 ps to adjust the solvent density. Finally, the force con-
stants of the harmonic restraints on solute atom positions were
gradually reduced to zero during 100 ps of NVT-MD. The following
NVT-MD at 300 K with a time constant of 10 ps for heat-bath cou-
pling was used for analysis, with conformations extracted every
20 ps.

For analyzing the trajectories, conformations were superim-
posed with respect to Cy, atoms of one of the a/B dimers. This re-
sulted in an almost perfect overlay of the dimers in all cases. The
superimposition was also used for monitoring the movement of
the second o/ dimer with respect to the first one; for this, root
mean-square deviations with respect to the tetrameric starting
structure were determined for C,, atoms of the second o/p dimer.

2.11. Detection of transient pockets

Transient pockets were detected in conformations extracted
from MD simulations of the dimeric structure at 200 ps intervals
by means of the PocketAnalyzer’™ program (Craig et al., 2011).
PocketAnalyzer’™ implements a pocket identification strategy
similar to the one proposed by Hendlich et al. (1997). After build-
ing a cubic grid around the protein, only those cubes that are not
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covered by a protein atom are further considered. Each of these
“empty cubes” must meet the following three criteria to become
part of a binding pocket: (I) A minimal degree of buriedness
(dob), computed as the number of rays extending from the cube
center through the center of all six cube surfaces as well as along
all cube diagonals that hit atoms of the surrounding protein at a
distance <10 A. (II) To exclude shallow indentations on the protein
surface, a minimal number of neighbors (mnb) is required for each
empty cube to become part of the binding pocket. (III) The minimal
cluster size (mnc) gives the number of neighbored grid points that
are required for a binding pocket to be recognized as such. In this
study, these parameters were set to dob=11, mnb=15, and
mnc =50 at a grid spacing of 1.0 A. Snapshots with pockets in the
interface between the two o/ dimers were then identified by
visual inspection.

3. Results and discussion
3.1. Expression and purification of Csn2

Csn2 from S. agalactiae ATCC13813 was cloned, overexpressed,
and subsequently purified from E. coli BL21(DE3) pLysS cells, via
immobilized metal-ion affinity chromatography (IMAC) and size
exclusion chromatography (SEC). We obtained 15-20 mg of pure
protein per liter of culture. The protein was a tetramer in 10 mM
Tris-HCI, pH 8.0, 50 mM NaCl, and 1 mM DTT, as indicated by na-
tive PAGE with subsequent staining with coomassie brilliant blue
and SEC studies combined with multi angle light scattering
(SEC-MALS) experiments (Fig. 1A, low salt run (L)). This technique
allows for an accurate molecular mass determination of proteins in
solution (for a detailed description of the method see (Slotboom
et al., 2008)).

The tetramer of Csn2 appeared to be stable in the range of pH
7.0-9.0. At lower pH values like pH 6.0, Csn2 precipitated
(Fig. 1B lane 1-4). Changing the ionic strength by increasing the
NaCl concentration up to 500 mM resulted in a shift in the reten-
tion time of the Csn2 peak shifting with increasing ionic strength
towards a lower molecular weight in SEC studies. However, SEC-
MALS revealed that Csn2 still remained a tetramer (Fig. 1A
(M,H)), which was also observed in native PAGE analysis using
the same samples (Fig. 1B). The shift in retention time can be a re-
sult of an interaction with the column matrix, due to the increased
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strength of hydrophobic interaction in high salt, or due to a salt
dependent large conformational change.

3.2. The structure of Csn2

We solved the structure of Csn2 at 2.0 A resolution using single
wavelength anomalous dispersion (SAD) with a selenomethionine
derivative (see Table 1 for data collection and structure refinement
statistics). The two molecules of Csn2 occupy in the asymmetric
unit, and they further assemble into a tetrameric ring structure
with a symmetry related dimer. The protein crystallized in the
monoclinic space group C, with the following unit cell parameters:
a=753A,b=83.3A, c=110.4 A with an angle of #=109.40° and a
solvent content of 59%. Since the structure of both protomers is al-
most identical (except a slightly different orientation of domain I
and II towards each other), the overall structure is described for
protomer A only. In promoter B however, one loop region, residues
44-48, showed poor density for the side chains, which were not
modelled into the final structure. The overall dimension is roughly
70 x 70 A in width and 55 A in length. Csn2 consists of two distinct
domains. Domain I (referred to as the “head” domain) contains the
N- and C-terminal portion of the protein (amino acid 1-62 and
140-222), whereas domain II (referred to as the “leg” domain) is
composed of amino acids 79-139. The head domain is composed
of a six-stranded parallel pB-sheet core (B-strands 5, 6, 7, 3, 8 and
9 at the C-terminus, see Fig. 2A); only B-strand 9 runs antiparallel.
This core sheet is flanked by one a-helix (H1) and an anti-parallel
B-sheet (B-strand 1, 2 and 4) on the one side and two a-helices on
the other side (H6 and H8), leading to an overall o/B fold (Fig. 2A).
Van der Waals interactions between those helices and the core B-
sheet are leading to a compact and stable hydrophobic core. A long
flexible linker (Vg3-S73) connects the head domain with the leg do-
main starting with a small 3;¢-helix (H2). The leg domain consists
of two long a-helices orientated almost perpendicular towards
each other (H3 and H4). From the last helix a very long linker
(E117-D143) reverses back to the head domain. This linker possesses
a random coil structure except for a small o-helix (H5), located al-
most in its center (T;26—G13s). Overall, the Csn2 dimer structure
has a “crab-like” shape with the leg domain of one protomer being
slightly twisted with respect to the leg domain of the other pro-
tomer (Fig. 2A). The dimer interface is solely formed via interac-
tions between the head of both protomers (Fig. 2A). The tetramer
of Csn2 as determined in solution (see above) can be observed
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Fig.1. Oligomeric status of Csn2. (A) The elution profile from a Superdex 200 10/300 column at three different sodium chloride concentrations is shown. The lowest NaCl
concentration is 50 mM (L), followed by 250 mM (M) and 500 mM NacCl (H). 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 104.4 + 0.2 kDa in the peak fraction indicating a homogenous, tetrameric species in solution.
(B) Native PAGE (BN PAGE, 4-16% gradient gel) analysis of Csn2 in different NaCl concentration and pH (see Section 2). Lane 1 Csn2 treated with SDS as control showing the
protomeric species, lane 2, 50 mM NacCl, lane 3, 250 mM Nacl, lane 4, 500 mM Nacl, lane 5, pH 6, lane 6, pH 7, lane 7, pH 8 and lane 8, pH 9. As can be seen from the gel, also
the pH-screen revealed the tetramer except for pH 6 because the protein precipitated caused by its low isoelectric point.
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Fig.2. Overall structure of Csn2. (A) Left panel, front view of the Csn2 dimer, which is observed in the asymmetric unit, protomer A is depicted in wheat, protomer 2 in blue.
Calcium ions are shown as red spheres. Right panel, side view of the dimer. (B) Left panel, the tetrameric ring structure of Csn2 is shown, which is built by symmetry (see
Supplementary information), one dimer is depicted in blue, the other in green. Right panel, side view of the tetramer. Ca%* ions are depicted in red spheres. (C) Topology

model of a Csn2 protomer.

within the crystal packing of Csn2. Via a twofold axis a tetramer
can be created, the dimers of which tightly interact via H3-4 in
the leg domain. These interactions are inducing the stable tetramer
as observed in solution. This results in a ring-shaped structure with
a hole in the center with a diameter of ~30 A (Fig. 2B).

In total, 5 strong electron densities were observed in the dimer
(a total of 10 in the tetramer), which were identified as Ca®* ions
based on a difference map (F,-F. map) analysis using Mg?*-ions
resulting in “positive” peaks (green mesh) and Mn?*-ions produc-
ing “negative” peaks (red mesh). Only Ca®* ions resulted in an

evident electron density map (see Fig. S2). Further proofs that ver-
ify that calcium-ions are bound to Csn2 are distances between the
metal center and the coordinating ligands (see Table S1). For vali-
dation of the structure a target distance is used and the reported
bond distances should be within 0.5A of this target sequence
(Harding, 2001). We used the target distance of 2.36 A for calcium
(Harding, 2006), and as can be seen from Table S2 all distances are
in this range, further verifying that calcium-ions are bound to
Csn2. Taken together this suggests that the bound atoms are
indeed Ca®* ions.
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Two Ca?* jons are located in protomer A and three in protomer
B. Since Ca®* ions were not externally added, they were co-purified
from E. coli cells. Two of the Ca?* ions (Ca-2 and Ca-3) are located at
identical positions in the leg domains of both protomers (Fig. S1B),
while the third Ca%* ion (Ca-1) is only observed in the head domain
of protomer B (Fig. S1A). Due to the lack of this Ca?* ion, the head
domain of protomer A is orientated slightly different when com-
pared to protomer B (Fig. 2A, right panel). This slightly different
orientation breaks an extra twofold axis within the crystal packing,
therefore the symmetry breaks from C,3;, to a lower C; symmetry
group. The role of these Ca®* ions is to stabilise the orientation of
the leg domain. Where Ca-1 and Ca-2 play a role in the orientation
of the leg domain Ca-3 is playing a role in the turn at the bottom of
the leg domain, which by binding of the Ca-3 ion makes a sharp U-
turn like structure.

The importance of this Ca** ion for stabilizing the conformation
of Csn2 explains the slightly twisted conformation, when one is
lacking. Adding EDTA or EGTA in the buffer to capture Ca®* ions
did not lead to a destabilizing effect (concentrations tested up to
20 mM); the tetrameric conformation was still observed in SEC-
MALS (Fig. S8), and no oligomers or aggregates appeared.

A side view of the Csn2 tetramer highlights a different opening
width on either side of the hole associated with a different curva-
ture of the leg regions: while the concave side shows an opening of
~35 A, the one of the convex side is ~45 A (Fig. 2B, right panel).
This difference might indicate a specific role for each side of the
tetramer; however, it might also be induced by the lack of one
Ca" ion in protomer B.

Recently, the structure of Csn2 from E. faecalis was solved at
2.7 A resolution revealing a similar tetrameric architecture (Nam
et al., 2011). Both proteins exhibit a protein sequence identity of
57% (76% similarity). The four protomers form a ring like structure
with a central hole in the center. In this structure, Ca%* ions were
also observed. However, they had been added externally prior to
crystallization. In contrast to our Csn2 structure, the leg domain
of each protomer has the same orientation leading to a symmetri-
cal structure. In general, the overall structures as well as the posi-
tions of the secondary structure elements are the same in both the
S. agalactiae and E. faecalis structures. However, in contrast to our
analysis, the addition of EDTA or EGTA to the Csn2 protein from
E. faecalis leads to the formation of higher oligomers, or even aggre-
gates, thus indicating a less stable tetramer when depleted of Ca®*
ions.

3.3. The head domain of Csn2 exhibits a helicase fold

To shed light on the function of Csn2, we performed a structural
comparison search using the DALI server (Holm and Rosenstrom,
2010). The comparison reveals that the head domain of Csn2 con-
tains a helicase fold (Fig. S2), similar to the one observed in the
chromosome segregation SMC protein (Lowe et al., 2001), the rep-
licative helicase-primase of bacteriophage T7 (Sawaya et al., 1999),
as well as the helicase domain observed in nucleotide-binding do-
mains of ABC proteins such as RAD50 (Lammens et al., 2011) or
ABC transporters (Hollenstein et al., 2007). On a sequence level,
these proteins are only 6-13% identical; in contrast, the high struc-
tural similarity is highlighted by an overall RSMD of 3-4 A over 220
Co atoms (Table S2).

Generally, helicases catalyze the separation of duplex polynu-
cleotides into single strands in an ATP-dependent manner (Hall
and Matson, 1999). Helicases contain some characteristic sequence
motifs such as the classical Walker ‘A’ (phosphate binding loop or
P-loop) and Walker ‘B’ (involved in Mg?*-binding through an
aspartic acid) motifs (Walker et al., 1982). Furthermore, Caruthers
and McKay classified different helicase superfamilies based on se-
quence homology (Caruthers and McKay, 2002). According to this,

Csn2 belongs to the DnaB-related helicases, a small subgroup in-
volved in DNA replication. However, in Csn2, the sequence corre-
sponding to the Walker ‘A’ motif, ,3I[EDVSVYSsq, deviates from
the consensus sequence GxxGxGKS/T (where x can be any amino
acid) (Walker et al., 1982). Here especially the lysine residue has
been shown to be important which is replaced by a tyrosine at po-
sition 29 in Csn2. A similar degeneration is observed for the Walker
‘B’ motif, where the sequence is 154LLVFV;gg in Csn2 instead of the
consensus sequence hhhhD (where h is a hydrophobic amino acid).
So the aspartate residue important for the Mg?* coordination has
been mutated to a valine. This degeneration of Walker ‘A’ and
Walker ‘B’ is unusual, but observed in other helicase domains,
too. For instance, the Mfd (Mfd-N) protein from E. coli, which is in-
volved in transcription-coupled repair, contains degenerated
Walker ‘A’ and Walker ‘B’ motifs (Assenmacher et al., 2006).

Helicases typically use the energy of ATP hydrolysis to unwind
DNA. We could not detect hydrolysis or helicase activity with
Csn2 using ATP and GTP (data not shown). Therefore, we con-
cluded that Csn2 is not exhibiting the putative helicase activity
thought to be present in the CRISPR/Cas system (Makarova
et al., 2006). When aligning Csn2 protein sequences, a highly con-
served DxD motif at the C-terminal part was identified (Fig. S4).
This motif is conserved in DNA and RNA polymerases or in toprim
domains found in bacterial primases and topoisomerases (Frick
and Richardson, 2001). Structurally, the DxD motif in Csn2 is lo-
cated at the top of the head domain (Fig. 3): D319 and Dy, reside
in a loop connecting B8 and B9 and are in close proximity to Ep,.
These three residues can maybe build up a acidic triad, which
binds metal ions like the two-metal ion mechanism of polymer-
ases (Steitz, 1999). Unfortunately, the mutation of any of the ami-
no acids of the ;;0DxD3q, and E,4 motif resulted in inclusion body
formation, which could not be refolded (data not shown). There-
fore, we were not able to assess the exact role of any of these
amino acids in vitro.

A flexible loop containing a RR-motif (;99R-Rzq0) is located near
the DxD motif (Fig. 3). In polymerases, such as the polymerase do-
main (PolDom) of the NHE]J DNA polymerase of M. tuberculosis, an
arginine residue is also present (Brissett et al., 2011). This arginine
interacts with one aspartate residue of the above-mentioned acidic
triad, resulting in what is called the “pre-ternary” complex. The
binding of either an Mg?* ion or the nucleotide starting the poly-
merase reaction interrupts this interaction. In Csn2, Ryqo interacts
with E,4 of the acidic triad, which therefore cannot participate in
Mg?* binding, suggesting that our structure may also represent a
“pre-ternary” complex. Such a role of Ryq is likely conserved, be-
cause all Csn2 proteins analyzed contain at least one arginine res-
idue at this position (Fig. S4). Interestingly, the RR-motif is forming
an overall positively charged groove on the top of the head
(Fig. S7). Although assayed, a defined polymerase activity was
not observed during our experiments (data not shown).

3.4. Csn2 binds ds-DNA

Csn2 is capable of binding double stranded (ds)-DNA (Fig. 4).
With increasing concentration of Csn2 higher Csn2-DNA-com-
plexes are formed (Fig. 4A, lane 7). External addition of Ca®" is
not required, indicating that the co-purified Ca®* ions are sufficient
for function (Fig. 4B, lane 7). These Ca®* ions are essential because
removing them by EGTA resulted in a loss of ds-DNA binding
(Fig. 4B, lanes 5-6), showing their importance for binding.

The RR-motif forms a groove on the top of the head domain as
described above (Fig. 3). Furthermore, the RR-motif is located in a
loop connecting B7 and B8 (close to the degenerated Walker ‘A’ and
‘B’ motifs). It is thus tempting to speculate that the RR-motif is
interacting with the ds-DNA template. To further characterize this
RR-motif, we mutated both R residues of the RR-motif into alanine
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Fig.3. Top view onto the Csn2 head region. The head domain of protomer A is colored in gray, protomer B in green. Important residues are shown in ball and sticks. D310, D212
and E,4 are thought to form up an “acidic triad”. Also, two tyrosines (Y29 and Y;73) of each protomer are shown.
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Fig.4. DNA binding to Csn2. (A) 2 nM radiolabeled 256 bp ds-DNA was incubated
with increasing amounts of Csn2 protein: 0 uM (lane 1), 0.1 uM (lane 2), 0.2 pM
(lane 3), 0.5 uM (lane 4), 1 uM (lane 5), 2 uM (lane 6) and 4 M (lane 7) Csn2 in
presence of 20 mM Ca?* at 37 °C for 20 min and separated on a 5% native PAA. (B)
1 uM Csn2 were incubated with 2 nM ds-DNA in presence of Mg?*, Mn?" or EGTA:
Lanes 1, 2: 10 mM or 20 mM Mg?", lanes 3, 4: 10 mM or 20 mM Mn?", lanes 5,6:
10 mM or 20 mM EGTA, lane 7: without addition of ions or EGTA.

and tested DNA binding. The mutant of Csn2 is still able to bind ds-
DNA, like wildtype Csn2. Furthermore, the mutation of Y,g into
either alanine or tryptophan does not seem to interfere with
DNA binding either (Fig. 5). This implies that the groove found at
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Fig.5. Mutational analysis of Csn2 in DNA binding activity of Csn2. 2 nM
radiolabeled 449 bp ds-DNA was incubated with 4 uM of indicated Csn2 variants
at 37 °C for 20 min without an addition of external Ca** and separated on a 5%
native PAA.

the top of the head is not participating in DNA binding of Csn2
and, thus, likely serves another purpose.

K32 is another residue that is conserved among all Csn2 pro-
teins. Ky3; is located in the leg region, in the middle of the small
helix H5 (for an alignment see Fig. S4). Interestingly, when mu-
tated to alanine, the DNA binding activity is lost completely
(Fig. 5). Nam et al. proposed that the DNA binds through the center
of the ring of the tetramer (Nam et al., 2011). At first view, this sug-
gestion is at variance with the fact that Csn2 exists as a stable tet-
ramer in solution (see above), without separation into dimers,
which should be necessary to embrace circular enclosed genomic
DNA through the hole. It is possible however, that prior to the
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binding of Csn2 free DNA ends need to be generated, for example
by the nuclease activity of Cas1. Indeed, the nuclease activity of
Cas1 has been shown to be essential for uptake of new spacer se-
quences in E. coli (Yosef et al., 2012).

The gel shift assays demonstrate that Csn2 binds to ds-DNA in
absence of Ca®* chelating agent EGTA. Mutations of Y29 or the
RR-motif to alanine do not interfere with the DNA-binding activity
of Csn2, indicating that the grove on the head domain is not in-
volved in DNA interaction. The different mobility of the Y29W mu-
tant compared to the wildtype protein is possibly due to a different
conformation of the Csn2-DNA complexes or to unspecific occupa-
tion of multiple binding sites on the DNA (Fig. 5, lanes 2, 4 and 6).
Very low quantities of such low mobility complexes can also be ob-
served with the wildtype Csn2 at high protein concentration
(Fig. 4A, lane 7). In contrast, replacement of the highly conserved
K132 residue by alanine completely abolished the DNA-binding
activity (Fig. 5, 1ane 5). The loss of the DNA-binding activity of this
mutant was not caused through limitation of the co-purified Ca®*
ions in the preparation, since addition of external Ca** did not re-
store its binding to the DNA (data not shown). In summary, our
study supports the conclusion that DNA binding site is not located
in the head domain, but somewhere near the hole. To corrobotate
this notion, we performed molecular dynamics calculations.

3.5. Large conformational changes observed by molecular dynamics
simulations reveal a potential ds-DNA binding site

An all-atom molecular dynamics (MD) simulation of 100 ns
length of the tetrameric structure suggests an alternative potential
binding site for ds-DNA. The simulation reveals a drastic move-
ment (“closing”) of the head region of one dimer with respect to
the head region of the other dimer (Fig. 6). This is demonstrated
by root mean square deviations (rmsd) with respect to the crystal
structure of up to 35 A observed for one head region, when aligning
the structures with respect to the other head region. In contrast,
conformational changes within each of the head regions and the
legs are moderate (rmsd < 4.5 A; Fig. S5). Within the initial 70 ns
of the simulation, the head regions approach each other repeatedly
(rmsd up to 25 A; Fig. 6) but always return to an “open” configuration

>
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similar to the one in the crystal structure (rmsd ~ 5 A for all amino
acids) before undergoing the drastic closing in the final 30 ns of the
simulation. The periodic movements thus reveal an inherent ten-
dency of the tetrameric structure to return to the open configura-
tion. The movements are also reflected in the breaking and re-
formation of salt bridges between K37 and E;5; in the hinge region
(Fig. 7); these salt bridges largely get lost when the head regions
approach each other (blue and green curves in Fig. 7C). This break-
ing may contribute to the conformational strain that fosters an
open configuration in the absence of ds-DNA. In contrast, salt
bridges between Ko; and E;;, stay intact throughout the closing
movement (red and magenta curves in Fig. 7C), that way contrib-
uting to the stability of the tetramerization interface and, in partic-
ular, the orientation of H4 and H4’ on the convex and concave leg
sides. This is also corroborated by the location of a hinge axis as
identified by DynDom (Hayward and Berendsen, 1998), which
passes through the centers of the two pairs of helices H4 and H4’
(Fig. 6B).

The closing occurs by bending motions between H3 and H4
(Fig. 7B and D) and within a region located in between the head
and the leg domains, as demonstrated by varying orientations of
H4' and H6 (Fig. 7B and E). The convex and concave sides of the
tetramer behave differently in this case, both with respect to the
direction of the change and, in particular, its magnitude. As such,
the main motion is enabled by an increase of the splaying angle
between H3 and H4 and a decrease of this angle between H4' and
H6, for helices located on the concave side (Fig. 7B; blue and green
curves in Fig. 7D and E). In contrast, the orientation between these
helices on the convex side, which is presumably involved in ds-DNA
binding (see below), changes only moderately (Fig. 7B; red and
magenta curves in Fig. 7D and E). Both sides of the leg domain are
also asymmetric with respect to the closing motion itself: The
closing only occurs in the direction of the convex side; in contrast,
no overstretching of the tetramer in the direction of the concave
side has been observed during the MD simulation (data not shown).

By the closing movement, the 3¢ helices H2 on the convex side
of the legs get as close together as 33 A, starting from 45 A in the
crystal structure (Fig. 6B). In contrast, the width of the hole does
not change, as measured between the helices H5 on opposite sides

Fig.6. Closing motion of tetrameric Csn2 observed by MD simulation. (A) Red curve: Rmsd of Co atoms of one head region of the tetrameric Csn2 structure with respect to the
crystal structure; the structures were aligned with respect to the other head region. Blue curve: Distance between the average coordinates of the Co atoms of the two 344
helices located in the head domains of the tetrameric Csn2 structure on the convex side. See arrow in (B). Green curve: Distance between the average coordinates of the Ca
atoms of the two pairs of H5 helices; each pair of helices is located in one of the legs of the tetrameric structure. The dashed line indicates the time point at which the
conformation shown in (B) is extracted. (B) Side view of an overlay of the tetrameric Csn2 structure obtained by X-ray crystallography (wheat) with a conformation extracted
from the MD trajectory after 94 ns that shows the most pronounced closing movement (raspberry); the structures were aligned with respect to one head region. The arrow
indicates the 3 helices between which the distance shown in (A) is measured. The line of orange spheres indicates the hinge axis as identified by DynDom (Hayward and

Berendsen, 1998).
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Fig.7. Structural parameters of the tetrameric Csn2 structure during the MD simulation. (A) Structural parameters analyzed in panels (C-E). The tetramer is oriented with the
convex side to the viewer. Helix pairs are depicted in identical colors, as are pairs or residues that form a salt bridge. Redish colors mark those objects whose parameters vary
little in panels (C-E) whereas bluish colors mark those objects whose parameters vary strongly in panels (C-E). Unprimed labels mark residues and helices that belong to one
dimer, primed labels mark objects that belong to the other dimer. (B) Schematic representation of the changes of the helix pair angles as analysed in panels (D-E) during the
closing motion. The tetramer is shown in a slanted view from the convex side with helix pairs depicted in identical colors. Two arrows indicate a decrease of the helix pair
angle; a double arrow indicates an increase of the helix pair angle. (C) Minimal distance between side chain oxygens of Glu and the side chain nitrogen of Lys that can form salt
bridges in the leg domain. Only four representative pairs out of the total of eight are shown (see panel (A)). A Bezier smoothing was applied to the curves representing
interactions between K91 and E112". (D) Angle between H3 and H4 of either leg domain as defined by the point triple (average coordinates of Co atoms of H3; Co atom of K91;
average coordinates of Co atoms of H4). Red and magenta curves refer to the two helix pairs on the convex side of the tetramer, blue and green curves to the two helix pairs on
the concave side. A Bezier smoothing was applied to the curves. (E) Angle between H4 and H6 as defined by the point triple (average coordinates of Co. atoms of H4; average
coordinate of Co. atoms of C-terminal residue of H4 and N-terminal residue of H6; average coordinates of Co atoms of H6). Red and magenta curves refer to the two helix pairs
on the convex side of the tetramer, blue and green curves to the two helix pairs on the concave side. A Bezier smoothing was applied to the curves.

of the hole. Notably, due to the closing, a U-shaped groove has a size that can accommodate a ds-DNA, and the groove-
emerges, of which the base is formed by helices H3 and H4 and forming regions are strongly positively polarized (Fig. S7). Together
the sides by helices H1 and H2 of protomers A and A*. This groove this suggests that ds-DNA binds into this groove, with the helix
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axis oriented perpendicular to an axis that runs through the ring
(Fig. 9).

3.6. Identification of transient pockets in the interface of the head
region

The presence of the specific DxD and RR-motif in the top of the
head domain in combination with the proposed location of the ds-
DNA binding site at the hole of the tetramer raises the question
whether processes that occur at these two locations can communi-
cate with each other. In order to analyze whether such interference
could be mediated by the head domain structures, we performed a
MD simulation of only the head region of Csn2 (see Section 2),
which allowed for a more comprehensive sampling of 200 ns
length compared to the tetrameric structure. Over the course of

the trajectory, the structural changes in the head region are almost
always <3.5 A rmsd (Fig. S6) and, thus, are smaller than the devia-
tions observed for the tetrameric structure. Surprisingly, however,
conformations obtained after about 150 ns and almost 200 ns
show pronounced indentations in the regions of the DxD motif,
Y9, and Rygg (“indentation I’) and the loop that connects B-strand
2 and H3 (“indentation II"), respectively (Fig. 8). Notably, these
indentations overlap in the region between helices H7. When com-
bined, the indentations thus form a tunnel that reaches from close
to the DXD motif to the loop that connects p-strand 2 and H3 in the
vicinity of the hole. Unfortunately, a continuous tunnel of that kind
could not be observed in a single conformation generated by MD,
which points to still a too limited sampling time. For the
indentations to open up, mostly changes in the rotameric states
of the side chains are sufficient. As such, Ryg9 points to the solvent

Fig.8. Opening of transient pockets in the interface between the head domains. (A) Overlay of the head region of the crystal structure (wheat) and conformations extracted
from the MD simulation of the head region after ~150 ns (green) and ~200 ns (blue) together with respectively colored mesh representations of pockets identified by
PocketAnalyzer"™ . Sidechains of residues that are within 3 A of the detected pockets are depicted as sticks. (B) Same as in (A), but now the full tetrameric structure is shown

with a slanted view onto the convex side of the legs.

Fig.9. Two possible binding sites of ds-DNA with Csn2. The structure of Csn2 is used as observed in the molecular simulation study (see Fig. 6). (A) Proposed binding site,
where Csn2 “sits” on the ds-DNA. Used is a stretch of ideal ds-DNA (colored in light yellow). The surface of Csn2 is colored on the basis of the electrostatic potential contoured
from —3 KkT/e (red) to +3 kT/e (blue). White denotes 0 kT/e. The surface potential was calculated using APBS tools. (B) The ds-DNA binds through the hole within the tetramer.
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in the conformations that lead to indentation I, whereas in partic-
ular Lg; moves to open indentation II. Overall, these analyses sug-
gest that a transient tunnel may open in the interface region of the
head domain. The frequency of occurrence of conformations with
such indentations during the MD simulation (~0.5%) suggests that
these conformations are energetically accessible at 300 K.

4. Conclusion

Here, we report the crystal structure of Csn2 from S. agalactiae
at 2.0 A resolution. Csn2 is a stable tetramer in solution as deter-
mined by SEC-MALS and is forming a ring-like structure.

Recently, the structure of Csn2 of E. faecalis was solved at 2.7 A
resolution. Like Csn2 from S. agalactiae, the structure revealed a
tetramer, forming a similar ring-like structure with a hole in the
middle (Nam et al.,, 2011). In the structure of E. faecalis Csn2,
Ca**-ions were observed at the same positions as in the structure
reported here. This protein is only able to bind ds-DNA in the pres-
ence of Ca?* (Nam et al., 2011). We also observed ds-DNA binding
by Csn2, however, the binding is not depending on external addi-
tion of Ca®" ions due to the co-purification of the divalent ion.
These Ca®* ions are important in that the addition of EGTA depleted
Csn2 from ds-DNA binding although the tetramer is still stable as
observed in SEC-MALS experiments. In contrast, a similar experi-
ment with Csn2 of E. faecalis resulted in the formation of higher
oligomers. This implies that for S. agalactiae Csn2 the Ca®" ions
are merely required to orientate the protein in a conformational
state that allows the binding of ds-DNA.

Csn2 of S. agalactiae binds ds-DNA, and mutational analysis re-
vealed that the RR-motif as well as the degenerated Walker ‘A’ mo-
tif both located in the head domain are not involved in ds-DNA
binding. This demonstrates that the helicase fold present in the
head is serving another activity. In contrast, the highly conserved
K132, part of a small helix in the leg region, is involved in ds-DNA
binding because mutation to alanine resulted in a complete loss
of DNA binding capacity.

Nam et al. suggested that DNA binds within the hole of the tet-
ramer, which contains a substantial number of conserved posi-
tively charged residues (especially lysines) that are also present
in Csn2 from S. agalactiae (Fig. 9A and Fig. S4). At variance with
this, MD simulations performed in the present study suggest an-
other ds-DNA binding site. For this, the head domain of one dimer
within the tetramer undergoes a drastic movement and comes as
close as 35 A to the head domain of the other dimer, forming a
U-shaped groove, which would allow binding of ds-DNA with a
diameter of ~26 A (Fig. 9B). That way, the binding site of ds-DNA
would be on one side of Csn2, which implies that the hole in the
middle of the tetramer can serve another purpose. Interestingly,
the ds-DNA would be located exactly on the third twofold axis of
the broken C,5; symmetry, identical to what has been observed
for other DNA binding proteins.

As such, the binding of ds-DNA could create a surface for the
binding of yet another protein within the hole, which is required
for the integration of the spacers, such as an integrase and/or a li-
gase protein. Both DNA binding modes (“sitting” or “going
through”) are still putative because until now no experimental evi-
dence is available in favour of one or the other. We do not think
that mutational studies located at the hole can reveal the exact
mechanism because mutational effects will likely be not conclu-
sive. For instance, the K;3,A mutation abolishes DNA binding, but
visual inspection of the structure shows that this could happen
in the case of either binding mode. Co-crystallization of Csn2 with
DNA is likely the only method revealing the exact binding mode.

At present, the exact sequence of the DNA that binds to Csn2 is
not known. The sequence of the co-purified DNA in the E. faecalis

Csn2 revealed no CRISPR-specific DNA sequence indicating an
unspecific binding (Nam et al., 2011).

The head domain of the Csn2 structure adopts a helicase fold
with DxD- and RR-motifs. However, the sequence motifs that are
defining a helicase (Hall and Matson, 1999) are degenerated as re-
vealed by a sequence alignment of Csn2 proteins: all proteins con-
tain degenerated Walker ‘A’ and Walker ‘B’ motifs. This is likely the
reason why the function of Csn2 could not be predicted a priori
using bioinformatics programs. The DxD motif as well as the RR-
motif are conserved in DNA and RNA polymerases (Steitz, 1998)
as well as in toprim domains found in primases, (Frick and
Richardson, 2001) and in nucleases of the OLD-family (Aravind
et al., 1998). MD simulations of only the head domain of Csn2
suggest that processes occurring at the location of the DxD and
RR-motifs as well as at the proposed location of the ds-DNA
binding site could communicate with each other via a transient
tunnel that can open in the interface region of the head domain.

Unfortunately, no polymerase activity of Csn2 could be identi-
fied in this study. Therefore, the exact roles of the DxD and RR-mo-
tifs remain unknown. Since the first experimental evidence of
CRISPR as a novel bacterial defense system against foreign DNA
was published (Barrangou et al., 2007), several studies have shed
light on the mechanisms of this prokaryotic immune system. Com-
mon to all CRISPR/Cas systems are Cas1 and Cas2 functions during
the immunization stage. These two proteins have been analyzed
biochemically and structurally, demonstrating that both contain
nuclease activities in vitro (Babu et al., 2011a; Beloglazova et al.,
2008; Wiedenheft et al., 2009). Their precise role in the adaptation
process remains unclear, however. In addition to these two pro-
teins, the subtype-specific Cas proteins Csn2 and Cas4 are very
likely involved in adaptation processes. Moreover, there is evi-
dence that a unique CRISPR repeat sequence correlates with the
presence of Csn2 (Kunin et al.,, 2007), suggesting a role in the
adaptation process. However, binding affinity of Csn2 to repeat-
spacer-repeat sequences are the same as compared to random
DNA of similar length (data not shown).

Interestingly, the Csn2 protein family is only present in a unique
subclass of the CRISPR family. Yet, the DXD as well as RR-motifs are
present also in other operons. For example, Cas1 from E. coli con-
tains a RR-motif (;31RRy3;) as well as a DXD motif (10sDXDj10)
structurally located next to each other (see Fig. S7). This raises
the question whether in the CRISPR Nmeni-subtype the role of
these motifs is mediated by Csn2 whereas in the other subtypes
it is mediated by the other Cas and/or other proteins within the op-
eron. Cas1 of E. coli has been characterized and exhibits a nuclease
activity (Babu et al., 2011b). The described DxD- and RR-motifs are
not located at the active site responsible for the nuclease activity.
This indicates that Cas1 might have additional activities.

Taken together, the exact role in vivo of Csn2 within the CRISPR
system is not yet known. However, recent studies describing the
activity of the CRISPR operon of S. thermophilus located on a plasmid
inE. coli (Sapranauskas et al., 2011) might be helpful to elucidate this
role. Especially mutating single amino acids (i.e. in the DxD and RR-
motifs) might shed light on the function of the head domain as well
as the whole Csn2 protein and the other Cas proteins.

Accession numbers

The coordinates and structure factors are deposited in the PDB
databank under the PDB code 3QHQ.
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Supplementary Figures

Figure S1:
A

Ca®" 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 E 39 and Dy4; are pointing away,
preventing binding of calcium at this site in monomer A. The Ca**-ion is interacting with amino acids
Ei39, D143, Eis1 (blue cartoon) and one water molecule in monomer B, as well as with D9 from
monomer A of the other dimer (palegreen). B Binding sites for Ca*"-ion 2 (left panel) and Ca**-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 (2F, - F, map contoured at 1.5c). To test if the observed
electron density corresponds to calcium (C, red sphere), we also performed refinements with
REFMACS with magnesium (A, green sphere) and manganese (C, orange sphere). As can be seen from
the difference map (F, - F. map contoured at 1 ), 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 F, - F, 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:
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PTELFVVTDILGYDVNSAATLELIYGDLEAQLNDKPEVESMIEKLIGTISQLIGYELLEH
SSELLLITDILGYDINTSQVLKLLHTDIVSQLNDKPEVRSEIDSLVSLITDIIMAECIEN
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Sequence alignment of different Csn2 proteins

221
220
220
221
220
219
219
222

NLRSYLSN

56
55
55
56
55
55
55
59

116
115
115
116
115
115
115
119

176
175
175
176
175
175
175
179

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:
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Rmsd of the tetrameric Csn2 structure during the MD simulation
Rmsd of Ca 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 Ca atoms of the legs with respect to the crystal
structure is shown (blue); the legs were aligned to themselves.
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Figure S6:
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Rmsd of the head region of Csn2 during the MD simulation

Rmsd of Cow atoms of the head region with respect to the crystal structure.

47



Chapter 1

Figure S7:

ARG-131

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 (1osDxD; ;0 and 13;RR;3;).
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Figure S8:
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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®' site 1 Ca®" site 2 Ca®' site 3
Interaction Distance in A Interaction Distance in A Interaction Distance in
A
Oc E139 2.46 06 D123 2.40 Main-chain O 2.45
C133

Main-chain O 2.48 Main-chain O 2.25 Main-chain O 2.31

E139 E124 N116

06 D143 2.33 Oc E129 2.51 Main-chain O 2.26
(average) L118

Oe E151 2.38 Main-chain O 2.33 H,O 1 2.40

Al133*

04 D119* 2.48 H,O 1 2.29 H,O0 2 2.29

H,O 2.49 H,0 2 2.37

Coordination octahedral octahedral tetragonal-pyramidal

type

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 Z- rmsd Sequence
code score Identity (%)

SMC Head Domain from Thermotoga maritima 1E69 9.1 3.1 7

ABC Trasnporter ModBC 20NK 8.9 3.5 9

Structure of PH0203 Protein from Pyrococcus 2IT1 8.8 33 12

Cobalt Import ATP-Binding Protein 3QFO 8.8 33 13

replicative Helicase-Primase of Bacteriophage T7 1CR1 8.8 33 6

GlcV, ABC-ATPase 10XU 8.5 37 7

MJ1267 ATP binding cassette 1G6H 8.4 3.5 10

DNA Double-Strand Break Repair RADS0 3QF7 8.4 33 6

ATPase

Maltose/Maltodextrin ~ Import ~ ATP-Binding 2AWN 8.4 34 6
Protein

Bifunctional Primase-Helicase of Bacteriophage 1Q57 8.4 3.2 7
T7

Supplementary References

[1] Holm L, Rosenstrom P (2010) Dali server: conservation mapping in 3D. Nucleic acids research 38:
W545-549.
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ABSTRACT

The adaptive immunity of bacteria against foreign
nucleic acids, mediated by CRISPR (clustered regu-
larly interspaced short palindromic repeats), relies on
the specific incorporation of short pieces of the
invading foreign DNA into a special genomic locus,
termed CRISPR array. The stored sequences
(spacers) are subsequently used in the form of
small RNAs (crRNAs) to interfere with the target
nucleic acid. We explored the DNA-binding mechan-
ism of the immunization protein Csn2 from the
human pathogen Streptococcus agalactiae using dif-
ferent biochemical techniques, atomic force micro-
scopic imaging and molecular dynamics simulations.
The results demonstrate that the ring-shaped Csn2
tetramer binds DNA ends through its central hole and
slides inward, likely by a screw motion along the
helical path of the enclosed DNA. The presented
data indicate an accessory function of Csn2 during
integration of exogenous DNA by end-joining.

INTRODUCTION

Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (Cas) proteins consti-
tute a prokaryotic adaptive immunity system to prevent
viral infections or the invasion by mobile DNA elements
(1-3). The immunization is achieved by the specific storage
of foreign nucleic acid sequences as ‘portraits’ of the
targets, which are later used in the form of small RNAs
for the specific recognition and inactivation of the
invading DNA. Ten CRISPR-Cas systems have been des-
cribed, which differ in the organization of the CRISPR
operon, constituted by a set of diverse CRISPR-associated
genes (cas) and the CRISPR arrays (4). The cas genes

encode the protein components of the system, which
exhibit various biochemical activities (5).

The mechanism of the CRISPR-mediated immunity is
divided into three stages (2,6). The first stage describes the
immunization of the host cells by the integration of
foreign DNA-derived spacer sequences into the CRISPR
array (adaptation stage). The second stage comprises the
transcription of the CRISPR array to the precursor
CRISPR RNA (pre-crRNA), the expression of Cas pro-
teins and the processing of the pre-crRNA to small
crRNAs (expression/processing stage). In the third stage,
the crRNA-loaded Cas protein complexes screen the
foreign DNA for spacer-matching sequences and initiate
the nucleolytic hydrolysis of the target DNA (interference
stage). According to the recent classification of the differ-
ent CRISPR-Cas systems, three major types (type I, IT and
I1T) have been defined (4), which exhibit mechanistic vari-
ability in the maturation of the crRNAs and the inactiva-
tion of the target nucleic acids (7-15).

The type II CRISPR-Cas systems, mainly found in
pathogenic bacteria (16), consist of the CRISPR array,
the cas genes encoding for the proteins Cas9, Casl, Cas2
and Csn2 (in type 1I-A) or Cas4 (in type 1I-B) and a gene
for the trans-encoded crRNA (tracrRNA). The tracrRNA
contains sequence elements complementary to the repeat
of the pre-crRNA (11). The RNA duplex formation of the
tracrRNA and the pre-crRNA mediates the maturation of
the crRNAs by RNaselll and the Cas9 protein (11,17).
Loaded with the tracrRNA:crRNA duplex, the Cas9
protein introduces double-strand DNA breaks at the
spacer-matching protospacer region (12). Several studies
have shown that the Cas9 protein along with designed
crRNA:tracrRNA is active in eukaryotic cells and can
be used for multiplex genome editing in bacteria and eu-
karyotes (18-23). Moreover, engineered Cas9 protein with
inactivated nuclease domains has been used for sequence-
specific control of transcription in Escherichia coli and
eukaryotic cells (24).
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The activities of the proteins Casl, Cas2 and Csn2 are
dispensable for maturation of the crRNAs and the
cleavage of the target DNA, and thus are likely required
in the immunization stage (10,11). The nucleases Casl and
Cas2 are involved in incorporation of new spacer se-
quences into the CRISPR array (25-27). Little is known
about the function of the Csn2 protein; although early
studies showed that a knockout of the csn2 gene prevents
the development of phage-insensitive mutants by an
uptake of new spacer sequences (7,28), the role of the
Csn2 protein during immunization is unknown. The struc-
tures and DNA-binding activities of Csn2 proteins from
Enterococcus faecalis, S. agalactiae and Streptococcus
pyogenes have been analyzed independently (29-31).
These Csn2 proteins are ring-shaped homotetramers,
and the structure of a protomer consists of a ‘head’ and
a ‘leg’ domain. Whereas the leg domain consists of a pair
of long stretched helices that form the interface for
the tetrameric assembly, the function of the head
domain is still unclear. More recently, based on the
crystal structure of the Cas protein Stu0660 from
Streptococcus thermophilus, a second Csn2 protein family
has been proposed, which shares no sequence similarity to
Csn2 proteins; however, its members have a similar tetra-
meric ring-shaped structure (32). All Csn2 proteins exhibit
Ca®*-dependent double-stranded DNA (dsDNA)-binding
activities without any notable sequence dependence. The
tetrameric structure contains a large positively charged
central hole of ~4nm in diameter, which is stabilized by
Ca®*-jons bound to the helices in the leg domain. This
hole is large enough to encircle the dSDNA. An alternative
DNA binding mode has been suggested by molecular
dynamics simulations, which revealed that the Csn2 tetra-
mers can adopt a conformation with a groove outside the
ring that could interact with the dsDNA (30).

To elucidate the role of the Csn2 protein in the CRISPR
immunization stage, we have analyzed the DNA-binding
mechanism of Csn2 from the human pathogen S.
agalactiae in detail, using different biochemical tech-
niques, atomic force microscopy (AFM) and molecular
dynamics (MD) simulations. We provide evidence that
Csn2 binds to the ends of linear dsDNA and moves
inward through rotation-coupled translocation. The
encircling of the dSDNA by Csn2 tetramers was probed
by capping the DNA ends of Csn2-DNA complexes with
streptavidin, keeping the Csn2 rings arrested on the DNA.
The MD simulations give mechanistic insights at the mo-
lecular level how a Csn2 ring may rotate along the helical
path of the DNA in a Ca®"-dependent manner. The data
suggest that Csn2 is a DNA end-loading toroidal protein,
whose function is directly related to DNA end metabol-
ism. Csn2 thus resembles proteins involved in the repair of
dsDNA breaks and recombination.

MATERIALS AND METHODS
Purification of Csn2

Streptococcus agalactiae Csn2 protein was expressed and
purified as previously described (30).

Preparation of relaxed plasmid DNA for competition
experiments

Relaxation of supercoiled plasmid DNA was performed with
E. coli Topoisomerase I (New England Biolabs, NEB).
Supercoiled pUC18-1 plasmid DNA (33) was extracted and
purified from E. coli cells grown to stationary phase in YT
medium. Ten micrograms of supercoiled plasmid DNA were
incubated in 1 x NEBuffer 4 (50mM potassium acetate,
20mM Tris acetate, pH 7.9, 10mM magnesium acetate,
1mM DTT) and 1 pgml~" bovine serum albumin in a total
volume of 30 pl. Five units E. coli Topoismerase I were added
and the reaction mixture was incubated for 1h at 37°C to
allow complete relaxation. After extraction with phenol/
chloroform and ethanol precipitation, the DNA was resus-
pended in deionized water (Millipore). The relaxation was
verified on a 1% agarose gel. DNA bands were stained with
ethidium bromide and visualized under UV light.

Analyses of protein-DNA interaction by electrophoretic
mobility shift assays

The 155bp DNA fragment was obtained by EcoRI-Dral
digestion of the plasmid pUC18-1. DNA fragments were
purified by agarose gel electrophoresis and end labeled by
Klenow (Promega) incorporation of [u-*’P]-dATP.
Binding reaction mixtures contained 2nM DNA, 10 mM
CaCl,, 20 ng pl =" heparin and indicated concentrations of
Csn2 or unlabeled plasmid DNA (supercoiled, relaxed or
linearized) as given in the individual experiments. After
incubation for 15 min at room temperature, the complexes
were separated from free DNA on native 5% (w/v) Tris/
glycine polyacrylamide gels. DNA bands were visualized
by autoradiography.

Preparation of DNA for AFM

The pCRO001 plasmid (5125 bp) used in the AFM analyses
was constructed by ligation of casl-cas2 genes into the
Ndel-Pacl cleaved pACYCDuet-1 vector (Novagen).
The insert with casl-cas2 genes were obtained by PCR
from genomic DNA of E. coli MG1655 using the follow-
ing primers: forward 5-GAATGCCATATGACCTGGC
TTCCCCTTAAT-3" and reverse -CCGACCTTAATTA
ACATTTCCTTATTATTAAAGATCAGCT-3'.

The plasmid pCR001 was extracted and purified from
E. coli cells grown to stationary phase in YT medium with
the Qiagen Plasmid Midi Kit. To obtain relaxed DNA,
10 ug of the supercoiled plasmid was treated with E. coli
Topoisomerase 1 as described above. Linear plasmid
DNA used in the AFM analyses was produced by
cleavage with the restriction enzyme Ec/13611. After relax-
ation or linearization reactions, the DNA was extracted
with phenol/chloroform, purified with PCR purification
Kit (Qiagen) and precipitated with ethanol. The relaxed
and linearized DNA probes were resuspended in deionized
water (Millipore).

Atomic force microscopic (AFM) analyses of Csn2-DNA
complexes

Linearized or relaxed pCR001 was incubated with the
Csn2 protein in the presence of 2mM CaCl, in a total
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volume of 5pul. The DNA and protein concentrations are
given in the individual experiments. The samples were
incubated 10 min at room temperature to allow complex
formation and diluted with 95pul of adsorption buffer
(5mM CaCl,, 2mM Tris—HCI, pH 8.0, 10mM NacCl).
Forty-microliter aliquots of the samples were immediately
transferred to freshly cleaved mica. After 1 min incubation
the mica surface was washed three times with 100 ul
deionized water (Millipore). Excess water was dried with
compressed N,. Imaging of Csn2-DNA complexes was
performed with Nanowizard II (JPK Instruments AG,
Berlin) in intermittent contact in air, using standard
silicon cantilevers (OLYMPUS OMCL-ACI160).

Biotinylation of dsDNA fragment and Csn2 binding
studies

The 256bp DNA fragment was obtained by FEcoRI-
BamHI digestion of the plasmid pUC18-1. After purifica-
tion of the DNA fragments by agarose gel electrophoresis,
the biotinylation of the ends was achieved by Klenow
incorporation of Biotin-11-dUTP. Ten microgram of the
DNA fragment was incubated with 5U Klenow
(Promega), each 0.2mM dCTP, dGTP, dATP and
Biotin-11-dUTP  (GeneOn) in 1 x Klenow buffer
(Promega, 50 mM Tris-HCI, pH 7.2, 10 mM MgSO, and
100 uM DTT) in a total volume of 50 pl for 1h at room
temperature. After extraction with phenol/chloroform and
ethanol precipitation, the DNA was dissolved in 10 ul TE
buffer.

The binding studies with the biotinylated DNA were
performed by sequential incubation of 168 ng of the
biotinylated DNA in the presence of 7.2mM CaCl, with
4.7ng Csn2, 14mM ecthylene glycol tetraacetic acid
(EGTA) and/or 2pg streptavidin (Sigma-Aldrich) in a
total volume of 14.4pul. The volumes of the binding
reaction without EGTA or streptavidin were adjusted by
addition of deionized water (Millipore). The incubation of
the samples occurred in three steps, each for 15min at
room temperature. The complexes were separated from
free DNA on a native 2% Tris/Acetate agarose gel. The
bands were visualized by ethidium bromide staining.

MD simulations

MD simulations were performed with the AMBER 11
suite of programs (34) together with the force field as
described by Cornell et al. (35) using modifications sug-
gested by Simmerling et al. (36). To generate a starting
structure of Csn2 binding to dsDNA, canonical B-DNA
of 36 bp length (sequence: 5-GTTTTAGAGCTGTGCTG
TTTCGAATGGTTCCAAAAC-3) was inserted into the
central hole of tetrameric Csn2 such that the DNA is per-
pendicular to a least-squares fit plane through the protein
atoms and that Csn2 is displaced by ~6 A from the center
of the DNA along the double strand. The tetrameric Csn2
was taken from Ellinger et al. (30) (PDB code: 3QHQ),
including the Ca**-ions. In addition, a starting structure
of Csn2 binding to dsDNA without Ca*"-ions was
generated. The starting structures were placed into octa-
hedral periodic boxes of TIP3P water molecules (37).
The distance between the edges of the water box and the
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closest atom of the solutes was at least 11 A, resulting in
system sizes of ~186000 atoms. The systems were
minimized by 50 steps of steepest descent minimization
followed by 450 steps of conjugate gradient minimization.
The particle mesh Ewald method (38) was used to treat
long-range electrostatic interactions, and bond lengths
involving bonds to hydrogen atoms were constrained
using SHAKE (39). The time-step for all MD simulations
was 2 fs, with a direct-space, non-bonded cutoff of 8 A.
Applying harmonic restraints with force constants of
5kcal mol™' A~2 to all solute atoms, canonical ensemble
(NVT)-MD was carried out for 50 ps, during which the
system was heated from 100 to 300 K. Subsequent isother-
mal isobaric ensemble (NPT)-MD was used for 150 ps to
adjust the solvent density. Finally, the force constants of
the harmonic restraints on solute atom positions were
gradually reduced to zero during 100ps of NVT-MD.
The following NVT-MD at 300K with a time constant
of 10 ps for heat-bath coupling was used for analysis,
with conformations extracted every 20 ps. The simulation
lengths amount to 100ns of which the first 30 ns were
discarded. Each simulation was repeated once with
varied starting velocities, resulting in four independent
simulations in total.

For analyzing the trajectories, conformations were
superimposed with respect to the phosphorous atoms of
the dsDNA or the C, atoms of Csn2. The conformational
variability of Csn2 binding to dsDNA agrees with that
observed in MD simulations of Csn2 alone (30). For
determining the translocation along the dsDNA, the
distance between the center of the dsDNA and the
average coordinates of the C, atoms of all four helices
HS5 was computed. For determining the rotation of Csn2
relative to the dsDNA, the angle defined by the point
triple (average coordinates of the phosphorous atoms of
the five most central nucleotides on one strand; average
coordinates of the phosphorous atoms of the five most
central nucleotides on the other strand; average coordin-
ates of the C, atoms of one pair of helices HS5 located in
one of the legs of the tetrameric structure) was computed.
For determining the kink angle of the dSDNA, the angle
defined by the point triple (average coordinates of the
phosphorous atoms of the five outermost base pairs at
one end of the DNA; average coordinates of the phos-
phorous atoms of the five most central base pairs of the
DNA; average coordinates of the phosphorous atoms of
the five outermost base pairs at the other end of the DNA)
was computed.

RESULTS
Binding of Csn2 requires free DNA ends

The Csn2 tetramers from S. agalactiae are stable in the
range of pH 7.0-9.0, a wide range of ionic strengths as well
as in the presence of Ca**-chelating EGTA (30). Owing to
the high stability of the ring-shaped Csn2 tetramers, it is
unlikely that the quaternary structure can be opened wide
enough to bind and enclose dsDNA as it is known to
occur in several DNA-enclosing proteins (40,41).
Therefore, if the Csn2 tetramers encircle the dsDNA the
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tetramers should bind DNA by threading onto the DNA
ends. In contrast, a binding of the DNA outside the
central hole will be independent on the presence of free
DNA ends. To distinguish between these two alternative
DNA-binding modes, we performed electrophoretic
mobility shift assays (EMSAs) and tested whether the
binding of Csn2 requires free DNA ends.

First, we incubated a 155bp **P-radiolabeled DNA
fragment with increasing amounts of Csn2 and separated
the protein—-DNA complexes on a 5% native Tris/glycine
polyacrylamide gel. As can be seen in Figure 1A, Csn2
formed one complex band with an estimated apparent
Ky.s value between 30 and 60nM (Figure 1A, lanes 3
and 4). The declining mobility of the complex band with
increasing protein concentration indicates the binding of
multiple Csn2 molecules to the DNA fragment. To test a
putative requirement for a free DNA end for the inter-
action, we performed competition experiments with un-
labeled plasmid DNA, either in closed circular or
linearized form. As shown in Figure 1B (lanes 3-6), the
complex formation of Csn2 with the linear radiolabeled
DNA was challenged with increasing concentrations of
the linearized pUC18-1 plasmid. However, the same
plasmid in supercoiled or relaxed form almost did not
compete for binding of Csn2 (Figure 1B, lanes 7-14;
Figure 1C, lanes 19-22). This indicates that free DNA
ends are necessary for Csn2-binding and supports the
threading of dsDNA into the central channel of the

To further evaluate the dependence of the Csn2-DNA
interaction on free dSDNA ends, we repeated the compe-
tition experiments with the plasmid DNA cleaved by re-
striction enzymes at two sites, with the aim to double the
concentration of the DNA ends. The competition effi-
ciency was higher with DNA cleaved with double cutters
Pyull or Avall compared with the Scal-linearized DNA at
the same final competitor concentration (Figure 1C, lanes
7-14). Moreover, plasmid DNA cleaved with Haelll at 12
sites reduced the binding to the radiolabeled DNA already
at the lowest competitor concentration tested (Figure 1C,
lanes 15-18). Thus, the challenging efficiency depended on
the concentration of free DNA ends at equal total com-
petitor DNA concentration. The appearance of three
intermediate complexes during the decay of the Csn2-
DNA complexes is consistent with a binding of multiple
Csn2 tetramers to the 155bp dsDNA, and suggests a
sliding of the bound proteins along the DNA after
loading the DNA from its ends.

Cleavage of the pUCI18-1 plasmid with the restriction
enzymes Scal, Pvull and Haelll produces blunt ends,
while cleavage with Avall gives 5'-overhangs of three
bases. The comparable challenging extent of the Pyull-
and Avall-cleaved DNA demonstrated that the DNA
end-binding activity of Csn2 is not restricted to blunt
ends but short 5-protruding DNA ends are also bound
by Csn2 (Figure 1C, lanes 7-14). The ability of Csn2 to
bind dsDNA with 3'- and/or 5-overhangs was further

Csn2 tetramers. examined with different synthetic DNA substrates
A Csn2[nM] 0 10 30 60 100 200 400 8001000 B
Linearized Supercoiled Relaxed
plasmid plasmid plasmid
Csn2-DNA Competitor DNA [nM] D051 3 5051 3 5051 3 5
complex
Csn2-DNA_
Free _ .
Free DNA p & &
DNA
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 10 11 12 13 14
(o Scal Pvull Avall Haelll Supercoiled
(1 site) (2 sites) (2 sites) (12 sites) plasmid
Competitor DNA [nM] 0051 3 5051 3 5 051 3 5051 3 5051 3 5
Csn2-DNA 3
complex - ;
|
- & : _ :
' CUI
ree
DNA . & - -

12 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18 19 20 21 22

Figure 1. Electrophoretic mobility shift assays of a radiolabeled 155bp DNA fragment with Csn2 either in the absence (A) or in the presence of
competitor DNA (B and C) are presented. In each reaction 2nM **P-labeled DNA, 20 ng/ul heparin, and 10mM CaCl, were employed. (A) Titration
of Csn2 in the range of 0 to 1 uM is shown. (B) Csn2 binding to the radiolabeled DNA fragment was competed with indicated amounts of 2915 bp
unlabeled plasmid DNA either in Scal-linearized (lanes 3-6), supercoiled (lanes 7-10) or in relaxed (lanes 11-14) form. The concentration of Csn2
was constant at 60 nM in lanes 2-14. Lanes 1 and 2 show the control reactions, performed either in the absence of Csn2 (lane 1) or in the absence of
competitor DNA (lane 2). (C) The same competition experiment as in (B) but with Pvull-, Avall-, or Haelll-cleaved competitor plasmid. The
numbers of cleavage sites of the different endonucleases are given in the brackets. The black arrowheads indicate intermediate Csn2-DNA complexes,

resulting from decomposition of the fully occupied complexes.
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Csn2 -1 =12 ]2 |2 1.1 - 11 1
EGTA - - 1.]2 |- =11 ]3 -1 -1-13
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Csn2-DNA/ —
Streptavidin complex

Csn2-DNA complex 2 —

Streptavidin-blocked DNA —

Csn2-DNA complex 1 —
Free DNA —
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10 11 12 13

B ST ® Biotinylated free DNA (lanes 2, 11)

Streptavidin ./
Streptavidin-blocked DNA
(lane 6)

Streptavidin-blocked DNA
(lane 7)

\ol Csn2

o Csn2-DNA complex EGTA-sensitive

(lanes 3, 10) ‘ (lanes 4, 5)
Csn2-DNA/ )
Streptavidin complex <—— EGTA-resistant
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Figure 2. (A) Binding analyses of Csn2 in the presence and absence of EGTA and free DNA ends on 2% Tris-acetate agarose gel. In each lane
168 ng linear DNA and 7.2mM CaCl, were employed. The numbers above the lanes indicate the order of addition of streptavidin (2 pg), Csn2
(4.7 ng), or EGTA (14mM) in a total volume of 14.4 pl. Lanes 2-5: Influence of EGTA on Csn2-DNA interaction is shown. Lanes 6-9: 168 ng of the
end-biotinylated DNA fragment were incubated first with streptavidin to block the DNA ends. Lanes 10 and 11: Streptavidin was added after
binding of Csn2. After separation of the complexes the agarose gel was stained with ethidium bromide. (B) Schematic presentation of the binding

analysis, shown in (A).

(Supplementary Figure S1). Csn2 did not form complexes
with single-stranded DNA (ssDNA) (Supplementary
Figure STA and B, lanes 1-3). However, the hybridization
of complementary oligonucleotides to ssDNA restored the
Csn2-DNA interaction (Supplementary Figure SIA and
B, lanes 4-6). Moreover, Csn2 formed faint complex
bands with a DNA substrate that contains a 36-bp
dsDNA region flanked by 29 or 34nt ssDNA tails
(Supplementary Figure S1B, lanes 7-9). These results
indicate that Csn2 is in principle able to enter dsDNA
regions by threading ssDNA tails in its central hole.

Dissociation of Csn2 occurs at the DNA ends: evidence
for encircling the DNA by Csn2 rings

The crystal structure of the Csn2 from S. agalactiae
revealed three Ca”’-ions bound to the leg domain of

each protomer (30). These ions have also been found in
the crystal structures of Csn2 proteins from E. faecalis and
S. pyogenes (29,31). The loss of one of the Ca*'-ions
within one protomer of Csn2 resulted in a reorientation
of a-helices in the leg domain, which form the inner rim of
the central hole (30) (Supplementary Figure S2). Thus, the
Ca**-ions are considered to be important for the stabiliza-
tion of the tetramer conformation that is able to bind the
dsDNA (29-31).

Because capturing the Ca>*-ions by EGTA did not dis-
assemble the tetramers but abolished their DNA-binding
activity (30,31), we suggested that in the presence of
EGTA the conformation of the central hole becomes dis-
ordered, resulting in weakened interactions of the tetra-
mers with the DNA backbone and leading to the
dissociation of the sliding rings from the DNA ends. If
this were the case, the obstruction of the DNA ends of

56



Chapter 2

6 Nucleic Acids Research, 2013

Csn2-DNA complexes should result in arrested Csn2
rings on the DNA, and the complexes should not dissoci-
ate in the presence of EGTA. To test this, we attached
biotin to both ends of a dsDNA fragment, allowing the
blocking of both DNA-termini with streptavidin.

Incubation of Csn2 with biotinylated dsDNA led to the
formation of two complex bands, demonstrating that
biotin itself did not interfere with Csn2 binding
(Figure 2A, lanes 2, 10). As shown previously (29-31), in
the presence of EGTA the complex formation was com-
pletely inhibited (Figure 2, lane 4). To test whether EGTA
causes the dissociation of DNA-bound Csn2 molecules,
we incubated the DNA with Csn2 in the presence of
Ca*" for 15min and then added EGTA to the binding
reaction followed by incubation for additional 15min.
Indeed, the lack of Csn2-DNA complexes indicated the
decomposition of the complexes in the presence of EGTA
(Figure 2A, lane 5).

As expected, the tethering of streptavidin to the DNA
ends inhibited the binding of Csn2 (Figure 2A, lanes 6 and
7), consistent with the requirement of free DNA ends for
Csn2 binding. In contrast, adding streptavidin after the
binding of Csn2 resulted in supershifted Csn2-DNA/
streptavidin complexes (Figure 2A, lane 12). Moreover,
the Csn2 proteins in these complexes were captured on
the DNA because adding EGTA did not lead to a decay
of the complexes (Figure 2A, lane 13). Thus, both the
association as well as the dissociation of Csn2 occurs at
the DNA ends, indicating a sliding activity of the Csn2
rings (Figure 2B). In the absence of Ca®'-ions, the tetra-
mers slip down from the DNA ends, likely due to
weakened electrostatic interactions between the distorted
a-helices of the ring channel and the phosphate backbone
of the DNA helix.

AFM of Csn2-DNA complexes

To confirm the DNA end requirement and to probe a
binding of multiple Csn2 molecules, which would
confirm a sliding activity of the Csn2 rings, we imaged
the Csn2-DNA complexes by AFM in intermittent
contact mode in air.

The AFM analyses were performed with the 5125bp
plasmid pCRO01 as a substrate, either in linearized or
relaxed circular form. AFM images of equal amounts of
both DNA forms (each 1.3 nM) in the absence of Csn2 are
shown Figure 3A and B. Some of the molecules of both
DNA forms contained nodes, likely due to a crossover of
DNA helices or a distortion/kinking of the DNA during
the drying process of the probe on the mica surface
(Figure 3B). AFM images of the same DNA mixture in
the presence of 176nM Csn2 showed the formation of
protein-DNA complexes (Figure 3C-F). In average the
ratio of the heights and widths of bound Csn2 and free
DNA (Csn2-DNA/DNA) were 4.2 and 1.3, respectively.
In contrast, the ratio of heights and widths of the DNA
nodes relative to straight DNA were in average 1.9 and
1.5, respectively. Thus, these DNA nodes, which were also
observed in the protein—free sample (Figure 3B), were not
considered as protein-DNA complexes.

3nm

Figure 3. Representative AFM images of 5125 bp plasmid DNA in the
absence or presence of Csn2 are shown. (A) and (B) show images of
1.3nM relaxed and 1.3nM linear plasmid DNA in the absence of Csn2;
(C-F) images of equal amounts of relaxed and linear plasmid DNA
(each 1.3nM) incubated with 176nM Csn2; (G) and (H) images of
2.6nM linear plasmid DNA incubated with 800nM Csn2. The
relative color scale range is 0-3nm in all images.

Csn2 was exclusively associated with linear DNA
(Figure 3C-F), consistent with its DNA end-dependent—
binding activity as observed in the mobility shift assays.
The binding was not restricted to the DNA ends but
internal sites along the entire DNA fragment were also
occupied by several Csn2 proteins (Figure 3D-F),
indicating a sliding activity of the tetramers after initial
binding at the DNA ends. Moreover, the binding of Csn2
seems to be highly cooperative, as some linear DNA
molecules were free of any protein, whereas others were
bound by several Csn2 proteins in the same sample
(Figure 3D-F). Such an apparent cooperative binding
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activity is also known for the ‘recombination associated
protein’ RdgC from E. coli, a ring-shaped DNA-binding
protein with preference for DNA ends (42). As control,
incubation of Csn2 with the relaxed plasmid in the absence
of linear DNA confirmed that Csn2 does not bind to
circular DNA (Supplementary Figure S3).

At higher Csn2 concentration, highly condensed nucleo-
protein complexes were observed, likely caused by cluster-
ing of multiple Csn2 proteins and DNA-dependent
self-association of DNA-bound Csn2 (Figure 3G and
H). The formation of these higher-order nucleoprotein
complexes should not be caused by an unspecific aggrega-
tion of the protein, as previous study has shown that Csn2
exists as stable tetramer in solution (30). To further
evaluate the DNA end-dependence and to exclude an un-
specific aggregation of Csn2 in the presence of DNA, we
analyzed the elution profile of Csn2 in the presence of
linear or closed circular plasmid DNA by size exclusion
chromatography (Figure 4). Incubation of Csn2 with the
linear DNA caused a co-elution of the entire Csn2 tetra-
mers in the void fraction (Figure 4C). In contrast, the
same DNA in supercoiled form did not change the elution
profile of the tetrameric Csn2 (Figure 4D). The results are
consistent with a selective binding of the Csn2 tetramers to
the linear dsDNA and exclude an unspecific protein
aggregation in the presence of DNA.

MD simulations reveal Ca>"-dependent coupled
translocation-rotation motions of Csn2 and
kinking of the DNA

To further study Csn2 binding to DNA and the sliding
activity of the tetramers, we performed two independent
all-atom MD simulations of 100ns length each of the
tetrameric Csn2 with dsDNA of 36bp length bound
within the central hole. The sequence of the dsDNA cor-
responds to the CRISPR repeat sequence of the type II-A
CRISPR system of S. agalactiae. Although we do not
have an indication for a sequence-specific binding of
Csn2, a bioinformatics analysis revealed a correlation
between the presence of the c¢sn2 gene and a particular
CRISPR repeat sequence (43).

The simulations reveal sliding motions of Csn2 along
the DNA of a magnitude of >10A (Figure 5A), which is
equivalent to about one-third of the B-DNA pitch. The
motion pattern shows both inward and outward move-
ments accompanied by repeated changes in the direction
of motion, as expected for a process driven by thermal
energy. Yet, during the last 70 ns of the simulations, the
Csn2 molecules prefer to be more closely located to the
center of the DNA: although distances up to 12 A away
from the center are observed during the simulations
(Figure 5A), the combined likelihood from both
trajectories of Csn2 being within 6 A of the center is
66%. Thus, with the present length of the simulations,
no preference for Csn2 to move toward one of the DNA
ends could be detected.

The sliding motions of Csn2 are weakly (+° = 0.21) but
significantly (P <0.001) correlated to a rotation of the
protein around the DNA (Figure 5B, D), as found for
both independent MD simulations (data for the second
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simulation is shown in Supplementary Figure S4). The
slope of the correlation line is ~13°/A, which is only
slightly larger than the turn angle per 1A rise of ~11°
for B-DNA (44). The N-termini of helices H3 are likely
responsible for this screw motion as the two helices within
one dimer of Csn2, first, are almost perfectly collinearly
oriented, second, are tilted by ~30° with respect to the axis
of the dsDNA binding within the central hole and, third,
possess a Lys (K78) at the N-terminus (Figure SD). Taken
together, this allows the pair of helices H3 of one dimer of
Csn2 to fit with their N-termini in between the phosphate
backbones of the major groove, while the helix pair of the
other dimer is closer to the phosphate backbone of the
minor groove. Therefore, on sliding, Csn2 must rotate
around the dsDNA for helices H3 need to follow the
course of the phosphate backbones, ultimately leading to
a screw motion.

To probe the effect of removing Ca®"-ions on Csn2
binding to the DNA, the above MD simulations were
repeated without Ca®". No gross structural distortions
of the tetrameric state of Csn2 were observed
(Supplementary Figure S5), in agreement with the
observed high stability of Csn2 even in the presence of
EGTA (30). No release of Csn2 from the DNA was
observed either, which is not surprising given the limited
size of the water box enclosing the Csn2-DNA complex in
the simulation that prevents a slipping down of Csn2.
However, in contrast to the simulations with Ca®", no
correlation between a sliding motion of Csn2 and its
rotation could be detected in either one of the simulations
(r*<0.07). Thus, the absence of Ca** apparently disturbs
the screw motion of Csn2, pointing to weakened inter-
actions between Csn2 and DNA.

Both MD simulations furthermore reveal weak
(*=031) or very weak (r*=0.06) but significant
(P <0.001) correlations between the translocation of
Csn2 from the DNA center and DNA bending in that a
large kink angle in the DNA is preferentially observed if
Csn2 moves toward a DNA end (Figure 5C and E). The
DNA bending is fostered by the insertion of the N-
terminus of at least one helix H3 of one of the Csn2
dimers into the major groove, and interactions between
the phosphate backbones of the minor groove at two pos-
itions with Lys-rich loops between 4 and H2 of the other
dimer, respectively (Figure 5E). As no correlation could be
detected when plotting the kink angle against the distance
of Csn2 from one end of the DNA, no indication was
found either that the bending occurs preferentially at
one end (and thus at a specific sequence) of the DNA.

DISCUSSION

In this study, we have characterized the DNA end-binding
activity of the Cas protein Csn2 and investigated the struc-
ture of the Csn2-DNA complexes by atomic force micro-
scopic imaging and MD simulations. Our results assign
Csn2 as a new member of the class of multimeric
toroidal proteins involved in DNA end-metabolism and
indicate a pivotal role of Csn2 as an accessory protein
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Figure 4. Analytical gel filtration analysis of Csn2 and Csn2-DNA complexes performed with a Superdex 200 PC 3.2/30 column is shown. Elution
profiles of 20 uM Csn2 (A), 30nM linearized pCR0O01 plasmid (B) and Csn2-DNA complexes (C) are shown. In (D) the elution profiles of 30 nM
supercoiled pCRO01 alone (upper part) or in the presence of 20 pM Csn2 (lower part) are shown. 100 pl fractions were collected starting at an elution
volume of 0.8 ml. Aliquots of the fractions 1 to 8, indicated by the green lines below the elution profiles, were analyzed on 10% SDS gels (A, C) and
on 1% agarose gels (B, C).
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Figure 5. (A) Movement of Csn2 along the DNA determined from two independent MD simulations (red and green lines, respectively) over a time
course of 70ns. A translocation value of zero refers to Csn2 being centered on the DNA; translocation values >0 indicate a shift of Csn2 toward the
termini of the DNA. (B) Coupled motions of translocation and rotation of Csn2 when moving along the DNA over the last 50ns of the MD
simulation. To determine the rotational motion, all conformations of the trajectories were aligned with respect to the phosphorous atoms of the
DNA. (C) Coupling between DNA bending as determined by a kink angle and the translocation of Csn2 along the DNA over the last 50 ns of the
MD simulation. (D) View along the DNA axis on Csn2-DNA conformations extracted from the MD trajectory at 50.3 ns (green) and 97.3ns (cyan).
The complexes were aligned with respect to the phosphorous atoms of the DNA and display a rotation of ~75° of Csn2 during a translocation of
~5.7A. In panel B, the respective data points are marked by circles. (E) Side view on Csn2-DNA complexes extracted from the MD trajectory at
50.3ns (green) and 98.5ns (magenta). The complexes display a kinking of the DNA by ~40° during a translocation of Csn2 of ~8.7A. In the close-
up figures, helices H3 and loops p4-H2 are colored in blue, and Lys residues in these structural elements are depicted as sticks; unprimed labels mark
helices and loops that belong to one dimer, primed labels mark objects that belong to the other dimer. In panel C, the respective data points are
marked by circles.
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during the integration of spacer sequences into the
CRISPR array.

Csn2 tetramers bind at dsDNA ends and slide inward
along the DNA

The toroidal structure of the DNA-binding protein Csn2
in different studies led to the suggestion that it binds to
DNA through its positively charged central hole and
encloses the DNA, although alternative binding mechan-
isms were also considered (29-31). Furthermore, the
crystal structure of the Cas protein Stu0660 of the
S. thermophilus has revealed the presence of a second
group of the Csn2 protein family (Stu0660-like Csn2),
the members of which share no sequence similarity but
have a highly similar tetrameric structure (32). In
contrast to the canonical Csn2 proteins, the Csn2-like
Stu0660 protein has an extended C-terminal domain and
binds to dsDNA without the need of Ca*'-ions.
Moreover, due to the lack of a mobility shift with a
circular DNA, the authors suggested that Stu0660 ‘does
not or barely’ binds to circular DNA but selectively to
linear dsDNA (32). Our study is consistent with this sug-
gestion and clearly demonstrates that the Csn2 tetramer
binds DNA through its positively charged central hole
from the DNA ends and then slides inward along the
DNA.

The sliding activity of Csn2 tetramers is not energy-de-
pendent and thus likely not a directed translocation but
rather a thermal energy-driven random walk fostered by
electrostatic interactions between positively charged
amino acids of Csn2 and the negatively charged phosphate
backbone of the DNA. MD simulations revealed a
rotation of Csn2 when moving along the helical axis of
the DNA, similar to a rotation-coupled sliding of the
sliding clamp PCNA (45), endonuclease EcoRV (46) or
human oxoguanine DNA glycosylase 1 (47). One-dimen-
sional diffusion of DNA-binding proteins is considered to
facilitate finding of the specific binding sites (48).
Although we have no evidence for a sequence-specific
interaction in vitro, the reported correlation of the
presence of the csn2 gene and a particular CRISPR
repeat sequence (43) could point to a specific role of
Csn2 at the repeat sequence. The MD simulations were
performed with the CRISPR repeat sequence, and one of
the simulations indicated a bending of the DNA preferen-
tially when Csn2 was located at an end. AFM is in prin-
ciple suitable to study protein-induced DNA bending (49);
however, the predicted Csn2-induced kinking is located at
the ends of the DNA, and thus difficult to detect with
AFM. Therefore, the structural deformation of the
DNA ends on Csn2-binding, as proposed by the MD
simulations, needs further experimental validation.

The cooperative binding of Csn2, observed in the
EMSA and AFM analyses, indicates that multiple Csn2
tetramers are needed at the DNA ends to form stable
Csn2-DNA complexes. We suggest that the binding of
the first Csn2 tetramer at one DNA end is stabilized by
loading of additional tetramers onto the same DNA end,
which could impede a slipping down of the initially bound
tetramers from the DNA end. This is consistent with the

observation that the dissociation of Csn2-DNA
complexes occurs through slipping down of the sliding
tetramers at the DNA termini (Figure 2). In addition, at
high concentrations, Csn2 tends to cluster along the DNA,
leading to highly condensed nucleoprotein complexes.
This apparent DNA-dependent self-association of the
tetramers could point to a physical contact of the tetra-
mers, contributing to the cooperative DNA end-loading of
Csn2, as known for the Ku protein (50). The
heterodimeric Ku protein forms a ring-like structure,
binds preferentially at DNA ends, encircles the DNA
(51), can slide along the DNA and promotes looped
DNA structures (52). Moreover, it tends to cluster along
the DNA as visualized by AFM (53). The DNA-binding
properties of Ku are thus similar to the features of Csn2
observed in this study. The function of Ku in vivo is to
mediate the formation of DNA end-synapsis and recruit-
ment of recombination proteins to allow the repair of
double-strand DNA breaks (54).

DNA end-metabolism and spacer integration

A series of multimeric ring-shaped proteins is known,
which meet different functions in DNA metabolism,
such as replication, transcription, recombination or
DNA repair (40,41). In principle, there are three general
ways how the DNA can get encircled by a ring-shaped
protein: the quaternary structure can be opened wide
enough to bind and enclose the DNA [e.g. RdgC (55)],
the ring-shaped structure gets directly assembled around
the DNA [e.g. PCNA (56)] or the DNA end has to pass
through the central hole of the protein [e.g. Ku protein
(51)]. In the latter case, the function of the protein is
directly linked to DNA ends. Thus, the results presented
here strongly suggest that the biological function of the
CRISPR adaptation protein Csn2 is related to free DNA
ends, which are likely formed during spacer acquisition.
The study of Yosef et al. (27) characterized a minimal
requirement for spacer integration in type I-E CRISPR
systems, and demonstrated the involvement of leader
DNA and the nucleases Casl and Cas2 in the immun-
ization process. The uptake of new spacers at the leader
proximal end is also observed for other CRISPR subtypes,
and together with the universality of Casl and Cas2, it
seems that the main principle mechanism for spacer acqui-
sition is similar in the different CRISPR subtypes.
However, some of the CRISPR-Cas subtypes require in
addition to Casl and Cas2 the proteins Csn2 or Cas4 for
the acquisition of new spacer sequences. The Cas4 protein
is proposed to be a subunit of the multiprotein complex
Cascis (CRISPR-associated complex for the integration of
spacers), mediating the CRISPR-mediated immunization
(57). A recent study of the Cas4 protein from Sulfolobus
solfataricus demonstrated that it contains a 5-3' DNA
exonuclease activity, implying the requirement of DNA
end modification/resection during integration of new
spacer sequences into the CRISPR array (58). Moreover,
the crystal structure of the Cas4 protein from S.
solfataricus has been deposited in PDB database,
showing that the Cas4 protein forms, like Csn2, a ring-
shaped structure (PDB ID: 4IC1). Thus, the structural
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Figure 6. A model for the proposed function of Csn2 DNA end-
binding in spacer integration is shown. The leader proximal repeat
sequence serves as template for duplication of the repeat sequence
(25,26,64), suggesting a cleavage at the leader-repeat and repeat-
spacer borders (indicated by the dashed arrows). Complementary
strand synthesis and binding of Csn2 to the DNA ends could assist
in the integration of new spacer DNA fragments through holding the
DNA ends together, while simultaneously recruiting DNA-repair
proteins and protecting the double-stranded DNA breaks from
exonucleolytic degradation.

similarity of Cas4 to AddB, its RecB-like exonuclease
activity (58) and the DNA end-binding of Csn2 presented
in this study are in agreement with DNA end-processing
steps during the spacer integration. Another indication for
the participation of DNA end-processing proteins in the
adaptation stage is the genetic association of nur4 and
herA genes with type III-A CRISPR operons in
Thermoproteales (59), encoding for an exonuclease—
helicase complex involved in DNA end-resection (60).
The lack of enzymatic activity of Csn2 suggests that
Cas4 and Csn2 are likely not functional homologs.
However, the conserved co-localization within the type
IT systems and the DNA end-related activities of both
proteins indicate that they are involved in DNA end-

Nucleic Acids Research, 2013 11

resection processes during integration of spacers. The
reported protein—protein interaction of Casl with RecB
in E. coli (61) and the AddB-like structure and activity
of the Cas4 protein (58) could support an involvement
of DNA repair systems during the uptake of CRISPR
spacer sequences. The study of Chayot et al. (62) has
demonstrated that the insertion of non-related exogenous
sequences in E. coli depends on the RecBCD complex. The
role of RecBCD is to process the DNA ends exonucleo-
lytically on the 3’-end to produce microhomology with the
incoming DNA, a mechanism termed alternative end-
joining (A-EJ) (62). A similar mechanism could be
catalyzed by Cas4 in type II-B or AddAB proteins in
type II-A systems lacking Cas4.

The DNA end-binding activity of Csn2 suggests that it
has a function as accessory protein on DNA ends. Csn2
could fulfill a task analogous to Ku during acquisition of
exogenous DNA by non-homologous end-joining, by
binding to the double-strand breaks to hold the ends to-
gether and/or by recruiting recombination proteins (63)
(Figure 6). Alternatively, the DNA end binding activity
of Csn2 could be related to the nuclease activity of
Cas9, introducing specific double-strand DNA breaks
into the target DNA (12,17). It is possible that after rec-
ognition and cleavage of the foreign DNA by Cas9-
tracrRNA:crRNA  ribonuleoprotein  complex, Csn2
proteins are loaded at the DNA ends, e.g. to mark the
foreign DNA as a substrate for new spacer sequences
and/or to recruit the nucleases for specific generation of
new spacer precursors. Indeed, such a coupling of the
CRISPR interference with the immunization stage has
been described to occur in the type I-E systems, known
as ‘primed acquisition” of spacer sequences (25). Although
our analyses do not directly address the mechanisms of
CRISPR spacer integration, the DNA end-binding of
the adaptation protein Csn2 and the structure of the
Csn2-DNA complexes resemble known recombination
proteins acting on DNA end-metabolism. Therefore, we
propose that the integration of new spacer DNA may
occur by a recombination mechanism similar to non-
homologous end-joining.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1-5.
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Figure S$1: 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 O (lane 1), 2 uM
(lane 2) or 5 uM (lane 3) Csn2. No complexes are formed with ssSLR 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 uM (lane 5) or 5 uyM (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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Chapter 3

2 Structure and function of hepatic ABC transporters

Philipp Blinger, Marianne Kluth, Susanne Przybylla,
Sander H. Jd Snits, 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 (GXXGXGKST, where X can be for any amino acid), Walker B (DOODD,
where @ can be any hydrophobic residue) motifs, and the C-loop (ABC—signature motif,
LSGGAQ) (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 identification 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 ATR,
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 P, 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
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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 affinity
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-affinity substrate-binding site and the NBDs exist as
monomers, with low affinity 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 affinity is reduced, and the bound substrate is
finally 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/ABCGS,
involved in sterol transport; multidrug resistance protein 3 (MDR3, ABCB4), flop-
ping phosphatidylcholine from the inner to the outer membrane leaflet; 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-bhnson 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 BSER,

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.

Thight
junction

Hepatocyte Glucoronides,

sulfated and
GSH conju-
gates, folates
Hydrophobic
substances Glucoronides,
sulfated
bile salts
Bile

canaliculus Organic Cyclic
@‘T”’” Cholesterol <(ABCGS/GE Cure2 )~ §hons,  nucleotides,

NTCP Monovalent

Bile salts bile salts

- divalent bile salts, folates
Bile salts bile salts
Cyclic
nucleotides

Sinusoidal membrane

Phosphatidyl-
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Hydrophobic
substances  BQ123,
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\

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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Fig. 2.1: (Continued )

(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) 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.

2.2 Structure and function of the bile salt e xport
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 fulfilled
“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 efficient 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. Thisis 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;
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BSEP) (16,17). BSEP is the main driving force for the bile salt—-dependent part of bile
flow 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 uM,
respectively (10).

2.2.2 Discovery of the bile salt export pump

The electrochemical gradient across the canalicular membrane is~ —35 mV and itsdis-
covery marked the first 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
confirmed this finding (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 identified 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 hamed “sister of P-gp” (sP-gp), but its function
remained unknown. Gerloff et al. were the first to demonstrate that oocytes exhibited
a stimulated taurocholate efflux when liver sP-gp cRNA was injected into Xenopus
laevis oocytes and the first to express sP-gp in &9 (Spodoptera frugiperda) cells (24).
Furthermore, membrane vesicles derived from these &9 cells demonstrated an ATP-
dependent taurocholate uptake, much as in previous studies with isolated canalicular
membranes. Because of these findings the “sister of P-gp” wasrenamed “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 BS&P gene and mapping it to chromosome
2924, 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 identified 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 BSER. 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 floppase) is found in
the hepatocyte. The function of BSEP and its tight correlation with MDR3 is described
in section 2.3. Importantly, however, this finding 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 asimporters or exporters (36). In humans, 48 ABC transporter genes have been
identified 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-specific and ABC transporters are restricted to the
liver (37). Phylogenetic analysis of the entire human ABC transporter sequences has led
to the classification of seven subfamilies (A to G) (38). Because of their important rolesin
human physiology, dysfunction isthe cause of very severe diseases, such ascystic fibrosis
(39). In terms of mutations of liver ABC transporters BSEP and MDRS3, 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
geneislocated on chromosomes 2924 (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 (NBD 1) 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 y—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-
deficient 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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Models of  (A) BSEP (B) MDR3 (C)ABCG2

Fig. 2.2: Models of BSER, 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 Saphylococcus aureus in complex with AMP-PNP. The used template is deposited under
PDB code 20NJ Snce ABCG2 is a halfsize transporter the two monomers are colour coded
differently. Monomer | is highlighted in blue and monomer Il in purple. Due to the bound
AMP-PNP in the template structure the conformation of ABCG2 represents the potential
nucleotide bound state. It isimportant to clarify that these models are based on the known
X-ray structure and the structures obtained from the actual protein might look differently.

pathway for the substrate. In contrast to the NBDs, the TMDs are highly variable in
their sequence and thus determine the substrate specificity. It is assumed that many
human ABC transporters show the 6 X 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
afull-size ABC transporter containing 12 TMHsand two NBDs(» Fig. 2.2). Thisnumber 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 first 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 fill-in mechanism,” cho-
lesterol also participates in substrate recognition and fills 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
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BSEP isrestricted 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 fill-in model.” Whatever
the molecular reason(s) for the differences between P-gp and BSEP may be, all the mod-
els proposed must be verified 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
acidsinfluence the trafficking, stability, and transport capabilities of BSER.

2.2.5 Cloning and expression systems for BSEP

To study a protein biochemically in vitro, it is often necessary to obtain sufficient
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 BSER, after several years of struggle, effortsto 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 specific parts of the coding sequence
during expression construct propagation (32). All these findings 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 thislaboriouswork is to use
homologous recombination (HR) in the yeast Saccharomyces cerevisiae (45,46). We
therefore established a workflow for human BSEP that can also be applied to any other
target (47). Here the expression vector of interest was modified 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-amplified BSEHP 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 amplification.
We have found that E coli is capable of handling the BSEP cDNA if it isin 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 influence 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 asa DREAM (47).
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The major bottleneck in studying membrane proteins in vitro (e.g. structural and
functional studies), is their homo— or heterologous overexpression, making it difficult 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 sometimesin 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 posttrangational
modification system, and no cholesterol is present in the inner membrane. Therefore,
eukaryotic expression systems are likely the methods of choice for BSER. 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 purification. The most widely used system for the heterologous ex-
pression of BSEP is the insect cell system. Human BSEP was expressed in &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 trafficking, and the modification of protein interactions.
But mammalian and insect cell systems are also costly and maybe not be producible
in large the amounts required for purification and structural studies of BSER. 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 modification 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 (65), 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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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 purification.

2.2.6 In vitro assays to study BSEP

Although BSEP has not been purified 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 (I0) vesicles. In RSO vesicles, the cytosolic side of the transporter islocalized
in the lumen of the vesicles, whereasin 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 defined amount of time, the reaction is stopped by, for example, a
rapid-filtration method; then the transported amount of substrate, which is retained in
the vesicle on the filter, is quantified (via radioactivity, fluorescence, or LC/MS). With
thisassay, the substrate spectrum of BSEPwaselucidated (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 saltsin 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 Ky / 1M Source
Taurocholate 8 (32), 20 (30, 61), 15(54) S9

4 (31) HighFive

6 (50)
Taurochenodeoxycholate 4 (54), 5 (32), 13 (61) 9

7 (50) HEK293
Tauroursodeoxycholate 12 (32) 9
Taurodeoxycholate 34 (61) 9
Taurolithocholate 4 (61) 9
Taurolithocholate 3 sulfate 10 (50) HEK293
Glycocholate 11 (32), 36 (54) 9

22 (50) HEK293

Glycochenodeoxycholate 2 (54) 9

8 (50) HEK293
Pravastatin 124 (62) HEK293
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mentioned, that the K, values vary slightly between different expression systems but not
unconjugated ones) (see » Tab. 2.1). In most of these studiesbile acidsare tritium-labeled
for readout, but fluorescent bile acid derivatives, such as cholylglycylamidofluorescein
and chenodeoxycholylglycylamidofluorescein, have also been investigated (59). In ad-
dition, inhibitors were analyzed for their potential impact on BSER. 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, howeuver, 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 trafficking defect, it could also be investigated by the vesicular transport
assay, with mutation and localization studiesin cell culture systemsinvolvingimmunos-
taining or with a fluorescent tag like eGFP or YFP.

Trafficking and the regulation of BSEP in the apical membrane of hepatocytes also
requires adaptor proteins. HCLS1-associated protein X-1 (Hax1), for example, was
identified using yeast two-hybrid screens as well as pull-down assays with glutathione-
Stransferase (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 trafficking mutants.

2.3 Structure and function of the multidrug r esistance
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 leaflet 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 flip spontaneously from
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the inner to the outer leaflet 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 leaflet of the canalicular membrane against
a concentration gradient. The mouse homologue is called Mdr2 and fulfills the same
function as MDR3 to flop 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. identified 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 MDRS3 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 [*H]choline-labeled PC to the
surface of transgenic fibroblast (71). This suggested that MDR3 translocates specifically
PC from the inner to the outer leaflet of the canicular membrane.

Van Helvoort and coworkers (72) were the first to demonstrated specific 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 fluorescently labeled short-chain lipids from the cell surface into the basolateral
and apical media. MDRS3 translocated fluorescently labeled PC but not the other lipid
analogues (72). However van Helvoort et al. showed that radiolabeled short-chain
PC lacking the fluorescence moiety was not translocated into the apical medium by
MDRS.

2.3.2 MDRS3 - an ATP-binding cassette (ABC) transporter

The 141-kDa lipid translocase is postranslationally modified 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),
(see »Fig. 2.2).
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2.3.2.1 Transport machinery — the flippase model

Two models, the “vacuum cleaner model” and the “flippase 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 flippase model for mammalian
P-glycoproteins (73). P-gp binds an amphipathic molecule located in the inner leaflet
of the plasma membrane and flips the molecule to the exoplasmic leaflet. Therefore a
substrate-binding site must be accessible from the lipid phase. The substrate accumulates
in the outer leaflet, forming a concentration gradient between the cytosolic and exo-
plasmic leaflet of the plasma membrane. From the leaflet the substrate can freely dif-
fuse into the extracellular medium. On the basis of the flippase 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). Bferink 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 leaflet 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 first 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 significantly increased in the MD R3-transfected cells com-
pared with the control cells. Digoxin transport by MDR3 was efficiently inhibited by the
MDR1-specific 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 C,-NBD-PC (72,82). No significant transport of some other
MDR1 substrates, such as cyclosporine or dexamethasone, was determined.

These results suggest that MDR3 is not specific 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 specificity of the PC translocator

The analysis of lipid transporters is very complex by reason of the difficulty 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, MDRS3 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 leaflet to the other |eaflet of the membrane exists.
Nevertheless Seight and Pagano used the lower hydrophobicity of short-chain lipids
(Cs-C; acyl chain) to determine lipid transport of lipid translocases, which allows their
free exchange as monomers via the aqueous phase (83). At first short-chain lipids are
easily integrated into the surface of the membrane of interest and can be detected by a
spin-, fluorescent-, or radiolabel on the short-chain. The transport can be measured by
chemically quenching of the spin-labeled or fluorescent analogue in the outer leaflet
(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 leaflet into the inner leaflet of the vesicular membrane they used
fluorescent-labeled short-chain PC — C-NBD-PC: (N-6[7-nitro-2,1,3-benzoxadiazol-4-
yl]-amino-hexanoyl-phosphatidylcholine) — which is chemically reduced to the non-
fluorescent compound by a membrane-impermeable reducing agent such as sodium
dithionite. Dithionite reduces only the C,-NBD-PC located in the outer leaflet, whereas
the translocated C,-NBD-PC in the inner leaflet remains unaffected. Detergent disrup-
tion of the vesicles |ead to a decrease of fluorescence emission because of the release of
translocated C-NBD-PC. With this system Ruetz and Gros proved indeed a very small
but specific transport of short-chain PC analogue by Mdr2. Second, they showed that
transport was ATP-dependent and inhibited by verapamil, a specific inhibitor for MDRT1.

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 leaflet. 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 floppase activity of MDR3 was confirmed by van Helvoort et al. using LLC-PK1
pig cells transfected with an MDR3 cDNA construct (72). LLC-PK1 cells are able to
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(Cs-Cs acyl chain) to determine lipid transport of lipid translocases, which allows their
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easily integrated into the surface of the membrane of interest and can be detected by a
spin-, fluorescent-, or radiolabel on the short-chain. The transport can be measured by
chemically quenching of the spin-labeled or fluorescent analogue in the outer leaflet
(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 leaflet into the inner leaflet of the vesicular membrane they used
fluorescent-labeled short-chain PC — C,-NBD-PC: (N-6[7-nitro-2,1,3-benzoxadiazol-4-
yl]-amino-hexanoyl-phosphatidylcholine) — which is chemically reduced to the non-
fluorescent compound by a membrane-impermeable reducing agent such as sodium
dithionite. Dithionite reduces only the C,-NBD-PC located in the outer |eaflet, whereas
the translocated C,-NBD-PC in the inner leaflet remains unaffected. Detergent disrup-
tion of the vesicles|ead to a decrease of fluorescence emission because of the release of
translocated C,-NBD-PC. With this system Ruetz and Gros proved indeed a very small
but specific transport of short-chain PC analogue by Mdr2. Second, they showed that
transport was ATP-dependent and inhibited by verapamil, a specific 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 leaflet. 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 floppase activity of MDR3 was confirmed 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 filters 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 C,-NBD-PC was specifically transported by MDR3 but not C,-NBD-phosphati-
dylethanolamine, C;-NBD-sphingomyelin, or C,-NBD-glucosylceramide. Remarkably,
radiolabeled short-chain PC with two C; fatty acids lacking the fluorescence moiety
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(C;C4-[*H]PC) were dlightly translocated into the apical medium. Van Helvoort and col-
leagues confirmed that the high specificity 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 fibroblasts from transgenic mice
by MDR3 (71). Intracellular synthesized radioactively labeled PC is inserted into the
inner leaflet and translocated to the outer leaflet in the presence of MDR3. PC-TR, a PC-
specific transfer protein, carries out the exchange of labeled PC from the outer leaflet 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.

Thusfar 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 sufficient
amounts and the technical difficulty 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. Snce
ATP hydrolysisis 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 P, and the oxidation of NADH to NAD*. The ATPase hydrolyzes
ATP to ADP and P.. 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: sufficient expression of
MDRS3. 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 sufficient to purify MDRS3.
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
MDRS3 in vitro and obtain a more detailed knowledge of thisinteresting 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 first identified 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 flow 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 hamed MXR for “mitoxantrone
resistance” (90). Furthermore, ABCG2 was identified 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 timesin 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 islocated 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 disulfide bonds are required to obtain a dimeric protein. Cysteine scanning
mutagenesis revealed that residue C603 of ABCG2 is involved in intermolecular cross-
linking via disulfide 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 SD S-PAGE can be gradually disrupted by the addition of
areducing agent (93). Here, mutational analysis of the three cysteine residueslocated 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 disulfide bond is not essential for the
transport function. A biotinylation assay supported the idea that the other two cysteine
residuesin thisloop, C592 and C608, form an intramolecular disulfide bond. However,
this disulfide bond isimportant for protein degradation (94).

An important feature of ABCG2 is the GXXXG motif, which has been identified 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
findings 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
PN GaseF treatment. The glycosylation, however, appears to have no influence on the
trafficking 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 misstrafficking, in contrast to, for
example, the N557 alanine mutation, which resultsin a ER localization of ABCG2 (96).

Nonglycosylated ABCG2 still showed reduced accumulation of the substrate rhod-
amine 123 in flow-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 residuesin the protein. Residues C592, C603,
and C608 are involved in intra- or intermolecular disulfide 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 specificity 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 confirmed 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 islinked
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 /aevis oocytes
expressing wild-type ABCG2 or Q141K mutant showed that the latter exhibited urate
efflux, 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 specificity of ABCG2

Owing to the discovery of ABCG2 in drug-resistant cells, the first reported substrates for
it were predominantly chemotherapeutic drugs. These included mitoxantrone, flavopiri-
dol, metothrexate, irinotecan and its active metabolite SN-38, porphyrines, and tyrosin-
kinase inhibitors such as imatinib and gefitinib (103). Other substrates are antibiotics
(104,105), flavonoids, antivirals (106,107), folic acid (108), and fluorescent 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 identified is equally large. Fumitrem-
orgin C was the first 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 identified.

2.4.4 Expression, purification, 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 (§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). Smilar 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 /actis (120). Expression in another
bacterial system, E coli, did not yield functional protein (121).

Especially for the purification 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 purification.
Solubilization of ABCG2 using different detergents showed the best results with the use
of lysophosphatidylcholine (LPC) and n-dodecyl-p-D-maltoside (3B-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).
Purification steps of the amino-terminal-histidine-tagged protein in all cases yielded
sufficiently pure protein after immobilized metal-ion affinity chromatography (IMAC).
Because of weak binding to the affinity resin, further purification 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 purification.

Because of its ability to efflux a broad variety of substrates, multiple drug binding sites
have been proposed for ABCG2. Clark et al. investigated thiswith heterologous displace-
ment assays. [*H]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 specificity and drug binding could be obtained by employing
fluorescent substrates of ABCG2. For example 1,4-dihydropyridines could be identified
as ABCG2 substrates by photoaffinity labeling with ['?°l]lodoarylazidoprazosin (IAAP)
and [*H]azidopine (125).

Since the translocation process is ATP-dependent, the ATPase activity of ABCG2 has
been measured to confirm 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).
Snce the influence 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. ATRPase 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 immunofluorescence (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 significant 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 purified 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 A in diameter) with a noticeable fourfold
symmetry, in agreement with a higher oligomer as postulated by biochemical analysis.
The final three-dimensional structure with an estimated resolution of ~18 A could be
accurately fitted 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 purified ABCG2 expressed in P pastoristo obtain two-dimensional
crystals. The substrate mitoxantrone had a noticeable effect on the crystal shape. Analysis
showed a significant change in unit cell dimensions, indicating a conformational change
upon drug binding. A new homology model verified 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, BSEF, 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-
ficking, 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 first 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 purification 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 BSE?, MDRS3, or
ABCG2, the gain in knowledge derived from localization studies as well as mutational
analysiswill 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.

2.6 References

1. Schmitt L, R Tampe. Structure and mechanism of ABC transporters. Current opinion in
structural biology 2002;12(6):754—60.

2. Zaitseva J et al. A molecular understanding of the catalytic cycle of the nucleotide-
binding domain of the ABC transporter HlyB. Biochemical Society transactions 2005;33
(Pt 5):990-5.

3. SchmittL, et al. Crystal structure of the nucleotide-binding domain of the ABC-transporter
haemolysin B: identification of a variable region within ABC helical domains. burnal of
molecular biology 2003;330(2)333-42.

4. Jrdetzky O.Smpleallostericmodel formembranepumps.Nature1966;211(5052):969-70.

5. Higgins CF, KJLinton. The ATP switch model for ABC transporters. Nature structural &
molecular biology 2004;11(10): 918-26.

6. Russell DW. Fifty years of advancesin bile acid synthesis and metabolism. burnal of lipid
research 2009:5120-5.

7. Hofmann AF. Bile acids: trying to understand their chemistry and biology with the hope
of helping patients. Hepatology 2009;49(5):1403—18.

8. Hofmann AF, LR Hagey. Bile acids: chemistry, pathochemistry, biology, pathobiology, and
therapeutics. Cellular and molecular life sciences: CMLS 2008;65(16):2461-83.

9. Kullak-Ublick GA, B Stieger, PJ Meier. Enterohepatic bile salt transporters in normal
physiology and liver disease. Gastroenterology 2004;126(1):322—42.

10. Hofmann AF. Bile acids: the good, the bad, and the ugly. Newsin physiological sciences:
an international journal of physiology produced jointly by the International Union of
Physiological Sciences and the American Physiological Society 1999;14:24-9.

11. Meier PJ B Stieger. Bile salt transporters. Annual review of physiology 2002;64:635-61.

12. Kullak-Ublick GA, et al. Hepatic transport of bile salts. Seminars in liver disease
2000;20(3):273-92.

13. Hagenbuch B, P Dawson. The sodium bile salt cotransport family SLC10. Pflugers Archiv:
European journal of physiology 2004;447(5):566—70.

14. Meier PJ et al. Substrate specifi city of sinusoidal bile acid and organic anion uptake
systemsin rat and human liver. Hepatology 1997;26(6):1667—77.

15. Agellon LB, EC Torchia. Intracellular transport of bile acids. Biochimica et biophysica
acta 2000;1486(1):198-209.

90



Chapter 3

42

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

2 Structure and function of hepatic ABC transporters

Arrese M. M Ananthanarayanan. The bile salt export pump: molecular properties, function
and regulation. Pflugers Archiv: European journal of physiology 2004;449(2):123-31.
Stieger B, Y Meier, PJMeier. The bile salt export pump. Pflugers Archiv: European journal
of physiology 2007;453(5):611-20.

Meier PJ AS Meier-Abt, L Boyer. Properties of the canalicular bile acid transport system
in rat liver. The Biochemical journal 1987;242(2).465-9.

Weinman SA, JGraf, L Boyer. Voltage-driven, taurocholate-dependent secretion in iso-
lated hepatocyte couplets. The American journal of physiology 1989;256(5 Pt 1).G826-32.
Adachi Y, et al. ATP-dependent taurocholate transport by rat liver canalicular membrane
vesicles. Hepatology 1991;14(4 Pt 1):655-9.

Muller M, et al. ATP-dependent transport of taurocholate across the hepatocyte canalicu-
lar membrane mediated by a 110-kDa glycoprotein binding ATP and bile salt. The burnal
of biological chemistry 1991;266(28):18920-6.

Brown RS, ., et al. Enhanced secretion of glycocholic acid in a specially adapted cell
line is associated with overexpression of apparently novel ATP-binding cassette pro-
teins. Proceedings of the National Academy of Sciences of the United States of America
1995;92(12):5421-5.

Childs S et al. Identifi cation of a sister gene to P-glycoprotein. Cancer research
1995;55(10):2029-34.

Gerloff T, et al. The sister of P-glycoprotein represents the canalicular bile salt export
pump of mammalian liver. The burnal of biological chemistry 1998;273(16):10046-50.
Strautnieks SS, et al. A gene encoding a liver-specific ABC transporter is mutated in pro-
gressive familial intrahepatic cholestasis. Nature genetics 1998;20(3):233-8.

Green RM, F Hoda, KL Ward. Molecular cloning and characterization of the murine bile
salt export pump. Gene 2000;241(1):117-23.

Lecureur V, et al. Cloning and expression of murine sister of P-glycoprotein reveals a
more discriminating transporter than MDR1/P-glycoprotein. Molecular pharmacology
2000;57(1):24-35.

Noe J et al. Characterization of the mouse bile salt export pump overexpressed in the
baculovirus system. Hepatology 2001;33(5):1223-31.

Xu G, et al. Removal of the bile acid pool upregulates cholesterol 7alpha-hydroxylase by
deactivating FXR in rabbits. burnal of lipid research 2002;43(1):45-50.

Yabuuchi H, et al. Cloning of the dog bile salt export pump (BSEP; ABCB11) and func-
tional comparison with the human and rat proteins. Biopharmaceutics & drug disposition
2008;29(8):441-8.

Byrne JA, et al. The human bile salt export pump: characterization of substrate specificity
and identification of inhibitors. Gastroenterology 2002;123(5):1649-58.

Noe J B Stieger, PJMeier. Functional expression of the canalicular bile salt export pump
of human liver. Gastroenterology 2002;123(5):1659-66.

Ballatori N, et al. Bile salt excretion in skate liver is mediated by a functional analog of
Bsep/Spgp, the bile salt export pump. American journal of physiology. Gastrointestinal
and liver physiology 2000;278(1):G57-63.

Cai SY, et al. Bile salt export pump is highly conserved during vertebrate evolution and
its expression is inhibited by PFIC type Il mutations. American journal of physiology.
Gastrointestinal and liver physiology 2001;281(2):G316-22.

Moitra K, M Dean. Evolution of ABC transporters by gene duplication and their role in
human disease. Biological chemistry 2011;392(1-2):29-37.

Higgins CF. ABC transporters: from microorganisms to man. Annual review of cell biol-
ogy 1992;8:67-113.

Dean M, A Rzhetsky, R Allikmets. The human ATP-binding cassette (ABC) transporter
superfamily. Genome research 2001;11(7):1156-66.

91



Chapter 3

38.

39.

40.

M,

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

2.6 References 43

Allikmets R, et al. Characterization of the human ABC superfamily: isolation and map-
ping of 21 new genes using the expressed sequence tags database. Human molecular
genetics 1996;5(10):1649-55.

Gadsby DC, PVergani, L Csanady. The ABC protein turned chloride channel whose fail-
ure causes cystic fibrosis. Nature 2006;440(7083):477-83.

Davit-Spraul A, et al. The spectrum of liver diseases related to ABCB4 gene mutations:
pathophysiology and clinical aspects. Seminarsin liver disease 2010;30(2):134—46.
Bnst R et al. Engineering ATPase activity in the isolated ABC cassette of human TAP1.
The burnal of biological chemistry 2006;281(37):27471-80.

Aller SG, et al. Structure of P-glycoprotein reveals a molecular basis for poly-specific
drug binding. Science 2009;323(5922):1718-22.

Byrne A, et al. Missense mutations and single nucleotide polymorphisms in ABCB11
impair bile salt export pump processing and function or disrupt pre-messenger RNA
splicing. Hepatology 2009;49(2):553-67.

Vu K, et al. The functional expression of toxic genes: lessons learned from mo-
lecular cloning of CCH1, a high-affinity Ca2+ channel. Analytical biochemistry
2009;393(2):234-41.

Ma H, et al. Plasmid construction by homologous recombination in yeast. Gene
1987;58(2-3):201-16.

Oldenburg KR, et al. Recombination-mediated PCR-directed plasmid construction in
vivo in yeast. Nucleic acids research 1997;25(2).451-2.

Sindt J et al. Heterologous overexpression and mutagenesis of the human bile salt export
pump (ABCB11) using DREAM (Directed REcombination-Assisted Mutagenesis). PloS
one 2011;6(5): e20562.

Schlegel S, et al. Revolutionizing membrane protein overexpression in bacteria. Micro-
bial biotechnology 2010;3(4):403-11.

Kunji ER, et al. Eukaryotic membrane protein overproduction in Lactococcus lactis. Cur-
rent opinion in biotechnology 2005;16(5):546-51.

Hayashi H, et al. Transport by vesicles of glycine- and taurine-conjugated bile salts and
taurolithocholate 3-sulfate: a comparison of human BSEP with rat Bsep. Biochimica et
biophysica acta 2005;1738(1-3):54-62.

Kubitz R, et al. Trafficking of the bile salt export pump from the Golgi to the
canalicular membrane is regulated by the p38 MAP kinase. Gastroenterology
2004;126(2):541-53.

Hayashi H, et al. Two common PFIC2 mutations are associated with the impaired mem-
brane trafficking of BSEP/ABCB11. Hepatology 2005;41(4):.916-24.

Mita S et al. Vectorial transport of unconjugated and conjugated bile salts by mono-
layers of LLC-PK1 cells doubly transfected with human NTCP and BSEP or with rat
Ntcp and Bsep. American journal of physiology. Gastrointestinal and liver physiology
2006;290(3):G550-6.

Kis E, et al. Bfect of membrane cholesterol on BSEP/Bsep activity: species specificity
studies for substrates and inhibitors. Drug metabolism and disposition: the biological fate
of chemicals 2009;37(9):1878-86.

Mochizuki K, et al. Two N-linked glycans are required to maintain the transport activity
of the bile salt export pump (ABCB11) in MDCK Il cells. American journal of physiology.
Gastrointestinal and liver physiology 2007;292(3):G818-28.

Mao Q, GA Scarborough. Purification of functional human P-glycoprotein expressed in
Saccharomyces cerevisiae. Biochimica et biophysica acta 1997;1327(1):107-18.

Lee SH, GA Altenberg. Expression of functional multidrug-resistance protein 1 in Saccha-
romycescerevisiae: effectsof N- and C-terminal affinity tags. Biochemical and biophysical
research communications 2003;306(3):644-9.

92



Chapter 3

44

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

2 Structure and function of hepatic ABC transporters

Chloupkova M, et al. Expression of 25 human ABC transporters in the yeast Pichia
pastoris and characterization of the purified ABCC3 ATPase activity. Biochemistry
2007;46(27):7992-8003.

Mita S et al. Inhibition of bile acid transport across Na+/taurocholate cotransporting
polypeptide (SLC10A1) and bile salt export pump (ABCB 11)-coexpressing LLC-PK1 cells
by cholestasis-inducing drugs. Drug metabolism and disposition: the biological fate of
chemicals 2006;34(9):1575-81.

Stieger B. The role of the sodium-taurocholate cotransporting polypeptide (NTCP) and of
the bile salt export pump (BSEP) in physiology and pathophysiology of bile formation.
Handbook of experimental pharmacology 2011;(201):205-59.

Yamaguchi K, et al. Measurement of the transport activities of bile salt export pump using
LC-MS. Analytical sciences: the international journal of the Japan Society for Analytical
Chemistry 2009;25(9): 1155-8.

Hirano M, et al. Bile salt export pump (BSEP/ABCB11) can transport a nonbile acid
substrate, pravastatin. The Jburnal of pharmacology and experimental therapeutics
2005;314(2):876-82.

Pauli-Magnus C, PJMeier, B Stieger. Genetic determinants of drug-induced cholestasis
and intrahepatic cholestasis of pregnancy. Seminarsin liver disease 2010;30(2):147-59.
(BVA), TEM.A., Guideline on the Investigation of Drug Interactions 2010: 38.
Stapelbroek M, et al. Liver disease associated with canalicular transport defects: current
and future therapies. burnal of hepatology 2010;52(2):258-71.

Ortiz DF, et al. Identification of HAX-1 as a protein that binds bile salt export protein and
regulates its abundance in the apical membrane of Madin-Darby canine kidney cells. The
Jurnal of biological chemistry 2004;279(31):32761-70.

van der Bliek, AM, et al. Sequence of mdr3 cDNA encoding a human P-glycoprotein.
Gene 1988;71(2):401-11.

Gros P, E Buschman. The mouse multidrug resistance gene family: structural and func-
tional analysis. International review of cytology 1993;137C:169-97.

Smit JJ et al. Homozygous disruption of the murine mdr2 P-glycoprotein gene leads to a
complete absence of phospholipid from bile and to liver disease. Cell 1993;75(3):451-62.
Smith AJ et al. Hepatocyte-specific expression of the human MDR3 P-glycoprotein gene
restores the biliary phosphatidylcholine excretion absent in Mdr2 (-/-) mice. Hepatology
1998;28(2):530-6.

Smith AJ et al. The human MDR3 P-glycoprotein promotes translocation of phosphatidyl-
choline through the plasma membrane of fibroblasts from transgenic mice. FEBS letters
1994,;354(3):263-6.

van Helvoort A, et al. MDR1 P-glycoprotein is a lipid translocase of broad specific-
ity, while MDR3 P-glycoprotein specifi cady translocates phosphatidylcholine. Cell
1996;87(3):507-17.

Higgins CF, MM Gottesman. Is the multidrug transporter a flippase? Trends in biochemi-
cal sciences 1992;17(1):18-21.

Hferink RP, et al. Class Il P-glycoproteins mediate the formation of lipoprotein X in the
mouse. The burnal of clinical investigation 1998;102(9):1749-57.

Oude Bferink RP, AK Groen. Mechanisms of biliary lipid secretion and their role in lipid
homeostasis. Seminarsin liver disease 2000;20(3):293-305.

Gros P, et al. Cloning and characterization of a second member of the mouse mdr gene
family. Molecular and cellular biology 1988;8(7):2770-8.

Buschman E, P Gros. Functional analysis of chimeric genes obtained by exchanging ho-
mologous domains of the mouse mdr1 and mdr2 genes. Molecular and cellular biology
1991;11(2):595-603.

93



Chapter 3

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

2.6 References 45

Buschman E, P Gros. The inability of the mouse mdr2 gene to confer multidrug resistance
islinked to reduced drug binding to the protein. Cancer research 1994;54(18):4892-8.
Raymond M, et al. Physical mapping, amplification, and overexpression of the
mouse mdr gene family in multidrug-resistant cells. Molecular and cellular biology
1990;10(4):1642-51.

Kino K et al. Aureobasidin A, an antifungal cyclic depsipeptide antibiotic, is a substrate
for both human MDR1 and MDR2/P-glycoproteins. FEBS letters 1996;399(1-2):29-32.
Smith AJ et al. MDR3 P-glycoprotein, a phosphatidylcholine translocase, transports
several cytotoxic drugs and directly interacts with drugs as judged by interference with
nucleotide trapping. The burnal of biological chemistry 2000;275(31):23530-9.

Ruetz S, P Gros. Phosphatidylcholine translocase: a physiological role for the mdr2 gene.
Cell 1994;77(7):1071-81.

Seight RG, RE Pagano. Transbilayer movement of a fluorescent phosphatidylethanol-
amine analogue across the plasma membranes of cultured mammalian cells. The burnal
of biological chemistry 1985;260(2):1146-54.

Margolles A, et al. The purifi ed and functionally reconstituted multidrug transporter
LmrA of Lactococcus lactis mediates the transbilayer movement of specific fluorescent
phospholipids. Biochemistry 1999;38(49):16298-306.

van Genderen |, G van Meer. Differential targeting of glucosylceramide and galactosyl-
ceramide analogues after synthesis but not during transcytosis in Madin-Darby canine
kidney cells. The burnal of cell biology 1995;131(3):645-54.

Baykov AA, OA BEvtushenko, SM Avaeva. A malachite green procedure for orthophos-
phate determination and its use in alkaline phosphatase-based enzyme immunoassay.
Analytical biochemistry 1988;171(2):266—70.

KornbergA, WEPricer, J. Enzymatic phosphorylation of adenosine and 2,6-diaminopurine
riboside. The Jburnal of biological chemistry 1951;193(2):481-95.

Lindsley [E Use of a real-time, coupled assay to measure the ATPase activity of DNA
topoisomerase Il. Methods in molecular biology 2001;95:57-64.

Doyle LA, et al. A multidrug resistance transporter from human MCF-7 breast cancer
cells. Proceedings of the National Academy of Sciences of the United States of America
1998;95(26):15665-70.

Miyake K, et al. Molecular cloning of cDNAs which are highly overexpressed in
mitoxantrone-resistant cells: demonstration of homology to ABC transport genes. Cancer
research 1999;59(1):8-13.

Allikmets R, M Dean. Cloning of novel ABC transporter genes. Methods in enzymology
1998;292:116-30.

Kage K, T Fujita, Y Sugimoto. Role of Cys-603 in dimer/oligomer formation of the breast
cancer resistance protein BCRP/ABCG2. Cancer science 2005;96(12):866—72.
Henriksen U, et al. Identifi cation of intra- and intermolecular disulfide bridges in
the multidrug resistance transporter ABCG2. The Jburnal of biological chemistry
2005;280(44):36926-34.

Wakabayashi K, et al. Intramolecular disulfide bond is a critical check point determining
degradative fates of ATP-binding cassette (ABC) transporter ABCG2 protein. The Jburnal
of biological chemistry 2007;282(38):27841-6.

Polgar O, et al. Mutational studies of G553 in TM5 of ABCG2: a residue potentially
involved in dimerization. Biochemistry 2006;45(16):5251-60.

Motamedi K, et al. Villonodular synovitis (PVNS) of the spine. Skeletal radiology
2005;34(4):185-95.

HonjoYY, et al. Acquired mutations in the MXR/BCRP/ABCP gene alter substrate specific-
ity in MXR/BCRP/ABCP-overexpressing cells. Cancer research 2001;61(18):6635-9.

94



Chapter 3

46 2 Structure and function of hepatic ABC transporters

98. Ozvegy C, A Varadi, B Sarkadi. Characterization of drug transport, ATP hydroly-
sis, and nucleotide trapping by the human ABCG2 multidrug transporter. Modula-
tion of substrate specifi city by a point mutation. The burnal of biological chemistry
2002;277(50):47980-90.

99. Robey RW, et al. Mutations at amino-acid 482 in the ABCG2 gene affect substrate and
antagonist specificity. British journal of cancer 2003;89(10):1971-8.

100. Bendal KF, et al. The nature of amino acid 482 of human ABCG2 affects substrate
transport and ATP hydrolysis but not substrate binding. Protein science: a publication of
the Protein Society 2006;15(7):1597-607.

101. Woodward OM, et al. Identifi cation of a urate transporter, ABCG2, with a common
functional polymorphism causing gout. Proceedings of the National Academy of Sci-
ences of the United States of America 2009;106(25):10338—42.

102. Furukawa T, et al. Major SNP (Q141K) variant of human ABC transporter ABCG2
undergoes lysosomal and proteasomal degradations. Pharmaceutical research
2009;26(2):469-79.

103. Polgar O, RW Robey, SE Bates. ABCG2: structure, function and role in drug response.
Expert opinion on drug metabolism & toxicology 2008;4(1):1-15.

104. Merino G, et al. Breast cancer resistance protein (BCRP/ABCG2) transports fluoroquino-
lone antibiotics and affects their oral availability, pharmacokinetics, and milk secretion.
Drug metabolism and disposition: the biological fate of chemicals 2006;34(4):690-5.

105. Merino G, et al. Transport of anthelmintic benzimidazole drugs by breast cancer resis-
tance protein (BCRP/ABCGZ2). Drug metabolism and disposition: the biological fate of
chemicals 2005;33(5):614-18.

106. Wang X, et al. Breast cancer resistance protein (BCRP/ABCG2) induces cellular resis-
tance to HIV-1 nucleoside reverse transcriptase inhibitors. Molecular pharmacology
2003;63(1):65-72.

107. Wang X, et al. Induction of cellular resistance to nucleoside reverse transcriptase in-
hibitors by the wild-type breast cancer resistance protein. Biochemical pharmacology
2004;68(7):1363-70.

108. Chen ZS et al. Transport of methotrexate, methotrexate polyglutamates, and 17beta-
estradiol 17-(beta-D-glucuronide) by ABCG2: effects of acquired mutations at R482 on
methotrexate transport. Cancer research 2003;63(14):4048-54.

109. Litman T, et al. Use of peptide antibodies to probe for the mitoxantrone resistance-
associated protein MXR/BCRP/ABCP/ABCG2. Biochimica et biophysica acta 2002;
1565(1):6-16.

110. Fetsch F;, WB Laskin, M Miettinen. Nerve sheath myxoma: a clinicopathologic and
immunohistochemical analysis of 57 morphologically distinctive, S100 protein- and
GFAP-positive, myxoid peripheral nerve sheath tumors with a predilection for the ex-
tremities and a high local recurrence rate. The American journal of surgical pathology
2005;29(12):1615-24.

111. Rabindran K, et al. Fumitremorgin C reverses multidrug resistance in cells transfected
with the breast cancer resistance protein. Cancer research 2000;60(1):47-50.

112. Allen D, et al. Potent and specific inhibition of the breast cancer resistance protein mul-
tidrug transporter in vitro and in mouse intestine by a novel analogue of fumitremorgin
C. Molecular cancer therapeutics 2002;1(6):417-25.

113. Qadir M, et al. Cyclosporin A is a broad-spectrum multidrug resistance modulator.
Clinical cancer research: an official journal of the American Association for Cancer
Research 2005;11(6):2320-6.

114. de Bruin M, et al. Reversal of resistance by GF120918 in cell lines expressing the ABC
half-transporter, MXR. Cancer letters 1999;146(2):117-26.

95



Chapter 3

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

2.6 References 47

Zhou § et al. Increased expression of the Abcg2 transporter during erythroid maturation
playsarole in decreasing cellular protoporphyrin IX levels. Blood 2005;105(6):2571-6.
Ozvegy C, et al. Functional characterization of the human multidrug transporter,
ABCG2, expressed in insect cells. Biochemical and biophysical research communica-
tions 2001;285(1):111-17.

Pozza A, et al. Purification of breast cancer resistance protein ABCG2 and role of argi-
nine-482. Cellular and molecular life sciences: CMLS 2006;63(16):1912-22.

Mao Q, etal. Functional expression of thehuman breast cancer resistance proteinin Pichia
pastoris. Biochemical and biophysical research communications 2004;320(3):730-7.
Jcobs A, et al. Recombinant synthesis of human ABCG2 expressed in the yeast Sac-
charomyces cerevisiae: an experimental methodological study. The protein journal
2011;30(3):201-11.

dnvilisri T, et al. Serol transport by the human breast cancer resistance protein
(ABCG2) expressed in Lactococcus lactis. The dburnal of biological chemistry
2003;278(23):20645-51.

Pozza A, M Perez-Victoria, A Di Pietro. Insect cell versus bacterial overexpressed
membrane proteins: an example, the human ABCG2 transporter. Methodsin molecular
biology 2010;654:47—-75.

Rosenberg MF, et al. The human breast cancer resistance protein (BCRP/ABCG2) shows
conformational changes with mitoxantrone. Structure 2010;18(4):482-93.

McDevitt CA, et al. Purification and 3D structural analysis of oligomeric human multi-
drug transporter ABCG2. Structure 2006;14(11):1623-32.

Clark R, ID Kerr, R Callaghan. Multiple drugbinding sites on the R482G isoform of the
ABCG?2 transporter. British journal of pharmacology 2006;149(5):506—15.

Shukla S, et al. The calcium channel blockers, 1,4-dihydropyridines, are substrates
of the multidrug resistance-linked ABC drug transporter, ABCG2. Biochemistry
2006;45(29):8940-51.

Pal A, et al. Cholesterol potentiates ABCG2 activity in a heterologous expression
system: improved in vitro model to study function of human ABCG2. The Jburnal of
pharmacology and experimental therapeutics 2007;321(3):1085-94.

Wang H, et al. Membrane topology of the human breast cancer resistance pro-
tein (BCRP/ABCG2) determined by epitope insertion and immunofluorescence.
Biochemistry 2008;47(52).13778-87.

96



Chapter 4

Chapter 4

Heterologous Overexpression and Mutagenesis of the
Human Bile Salt Export Pump (ABCB11) Using DREAM

(Directed REcombination-Assisted Mutagenesis)

Published in: PLOS ONE
Impact factor:  4.092

Own Proportion

to this work: 40 %

Establishment of the cloning strategy

Expression of BSEP in P. pastoris

97



Chapter 4

OPEN a ACCESS Freely available online

@ pros one

Heterologous Overexpression and Mutagenesis of the
Human Bile Salt Export Pump (ABCB11) Using DREAM
(Directed REcombination-Assisted Mutagenesis)

Jan Stindt" , Philipp Ellinger’-, Claudia Stross®, Verena Keitel?, Dieter Haussinger?, Sander H. J. Smits’,

Ralf Kubitz?, Lutz Schmitt™*

1 Institute of Biochemistry, Heinrich-Heine-Universty, Dusseldorf, Germany, 2 dinic for Gastroenterology, Hepatology and Infectiology, Heinrich-Heine-University,

Dusseldorf, Gemany

Abstract

of a BSEP mutation in several mammalian cell lines.

Editor: Hendrik ¥ van Yeen, University of Cambrdge, United Kngdom
Received March 18, 2011; Accepted May 3, 2011; Published May 31, 2011

* Email: lutz.schmitt @nhu de

. These authors contributed equally to this work

Homologous recombination in Saccharomyces cerevisiae is a well-studied process. Here, we describe a yeast-recombination-
based approach to construct and mutate plasmids containing the cDNA of the human bile salt export pump (BSEP) that has
been shown to be unstable in E coli. Using this approach, we constructed the necessary plasmids for a heterologous
overexpression of BSEP in the yeast Hchia padoris. We then applied a new site-directed mutagenesis method, DREAM
(Directed REcombination-Assisted Mutagenesis) that completely bypasses E coli by using S cerevisiae as the plasmid host
with high mutagenesis efficiency. Finally, we show how to apply this strategy to unstable non-yeast plasmids by rapidly
turning an existing mammalian BSEP expression construct into a S cerevisiae-compatible plasmid and analyzing the impact

Citation: Zindt J Blinger P, &ross C, Keitel WV, Haussinger D, st al. (2011} Heterologous Overexpression and Mutageness of the Human Bile Zalt Bxport Pump
(ABCB11) Using DREAM (Directed REcombination-Assisted Mutageness). PLoS OME 6(5): 20562, doi:10.1371joumal pone 0020562

Copyright: 0 2011 Sindt et al. This is an open-access artide distributed under the temms of the Creative Commons Attibution License, which permits
unredricted use, distribution, and reproduction in any medium , provided the original author and source are credited

Funding: Thiswork was supported by the SFB 575 "Expenmental hepatology” (project A8 1o LS) and the KFO 217 "Hepatobiliary transport and liver diseases”
(project TP1 to RK. and TR3 to LS. The funders had no role in study design, data collection and analysis, dedsion to publish, or preparation of the manuscript

Competing Interests: The authors have dedared that no competing interests exist

Introduction

Recombinant protein expression is a frequent necessity for
biochemical sudies of proteins, which cannot be obtained in high
amounts from their natural source. Among these are many
membrane proteins. Extensive expression screening is a vital
initial step in the study of membrane proteins, and this stage
involves substantial work with recombinant DNA to create the
necessary expression constructs. Standard techniques of molec-
ular biology, however, become limiting when working with gene
sequences that are unstable in Escieichia coli. This is especially
encountered in the case of mammalian membrane proteins
[1,2,3]. Comprehensive studies that address the actual clening,
propagation, and manipulation of constructs containing these
unstable DNA sequences are rare and often lack detailed
descriptions of the difficulties and, more importantly, of the
solutions. In the case of the human bile salt export pump (BSEP,
ABCBI11}), the clening of the cDNA into an expression vecter only
succeeded after a tremendous amount of work [2]. This process
resulted in a plasmid with several point mutations in the coding
sequence, six of which changed the sequence on the protein level.
A general issue encountered during propagation and targeted
mutagenesis of BSEP-containing plasmids is the loss of various
parts of the BSEP cDNA sequence in E. oli [2]. This loss of
sequences has been observed for other proteins as well [4]. The
correponding DNA sequences have generally been termed

@ PloS ONE | www plosone.org

“unstable” or even “toxic”, because the presence of the mtact
plasmid ultimately resulted in bacterial cell death.

One approach to create plasmids containing these “toxic”
DNA fragments is to assemble it by hemolegous recombination
in Saccharamyes crevisiae (S. carevisiag) thereby circumventing E. ooli
[5,6,7]. 8. oxedisiae is able to recombine several overlapping
fragments into one circular plasnid containing the desired
c¢DNA. By incorporation of a suitable origin of replication (Ori)
as well as a selection marker virtually any plasmid can be created
for usage of recombination-based cloning by 5. caevisiae A
fragment containing beth ORI and selection marker can be
added together with the toxic target cDNA i a single
recombination step yielding an intact and most importantly
stable expression plasmid.

We have used S. cxevisiae to create such an expression plasnid
containing the “toxic” coding sequence of human BSEP which
was subsequently used for BSEP expression in S. caevisiae and
Pichia pastaris (P. pastais). Severe hereditary diseases of the liver are
directly associated with mutations in the BSEP transporter [8,9].
Previously heterologous BSEP expression was only demonstrated
in insect cells [2], which hampered a detailed analysis of function
of both wild-type BSEP and clinically relevant mutations in vitro.
Besides creating an expression plasmid for BSEP in P. pagoris the
method described here is also used to directly create BSEP
mutants in the yeag plasmid for subsequent expression in
mammalian cell lmes. This highlights the applicability of this
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method te both “simple™ expression systems like the yeast based as Therefore, we changed the expression sysem from 3. caevisiacto
well as more sophisticated expression in mammalian cell lines. P. pastais. Here, expression is driven from the strong inducible
AOQX] promoter. In addition, this yeast strain can reach high cell

Results densities and thereby lead to substantial amounts of membrane
protein [13,14,15]. Furthermore, Chloupkova et al. were able to

Cloning and expression of BSEP express 25 human ABC transporters in P. pastoris [15], however
The unicelluar eukaryote S. arevisiaewas initially chosen because BSEP was not among them. We used the P. pastaris integration
of three advantages: () it can perform efficient homologous vector pPIC3.5, which was prepared for manipulation in 5.
recombination [5,7]; (i) expression of other eukaryotic ABC arevisiae by integrating the relevant sequence that is necessary for
transporters has been successfully reported [10]. For example, S. maintenance (ORI) and selection in this yeas. A PCR product
oaevisiae has been used to express the BSEP homologue MDR1 containing the S. oxedsiae 2 micron ORI and a leucine
[11,12]. @) Transformants resulting from in viw homologous prototrophy marker and a second PCR product containing BSEP
recombination can immediately be tested for target protein with an C-terminal hisgtag (kind gift of Dr. Kenneth Linton) were
expression. We used these advantages for BSEP, but expression simultaneously recombined into pPIC3.5 in viw in 5. ogevisiae
levels in 8. orevisiae were very low and not sufficient for subsequent Figure 1A). The resulting derivative pPIC3.5-C1. BSEP (Figure
purification or activity sudies (Figure 1B, left panel). S1) is identical to the consgruct that would be obtained by

A

Unstable gene of interest
amplicon (BSEP) and Recovery of unstable
xpression v r
m:n o ..p 220 ect? Transformation of non-S. cerevisiae
or ("yeast shuttle’

expression host (Pichia pastoris)

Q pPIC3.5CHISBSEP)

Non-S. cerevisiae expression

vector (pPIC3.5 for expression in
Pichia pastoris) is gapped at O |::> |::>

cloning site and at unique

restriction site (RS) of backbone \\/ RS

Fragment with yeast 2 micron
Ori/LEU prototrophy marker are %
simultaneously added by HR
Optional: removal of 2 micron

Ori/LEU fragment by restriction N~ Rg
digest and religation

YEpNHIS YEpCHIS empty P. pastoris G5-115 transformed with pPIC3.5CHISBSEP

er(?tplw —_— e'(‘:"tplt\" HSER Ctrl 1 2 3 4 5 6 7 8 9 10 11 12
Il (1

- ‘-b.—"——.—-—--"'-q

130kDa =
130kDa b e (S

12 3 4 1 2 3 4 5 6 7 & 9 10 11 12 13
Saccharomyces cerevisiae Pichia pastoris

Figure 1. Heterologous overexpression of BSEP in Saccharomyces cerevisiae and Fichia pastoris. A, Toxic or unstable expression plasmids
can be constructed for any system in 5. cerevisae by adding the necessary sequence to the plasmid backbone. In order to clone BSEP into the Pichia
padoris expresson cassette on pPIC3.5, the recombination vector was double-digested to allow the simultaneousinsertion of both the unstable BSEP
coding sequence and a PCR-generated fragment of the YEpHIS plasmid carrying the 2 micron origin (Ori) of replication and the leucine (LBJ)
prototrophy marker by homologous recombination (RS=Ndel). This plasmid was recovered from S cerevisae and obtained in preparative amounts
from E coli by strict cultivation at 30uC under suitable conditions. B, Expression of human BSEP in S cerevisae and P. pastoris. Ejual amounts of whole
yeast cell extracts were resolved on SDS-PAGE electroblotted and probed with the polyclonal BSEP antiserum K188. Left panel, Homologous
recombination was used to construct both BSEP expression vectors directly in S cerevisae. NHIS/CHIS, N- or Cterminal histag postion; empty Cir,
strain transformed with comesponding empty YEoHIS expression plasmid. Right panel, pPIC3 5 CHISBSEP was condructed as described in A and
used to transform P. pastoris strain G5-115 by electroporation. Empty Ctrl, P. pastoris GS-115 strain transformed with the empty pPIC3.5 integration
vector.

doi:10.1371/journal.pone. 0020562 g001
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conventional bacterial cloning, with the exception of the
introduced ORI and selection marker. The plasnid was used to
transform P. pasgtais. Abundant colonies were obtained and twelve
of these were subsequently analyzed for BSEP expression. As
demonstrated by Western blot analysis, all of the tested clones
expressed BSEP at similar levels (Figure 1B, right panel). A strain
transformed with the empty integration wvector was used as a
negative control. The vield of recombinant BSEP achieved in P.
pastais is subgtantially higher than in 5. crevisiae allowing further
purification and subsequent biochemical analysis.

DREAM - A site-directed mutagenesis method for
unstable and toxic plasmids

Several severe hereditary diseases are known to be associated
with human ABC fransporter genes [16]. To date, 146 BSEP
mutations have been reported in the Human Gene Mutation
Database [17], The vast majority of which are associated with liver
diseases. One of the mog frequently used methods to generate
specific mutations is the site-directed mutagenesis (SDM) proce-
dure [18]. This method relies on the usage of E. adi to turn the
linear product ebtained by an in vitro mutagenesis inte a circular
plasnid via nick repair. However, since the cDNA BSEP is toxic
for E.cdi, this standard method is not applicable. Therefore, we
used S. orevisiac as host.

Classic SDM relies on the removal of non-mutated template
plasnid achieved by Dml digestion, which recognizes and cleaves
only methylated DNA template. Thereby only the mutated
plagnid can give colonies. Plasmids prepared directly from 8.
arevisiae, however are, unmethylated and the template plasmid
cannot be removed by Dpnl digestion [19,20,21]. Thereby, the
efficiency of mutagenesis is too low. To obtain pesitive clones
several hundred nanograms of mutated plasmid are needed and a
substantial amount of time is required to pick and analyze several
clones to find the correctly mutated plasmid [22,23,24]. By
changing the mutagenesis primer design from a complete to a
partial, 5%overlap ofthe primer pair (Figure 2A, sep 1), the linear
in vitro mutagenesis step is turned into an expenential polymerase
chain reaction: due to this primer shift a product is generated
which carries priming sites that serve as a template in the
subsequent reaction cycles (step 2). The usefulness of such a primer
shift was previously reported, although in a different context [25].
The reaction product is therefore endowed with homologous
double-stranded ends that allow the precise recirculation by
homologous recombination inte an intact plasmid (step 3; for a
detailed comparison efboth, classic and DREAM mutagenesis, sce
Figure 52). A change of primers to mutated plasmid DNA used for
transformation thereby increases the probability of picking positive
mutated clenes.

We analyzed the efficiency of this yeast-based mutagenesis
method by infroducing a mutation into BSEP on a 5. oxevisiae
plagnid that resulted in an additional recegnition site for the
restriction enzyme BsBI (Figure 2B) The mutagenesis reaction
gave , 100 colonies after transformation. Twenty-five of the
resulting transformants were picked and the mutated region of the
plasnid was amplified by colony PCR. The product of 1240 bp
was then subjected to BsBI digestion, which - assuming that the
site directed mutagenesis has been successful - should result in two
bands of 960 and 280 bp, respectively. Since no B«Bl site was
present in the amplified DNA, the PCR product of colonies not
bearing the mutation cannot be digested by this resriction
enzyme. From 25 clones picked, 19 carried the introduced
mutation, cerresponding to a mutagenesis efficiency of 76%. Five
of these mutated plasmids where sequenced and all of them were
positive for the mutation. The efficiency of two other mutations

‘.:@.‘- PLoS ONE | www.ploscne.org
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generated by this strategy was 74%. This demeonsdrates that our
method is comparable to the 80% efficiency reported for the E.
cdi-dependent, classical SDM [26].

Rapid DREAM mutagenesis and expression analysis of a
yeast-enabled mammalian BSEP expression vector

Many eukaryotic membrane proteins are expressed and studied
in mammalian cell lines [27,28]. In order to extend the usage of
the DREAM methed to human cell culture, a yeast-compatible
derivative of the mammalian BSEP expression vector pEYFP-N1-
BSEP [29] (Figure S1) was created by introducing the necessary S.
caevisiie ORI and selection marker(in analogy to the P. pastais
vector modification shown in Figure 1A). After introduction and
sequence verification, the obtained plasnid construct was
successfully ftransfected into HEK293 cells as wvisualized by
detection of the fluorescent YFP tag at the C-terminus of the
BSEP fusion protein (Figure 3). Comparison with the parental
non-yeast expression vector showed that in both cases BSEP is
localized at the plasna membrane Figure 3A and B). Additionally,
flow cytometric analyses of HEK293 cells transfected with
equimolar amounts of BSEP in pEYFP-NI1 and in pEYFP-NI1-
OriLeu, respectively, were performed to determine transfection
and expression rates of both plasnids (Figure 83) Here,
transfection rates and BSEP expression from the larger yeast
shuttle vector and the smaller, parental vector were found to be
comparable 21% and 32%, respectively). These experiments
show that the presence of the additional ORI and selection marker
does not influence the expression of BSEP in mammalian cell
cultures.

We introduced a B«BI mutation by the E. cdi-free DREAM
method as described above. After plasmid recovery, expression
was analyzed by transfection in different mammalian cell lines
(Figure 3C). The green fluorescence of the BSEP mutant fusion
protein could be detected in HEK 293, MDCK and HepG2 cells.
Here, a mislocalization of the mutated ABC transporter from the
plasma membrane to infracellular compartments could be
observed (Figure 3C). This mislocalization has also been observed
in a liver biopsy from a patient carrying this BSEP mutation
(Kubitz and H aussinger, unpublished data).

Discussion

Here we present a complete, yeast-based workflow to create and
manipulate unstable or toxic genes for any expression sygem. By
using this method, we were able to express the “toxic” human
wild-type BSEP c¢DNA both in S oxevsiac and P. pashoris.
Furthermore it is possible to rapidly generate and sudy BSEP
mutations and to use the resultant plasmids in yeast and
mammalian expression sysems without further modifications.
We describe and provide proof of principle for DREAM, a new
site-directed mutagenesis method that allows the site-gpecific
manipulation of plasnids in 5. cxevsiae. This method can be used
for many plasmids by simple addition of the sequence necessary
for 8. caevisiae plasmid maintenance. Moreover, these plasnids can
also be obtained in sufficient quantity and quality directly from S.
caevisiae cultures [30]. The presented approach can rely on S.
caevisiae as the single organism used in all cloning steps from
plasmid construction and propagation as well as its mutagenesis.

Homologous recombination has other additional advantages:
since the recombination process is completely independent of
restriction sites, the in-frame fiusion of an msert to e.g. a plasnid-
encoded tag never results in unwanted additional amino acids on
the recombinant pretein, while this is often the case in restriction-
or LIC-based cloning [31,32] {ligation-independent cloning). At
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Productive annealing is greatly favoured in
1st cycle with shifted primer design

Also, product of 1st cycle is
available as template in 2nd cycle

Amplified, mutated ds-end product is
converted into a circular plasmid in
yeast by homologous recombination
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Figure 2. The DREAM method allows site-directed mutagenesis of an unstable BSB”-carrying plasmid without the need for E cofi. A,
The product yield can be increased significantly by shifting the primer binding sites from a complete to a partial overlap that allows binding of the
primers to product in subsequent cycles. The minute amount (10 ng) of non-mutated template used in the reaction is easly outnumbered by the
yield of mutageness product, which is double-stranded {ds) due to the modified primer design {see also Figure 32). This allows for the direct
transformation of S cerevisiae without the need of prior template removal. The mutagenesis product is then recircularized by homologous
recombination of the double-stranded ends B, Analyss of S cerevisisae transformants obtained from the modified SDOM protocol shows a high
mutagenesis efficiency. Successful mutagenesis in this case results in the addition of an BBl restriction site into the BSEP coding sequence. Colony
PCR of the resulting transformantswas performed with primers surrounding the mutagenesis site, and the resulting product was digested with BstBl.
19 of the 25 tested clones carried the additional restriction ste {+), corregponding to a mutagenesis efficiency of 76%.

deoi:10.1371/journal . pone.0020562 g002

the same time, homologous recombination is generally as high-
throughput-compatible as LIC.

DREAM - Directed REcombination-Assisted Mutagenesis

The modified primer design of the yeast-based DREAM
mutagenesis method is simple and like the classic SDM covers
all aspects of mutagenesis: mutation, insertion and deletion (see
Figure 52). The DREAM mutagenesis primer pair can easily be
desighed by the following basic rules: each oligonucleotide
should be around 50 bases long, with 20 bases of 59 primer-to-
primer overlap for an efficient recombination of the mutated
plasnid ends in yeast, carrying the mutation, deletion or
insertion in their middle, and 30 bases of 3%sequence for
template annealing. The 20 bp overlap on both ends of the
linear mutagenesis product results in efficient homology-based
gap repair in 5. caevisiac to form the circular, mutated plasmid
(Figure 2). To minimize the occurrence of errors, the number of
thermal cycles is restricted to 18 as recommended for the
conventional SDM kit [26]. Accordingly, all analyzed DREAM
clones so far replicated the template plasmid sequence i.e. apart
from the introduced mutation the whole BSEP coding sequence
was found to be unchanged.

The new mutagenesis method permits the rapid realization of
patient-derived BSEP mutations for immediate sudy in cell
cultures. Using DREAM, we could show that a BSEP mutation
identified in a patient with progressive familial intrahepatic
cholestasis type 2 results in a trafficking defect of the mutant
protein that prevents BSEP from being correctly incorporated into
the plasma membrane. Future mutations can be generated quickly
for their sudy in mammalian cell lines and/ or in vitro on the

‘_-'@.', PLoS ONE | wwwplosone.org

isolated recombinant protein. This is a major advantage since the
realization of for example BSEP mutations was previously a work-
intensive and time-consuming task. Glycosylation has been shown
to be irrelevant for the function of other human ABC transporters
expressed in yeast in the pas [12,33]. Furthermore, BSEP
expressed in 59 cells, which also harbors a glycosylation pattern
different from the human pattern, was functional [2]. Thus, it is
very likely that the glycosylation state and/ or pattern of BSEP is
not relevant for its function.

Concluding remarks

We have established and validated a complete new workflow for
the clening and manipulation of “‘unstable or toxic” DNA. We
believe that in particular the new E. cdi-independent DREAM
mutagenesis srategy will be helpful for proteins where functionally
relevant mutants of proteins could not be sudied due to limitations
of their bacterial clening.

Materials and Methods

Yeast strains and growth conditions

The Sacharommees ceevisiae strain used in this study was the
$5288C derivative YRE1001 (MATa;, ura3-52; tipl-1; lai2-3,112;
his3-11, 15; ade2-1; pdl-3;DPDRS DPDRSpran:TRP1) [34]. For
expression in Pichia pastais, strain GS8-115 from Invitrogen was
used. Yeast cells were maintained either on YPD agar (1% (w/ v)
yeast extract, 2% (w/ v) peptone from caseine, 2% (w/ v) glucose,
and 2% @/ v) agar for solid media) or synthetic complete (SC)
minus leucine media [35] at 30uC, and liquid cultureswere shaken
at 200 (5. oxevisiac) or 250 rpm (P. pastais) respectively.
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Figure 3. The yeast-maintainable BSEP expression plasmid isfunctionally indistinguishable from the non-yeast parental plasmid in
mammalian cell culture. A, HEK293 cells were transfected with pEYFR-N1-BSEP. B, HE(293 cells were transfected with pEYFP-N1-Orileu-BSHEP.
Euimolar amounts of both consgructs showed comparable transfection efficiencies and expression levels (established by FACS analysis, see Figure
S3). C, HEK293 {upper panel), MDCK (middle), and HepG2 cells {ower panel) were transfected with the Bst Bl mutation in pEYFR-N1-CriLeu-BSEP that
was introduced with the E coli-free site-directed mutageness method. All cells were transfected with equimolar anounts of the respective constructs
via Lipofectamine according to the manufacturer's guidelines. After fixation, nuclei were stained with Hoechst 34580 (blue), and the flucrescence

(green) of the YFP tag in the BSEP fusion protein was observed.
deoir10.1371fjournal pone 0020562.9003

Molecular biology reagents, kits, and oligonucleotides

All polymerase-based reactions were performed with the
Phusion HHigh Fidelity DNA polymerase (NEB) and the supplied
HF buffer. Redriction enzymes were from NEB and Fermentas.
Oligonucleotides were ordered from Eurofins MWG Operon
(Ebersberg, Germany). Plasmid miniprep kits were obtained from
Qiagen (Hilden, Germany), and the Nucleobond HXtra midiprep
kit from Macherey-Nagel was used (Duren, Germany).

Generation of FCR products and preparation of vectors
for homelogous recombkination in S cerevisiae

The Clone Manager Suite 6 (Sci-Ed Software) was used to
design all oligonucleotides and calculate annealing temperatures
of the primer pairs. All oligonucleotides and plasmids used in this
gudy can be found in Table S1 and S2, respectively. All PCR
reactions were performed with the Phusion HDNA polymerase in
HF buffer according to the recommendations of the manufac-
turer. 50 m reactions contained 15m of DMS30O. PCR
conditions were: 2 min initial denaturation, 50 sec cycle dena-
turation, 50 sec annealing, 20 sec per kbp of extension for 35
cycles, followed by 7 min of final extension. For hemologous
recombination, all vectors were linearized by resfriction digest as
indicated during which they also were dephosporylated with calf
intestinal alkaline phosphatase (Fermentas). YEpMDRIHIS was
double-digested with BamHI and Bsml, YEpHIS was cut with
BamHI and Mlul to remove the C-terminal his tag [12]. The

@ PLoS ONE | www plosone.org

oligonucleotides YEpNHISFor and YEpNHISRev encoding an
N-terminal hisystag followed by a factor X, cleavage site were
mixed in equimolar amounts, heated to 95uC for 5 min and
allowed to anneal by slow cooling to room temperature. After T4
polynucleotide kinase (NEB) freatment, the phospherylated
synthetic insert was ligated into the gel-purified linearized
YEpHIS plagnid. BSEP PCR products with fitting overlaps were
generated with the primer pairs BSEP-YEpHISN-S1/-32 and
BSEP-YEpHISC-81/ -52, respectively.

Transformation of competent S cerevisiae cells
Competent cells were generated as described elsewhere [24].
Briefly, a 5 ml overnight culture was used to inoculate 50 ml YPD
to an ODeapof 0.2, Cells were harvested at an ODeaoof 0.8to 1
and washed once with 50 ml of derile water. The cell pellet was
then washed once in 1 ml of LATE buffer (0.1 M lithium acetate,
10 mM TrisHCI] pH 8, 1 mM EDTA) and adjusted to 50 nl
LATE per 10 QD gy equivalents of cells. Cells were directly used
or gored for a maximum of two days at 4uC. Competent yeast
cells were transformed either with intact plasnid or equimolar
amounts of DNA fragments for homologous recombination using
the Lithium-Acetate/ PEG method [24] without single-stranded
DNA, and transformants were selected on solid SC minus leucine
media. The DNA for yeast transformation was salt/ ethanol-
precipitated, briefly dried and directly redissolved in the yeast
suspension. Resulting transformants were directly used to
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inoculate 5 ml overnight cultures. From these, 5 ml cultures were
inoculated to an ODgyp of 0.3 and harvesed in the early
logarithmic growth stage (OD gynof 1).

Analysis of B8P expressicon in HFchia pasteris

The primer par OriLeu-pPIC3.5-Ndd-51/-52 was used to
amplify the region of the YEpHIS plasmid containing the
2 micren ori and the leucine prototrophy marker the sequence
of YEpLacl8l, the parental vector of YEpHISI containing the ori
and marker information can be found under Genbank acc.
no. X75460.1), and BSEP was amplified with primers BSEP-
pPIC3.5-51/-52. pPIC3.5 was double-digested with Ndd and
BamHI, and all fragments were pooled in equimelar ameunts and
used for transformation of 5. crevisiac. After plasmid recovery in E.
oli XL1blue, the Pidia pastais strain GS5-115 was transformed
according to the Invitrogen guidelines. Clones obtained from
transformation were subjected to a second round of selection on
MD plates without higidine. From these, 10 ml MGY cultures
were grown overnight at 30uC and 250 rpm shaking. Cells were
pelleted at an OD g between 2 to 6 (1500 g, 5 min, 4uC) and
resugpended in MMY medium to a final OD g of 1. After
additional growth for 24 h, 10 OD & equivalents were harvested
and used to make whole cell lysates. Cells were washed once with
water, resupended in 1 ml of water, and lysed on ice for 10 min by
addition of 150 ml of YEX buffer 1.5 M NaCH, 7.5% /) b-
mercaptoethanol [36]). The solution was precipitated by addition of
150 ml of 50% (w/ v)trichloroacetic acid for 10 min on ice, and the
precipitate was harvesged by centrifugation (10 min, 14.000 rpm,
4uC). After complete removal of supernatants, the pellets were dried
briefly at room temperature and resuspended in 100 ml of sample
buffer (for composition, see [36]). Samples were incubated for
10 min at 65uC and spun down briefly. 0.5 ODgpequivalents were
then loaded onto 7% SDS gels and separated at 150 V. After semi-
dry electroblotting (Biorad) onto nitrocellulose, the membrane was
blocked for 30 min in TBS-T with 5% non-fat dried milk and then
probed with a 1:2500 dilution of the polyclonal rabbit antiserum
K168 directed against human BSEP [28].

For S. caevsiae, 2 OD gy equivalents of cells were taken and
processed. the pellets were resuspended in 80 i of sample buffer,
and 20 m (0.5 OD gpequivalents) were resolved on a 7% SDS gel.

The E coli-free site-directed mutagenesis (DREAM)

For introduction of the missense, BstBI mutation into BSEP
constructs, the mutagenesis primer pair BSEP-BsBImut-51/-52
was used. Cycling conditions were as in the classic SDM protocol,
with 18 cycles to aveid PCR-induced errors, and with the
annealing temperature srictly being kept at 60uC to ensure the
generation of ds-ended mutagenesis preduct {also see Figure S1).
Reactions were st up with the Phusien HDNA polymerase, asthis
proofteading enzyme has a low error rate practically identical to
the enzyme used in the Stratagene SDM kits (according to the
manufacturers’ datasheets: 4.46 10~ for Phusion H High Fidelity
Polymerase, 4.36 10> for PfuUltra HHF Polymerase). Extension
time was 1 min per kb to allow for complete extension. The
recommended elongation time for Phusion polymerase is 15—
30 seconds per kbp, and an extended incubation at the elongation
sep was found to be important for a successful exponential
product generation, probably because it ensures the quantitative
integrity of the ends that serve as priming sites in subsequent
cycles. 10 ng of template was used, and the reaction was initiated
after heating the reaction to 98uC (hot start) with 0.5 ml of Phusion
polymerase. The reaction was precipitated with sodium acetate
and ethanol, and directly resuspended m 20ml (=4 ODgp
equivalents) of fresh competent yeast cells in LATE buffer. This
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asaures an optimal ratio of mutagenesis product to yeast cells. The
trangformation was carried out as described above by addition of
120 ml PLATE buffer (40% (' v) PEG 4000, 0.1 M lithium
acetate, 10 mM TrisHCI pH 8, 1 mM EDTA).

Yeast colony PCR

Freshly growing transformant colonies were picked and
resreaked onto sclective agar plates. The remaming of the
material was treated with Zymolyase for 45 min at 37uC in 50 m
reaction volume (0.1 M sodium phosphate buffer pH 74, 2 mM
DTT, and 5-10 mg/ ml of Zymolyasc T-100 {CN)). After heating
the reactions to 95uC for 10 min, the material was frozen at
2 20uC for 10 min and thawed again. 5 ml of this were used as
template for colony PCR (30 m reaction in Phusion HF buffer:
2 mM final conc. of MgCl, 20 pmol/ primer, 200 mM dNTPs, 1.5
units Phusion H DNA pelymerase). 10 ml of the reaction was
directly digesed with BstBI (15 ml reaction, & units restriction
enzyme) for 1 h at 37uC and then resolved on a 1% agarose gel.

Plasmid recovery from yeast

Small- (5-10 ml for E. wli transformation) or large-scale (0.5-1 1
for obtaining preparative plasmid amounts) overnight yeast liquid
yeast cultures were harvested, washed in cold water once, and then
resuspended in Zymolyase incubation buffer {see above, with 1.2 M
sorbitel). The yeast cell wall was digested for 30 min at 37uC, cells
were then lysed by alkaline lysis as described in [30]. 0.5-1 rd ofthis
preparation was used to transform chemically competent E. ali
strain XL1blue. After heat shock, bacteria were shaken for 1 h at
30uC and 200 rpm. This low temperature is crucial to prevent the
loss of unstable construct. After plating out on low salt LB media
containing 50 ng/ ml Carbenicillin, plates were incubated at 30uC.
Carbenicillin allows for a tighter and longer lagting selection as it
hydrolyzes much slower than ampicillin. 150 ml low salt LB with
Carbenicillin were then directly inoculated with a single colony and
allowed to grow for 36 to 48 hoursat 30uC and 200 rpm. Cellswere
harvested and plasnid prepared from these. The plasmids were
sequence-verified.

Transfection of cell lines with wt and BstB-mutated
BEERYFP and immunoflucrescence analyses

pEYFP-N1-BSEP was made yeast-compatible as described for
pPIC3.5 by addition of an Ori/Leu PCR product made from
YEpHIS with primer pair OrilLeu-pEYFP-AflII-81/ -82.

HepG2 cells (ATCC, ordering number HB-8065) were cultured
in Dulbecco’s modified Eagle’s medium Nutrimix F12 (OMEM-
F12; Invitrogen), HEK 293 cells (ATCC, ordering number CRL-
1573y were cultured in DMEM and MDCK cells were cultured in
MEM with Earle’s Salts, each containing 10% fetal calf scrum
(PAA, Cocelbe, Germany), in a humidified, 5% CO -atmosphere at
37uC. The indicated BSEP-YFP plasnid DNA was transfected
using FuGENE H HD (Reche) according to the manufacturer’s
guidelines. For fluorescence microscopy (LSM 510, Zeiss
Oberkochen, Germany) cells were fixed and permeabilized with
methanol (100%, 4uC, 1 min) and nuclei were stained with
Hoechst 34580 {nvitrogen).

Flow cytometric analysis

HEK 293 cellstransiently transfected with equimolar am ounts of
BSEPwt in pEYFP-N1 (1 mg) and in pEYFP-N1-OriLeu
(1.38 np), respectively, and untransfected cells were cultured in
12-well culture plates until subconfluence. For flow cytometric
analyses they were washed with ice-cold phosphate buffered
saline (PBS) and incubated with Accutase at 37uC. Cells were
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transferred into 1.5 ml tubes, centrifuged for 30 sec at 45006 g
and resuspended in FACS buffer (PBS+5% v/ v) FCS8+0,1
fw/ v) NaN=). Cell size, granularity and fluerescence intensities
were measured by a FACSCanto Flow Cytometer (Becton
Dickinson, Heidelberg, Germany) with excitation at 488 nm.
EYFP fluorescence was measured at 5306 30 nm. Transfected
cells were gated by comparison with the fluorescence of
untransfected control cells.

Supporting Infoermation

Figure 81 Maps of the ““yeast-enabled’’ plasmids used
in this study for expression and DREAM mutagenesis of
the unstable BSEP ¢cDNA A, pPIC3.5-OriLeu-CHISBSEP for
heterelogous expression in Pichia pastais. B, pEYFP-N1-OriLeu-
BSEP for expression in mammalian cell culture. Plasmid features
used for propagation in E. cdli, S. caevisiae, and the organism used
for BSEP expression are indicated in red, green, and blue,
respectively.

o)

Figure 832 A simple modification of the classic site-
directed mutagenesis protocol allows the mutagenesis of
toxic or unstable plasmids without the need for E. coli.
The classic site-directed mutagenesis (left cartoon side) results in
a mutated and linear plasmid with single-stranded 5%overhangs
formed by the mutagenesis primers. Since the primers are
absolutely complementary to each other, the product of the
SDM reaction exists de fado in a non-covalently closed circular
form that is nick-repaired after transformation into E. cdi. The
polymerase-involving mutagenesis reaction is, in contrast to
sandard PCR, non-exponential: the mutagenesis primers
completely overlap (step 1), so the only primer binding sites
on the generated SDM product would be at its very ends.
These, however, are single-stranded (step 2), and cannet, in the
second cycle, serve to further amplify the product of the first
cycle (step 3). Instead, in each cycle the primers bind to the
original template and generate a linear product with themselves
forming the single-stranded 59-overhangs (tep 4). Along with
the use of a proofreading DNA polymerase, this assures a
minimum of PCR-introduced mutations, as only the original
plasmid is copied and thus mutated in each of the 18 reaction
cycles. However, because of the low product yield resulting
from the linear template amplification, it is also necessary to
remove the unmutated template to minimize the chance of
picking wild type clones after transformation. The restriction
enzyme Dpnl is generally used to recognize and digest both the
methylated plasmid template and hemimethylated heteroduplex
srands while leaving intact the unmethylated mutagenesis
product. Native yeast DNA, however, is unmethylated. We
solved both the problem of low product yield and false positives
by changing the mutagenesis primer design from a complete to
a partial, 5%overlap of the pair {right cartoon side, step 1). A
shift of primer positions has previously been reported in a
different context [4] and this changes the mutant strand
synthesis reaction into a true exponential PCR reaction,
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Figure 83 FACS analysis of the unm odified and “‘yeast-
enabled”” mammalian BSEP expression vector pEYFP-
N1-BSEP. The data indicate that while pEYFP-N1-OriLeu is
transfected at a somewhat reduced yet comparable efficiency as
the unmodified construct, while the mean fluorescence is even
slightly higher. Taken together with Figure 3, this clearly shows
that the additien of the Ori/Leu segment to the wvector
backbone does not compromise construct performance. The
data shown here is representative for three independent
transfection experiments.
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Table S1: PCR primers used in this study

Sequence 5°-3° (relevant restriction sites in underlined italics and point
mutations indicated in bold letter)

Used in

YEpNHISFor

YEpNHISRev

BSEP-YEpHISN-S1

BSEP-YEpHISN-S2

BSEP-YEpHISC-$1

BSEP-YEpHISC-S2

OriLeu-pPIC3.5-Ndel-S1

OriLeu- pPIC3.5-Ndel-S2
BSEP-pPIC3.5-S1
BSEP-pPIC3.5-S2
BSEP-BstBlmut-S1
BSEP-BstBlmut-S2

OriLeu-pEYFP-Aflll-S1

OriLeu-pEYFP-Aflll-S2

GATCCTTTAATTATCAAACAATATCAATATGCATCATCACCATCATCACCATC
ATCACCATCATCATCACCATGGTGGTGGTATTGAAGGTAGACCCGGGTAGA
CGCGTCTACCCGGGTCTACCTTCAATACCACCACCATGGTGATGATGATGG
TGATGATGGTGATGATGGTGATGATGCATATTGATATTGTTTGATAATTAAAG
TCACCATCATCATCACCATGGTGGTGGTATTGAAGGTAGATCTGACTCAGTA
ATTCTTCGAAGTATAAAG
GAATAAGGTAAACATGGTAGCGATGTCGACCTCGAGACGCGTCTAACTGAT
GGGGGATCCAGTGGTGACT
ATAAGAAGATAGGATCCTTTAATTATCAAACAATATCAATATGTCTGACTCAG
TAATTCTTCGAAGTAT
CGATGTCGACCTCGAGACGCGTCTAATGGTGATGGTGATGGTGATGGTGAC
CACTGATGGGGGATCCAGTGGTGACT
AACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGAGGC
CCTTTCGTCTTCAAGAATTAACTGTGGGA

GTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATGATCTGTG
CGGTATTTCACACCGCATATATCG
AATTATTCGAAGGATCCTACGTAGAATTCCCTAGGGCGGCCGCATGTCTGA
CTCAGTAATTCTTCGAAGTATAAAGAAAT
TGAGGAACAGTCATGTCTAAGGCGAATTAATTCGCGGCCGCCTAATGGTGA
TGGTGATGGTGATGGTGACCACTGATG
AGCTCTTCGAAGAGCCTTCTCTTACACCCCAAGTTATGCAAAAGCTAAA
AGAAGGCTCITCGAAGAGCTGTTGCACTCAGTACAACTGCAGAGATCAC
TCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGCGAGGCCCTTTC
GTCTTCAAGAATTAACTGTGGGA
ATTTTAACAAAATATTAACGCTTACAATTTACGCCTTAAGATCTGTGCGGTAT
TTCACACCGCATATATCG

Supplementary
figure 1
Supplementary
figure 1
Supplementary
figure 1
Supplementary
figure 1
Supplementary
figure 1
Supplementary
figure 1
Figure 1

Figure 1
Figure 1
Figure 1
Figures 2 and 3
Figures 2 and 3

Figure 3

Figure 3
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Table S2: Plasmids used in this study

Plasmid Purpose Reference
YEpHIS and YEpMDR1HIS constitutive; C-terminal hisg tag. YEpMDR1HIS contains | [67]
human MDR1 cDNA
YEpNHIS constitutive; N-terminal hisq4 tag This study
YEpNHIS-BSEP constitutive BSEP expression with N-terminal his4 tag This study
YEpHIS-BSEP constitutive BSEP expression with C-terminal hisg tag This study
pPIC3.5-OriLeu-CHISBSEP yeast-shuttle, P. pastoris integration vector for | This study
chromosomal BSEP expression with C-terminal hisg tag
pEYFP-N1-BSEP mammalian BSEP expression plasmid [68]
pEYFP-N1-OriLeu-BSEP yeast-shuttle, mammalian BSEP expression plasmid | This study
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Abstract

The human liver ATP-binding cassette (ABC) transporters bile salt export pump (BSEP/ABCB11) and the multidrug resistance
protein 3 (MDR3/ABCB4) fulfill the translocation of bile salts and phosphatidylcholine across the apical membrane of
hepatocytes. In concert with ABCG5/G8, these two transporters are responsible for the formation of bile and mutations
within these transporters can lead to severe hereditary diseases. In this study, we report the heterologous overexpression
and purification of human BSEP and MDR3 as well as the expression of the corresponding C-terminal GFP-fusion proteins in
the yeast Pichia pastoris. Confocal laser scanning microscopy revealed that BSEP-GFP and MDR3-GFP are localized in the
plasma membrane of P. pastoris. Furthermore, we demonstrate the first purification of human BSEP and MDR3 yielding
~1 mg and ~6 mg per 100 g of wet cell weight, respectively. By screening over 100 detergents using a dot blot technique,
we found that only zwitterionic, lipid-like detergents such as Fos-cholines or Cyclofos were able to extract both transporters
in sufficient amounts for subsequent functional analysis. For MDR3, fluorescence-detection size exclusion chromatography
(FSEC) screens revealed that increasing the acyl chain length of Fos-Cholines improved monodispersity. BSEP purified in n-
dodecyl-B-D-maltoside or Cymal-5 after solubilization with Fos-choline 16 from P. pastoris membranes showed binding to
ATP-agarose. Furthermore, detergent-solubilized and purified MDR3 showed a substrate-inducible ATPase activity upon
addition of phosphatidylcholine lipids. These results form the basis for further biochemical analysis of human BSEP and
MDR3 to elucidate the function of these clinically relevant ABC transporters.
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multidrug resistance of cancer cells [4,5,6,7]. In hepatocytes,
eleven ABC transporters are expressed. Except for the transport of
different cyclic nucleotides, glucuronide and glutathione conju-
gates through MRPs (MRP 1-6, note that MRP1 is detected only
in fetal hepatocytes) [8] and the transport of endo- and xenobiotics
by MDR1 (P-gp) [9] and ABCG2 [10], one of the main function of
ABC transporters in the liver is the formation of bile depending on
the ABC transporters BSEP (ABCB11), MDR3 (ABCB4) and

Introduction

ATP-binding cassette (ABC) transporters constitute one of the
largest families of membrane transport proteins present in all three
kingdoms of life. They transport a wide variety of different
substrates ranging from small ions to large proteins across
biological membranes using ATP as energy source [1,2]. ABC
transporters are composed of two transmembrane domains

(TMDs) and two highly conserved nucleotide-binding domains
(NBDs). TMDs determine the substrate specificity and the NBDs
fuel the transport by binding and hydrolyzing ATP. In eukaryotes,
the TMDs and NBDs are encoded on one gene and build up
either a full-size transporter (one gene encoding two TMDs and
two NBDs) or a half-size transporter (one gene encoding one
TMD and one NBD), which hetero- or homodimerize to form the
functional unit.

Within the human genome 48 genes encode for ABC proteins,
which are involved mainly in transport [3]. Mutations in these
ABC protein genes can lead to severe diseases such as cystic
fibrosis, X-linked Adrenoleukodystrophy or Tangier disease.
Beside this, ABC transporters are also involved in processes like

PLOS ONE | www.plosone.org

ABCG5/8 [11]. Bile is essential for the digestion of fat as well as
for the absorption of lipids and fat-soluble vitamins originating
from food ingestion in the small intestine. In the intestine the main
components of bile, bile salts and phosphatidylcholine are recycled
via the enterohepatic circulation [12]. Bile salts, phosphatidylcho-
line and cholesterol form mixed micelles in the canaliculus, which
dampen the detergent effect of the amphiphatic bile salts as well as
prevent the formation of cholesterol crystals. Bile formation is
dependent on the three ABC transporters BSEP (ABCBI1),
MDR3 (ABCB4) and ABCG5/8 [13].

The bile salt export pump (BSEP) is the main bile salt
transporter in humans and is localized in the apical membrane
of hepatocytes [14]. It is a 1321 amino acid large, glycosylated
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full-size ABC: transporter and mediates the ATP-dependent bile
flow by transporting monovalent bile salts like taurine and glycine
conjugates of primary and secondary bile salts (e.g. tauro- and
glycocholate or taurodeoxycholate) into the canaliculus [15]. The
human multidrug resistance protein 3 (MDR3) is a close
homologue of MDRI1 (P-glycoprotein, ABCBI1) with an amino
acid sequence identity of nearly 80%. However, MDR3 exclu-
sively translocates phosphatidylcholine from the inner to the outer
leaflet of the apical membrane [16]. MDR3 is like BSEP a
glycosylated full-size transporter composed of 1288 amino acid
[17]. The heterodimeric ABC transporter ABCG5/G8 completes
the bile forming machinery by transporting cholesterol [18,19].

Mutations within the BSEP and MDR3 gene can lead to
different cholestatic diseases, e.g. progressive familiar intrahepatic
cholestasis type 2 and 3 (PFIC2 and PFIC3) [20,21,22], benign
recurrent intrahepatic cholestasis type 2 (BRIC2) [23] or
intrahepatic cholestasis of pregnancy (ICP) [24] and low-
phospholipid associated cholestasis (LPAC) [25]. Therapy for
cholestatic disease includes treatment with e.g. ursodeoxycholic
acid or surgical biliary diversion [26]. If none of those treatments is
successful, the only alternative therapy is liver transplantation.
New successful forms of therapy include treatment with chemical
chaperones like 4-phenylbutyrate for misfolded BSEP mutants
[27].

Because of their high clinical interest, MDR3 and especially
BSEP have been characterized extensively in cell culture as well as
animal models [22,28,29,30,31,32]. A well-established system for
investigating BSEP are for example insect cell-based vesicles,
which allow to perform transport studies and to study kinetics,
inhibitors or mutants [13,33]. Less is known about MDRS3,
because of the difficulty to establish a robust activity assay.
Together, all these assays are performed in whole cells or
membranes and not with the isolated proteins.

To investigate the function of BSEP and MDR3 in its isolated
form, a substantial expression of these proteins is required. To
date, no reports regarding the purification of both proteins from
cell culture systems or other expression systems have been
reported. An alternative to cell culture is the use of yeast
expression systems such as Saccharomyces cerevisiae or Pichia pastors,
which also harbor the eukaryotic protein processing machinery
and can be grown to high cell densities. Chloupkova et al. tested 25
human ABC transporters for expression in P. pastoris [34], but
BSEP and MDR3 were not included in this study, while for
example MRP2, another human liver ABC transporter, could not
be expressed.

In general, S. cerevisiae has been used frequently to express
cukaryotic membrane proteins [35]. After successful establishment
of an expression system, the purification of a membrane protein
requires first of all its solubilization with detergents from the
membrane of the expression host. However, finding an adequate
detergent for extraction and purification that preserves the
membrane protein in a stable and functional form is an
empirical process. High throughput methods have been developed
in order to screen the influence of detergents on stability
and monodispersity of the purified membrane protein
[36,37,38,39,40,41,42]. One of these approaches is fluorescence-
detection size exclusion chromatography (FSEC) based on the
fluorescence of a green fluorescent protein (GFP) tag fused to the
membrane protein. In this approach solubilized crude membranes
are loaded on a size exclusion column and the elution is monitored
via the fluorescence of GFP. Thereby only the membrane-GFP
fusion protein is visible and the result can be evaluated based on
the shape of the elution peak [43,44]
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In this study, we established the heterologous overexpression in
the yeast P. pastoris and the subsequent solubilization and
purification of human BSEP and MDR3. To achieve this, we
applied a dot blot technique and FSEC to identify the most
suitable detergent for BSEP and MDR3. The purified protein
could be isolated in a functional state as judged by substrate-
induced ATPase activity of MDR3 and ATP binding in the case of
BSEP.

Materials and Methods

Materials

All detergents were obtained from Affymetrix with the
exception of Digitonin, which was purchased from Sigma. Lipids
were from Sigma or Avanti Polar Lipids.

Routine Procedures

SDS-PAGE on 7% gels used the Bio-Rad Minigel system.
Immunoblotting followed standard procedures using the mono-
clonal anti-P-gp €219 antibody in case of MDR3 (Abcam), the F-6
anti-BSEP antibody (Santa Cruz Biotechnology) or an anti-GFP
antibody (Sigma). Protein concentration was estimated by the
Bradford method using a Coomassie Plus Assay (Pierce).

Cloning of human BSEP and MDR3 and GFP fusion
expression constructs for Pichia pastoris

The general cloning procedure is described in detail in Stindt et
al. [45]. The P. pastoris expression vector pSGP18 was made
compatible for Saccharomyces cerevisiae by introducing a 2u origin of
replication into its backbone. The 2u origin of replication was
PCR-amplified from the YEpHIS vector with the primer pairs 2
for pPIC S1 and 2u for pPIC S2 (for oligonucleotide sequences see
Table 1). The resulting PCR product and the pSGP18 vector were
digested with Pl and ligated yielding pSGP18-2u. The coding
sequences for human BSEP and MDR3 (NCBI accession code:
NM_003742.2 and NM_000443.3) were PCR-amplified with the
primer pairs BSEP-HR-PP-S1 and BSEP-HR-PP-S2 and MDR3-
HR-PP-S1 and MDR3-HR-PP-S2, respectively. For Pichia expres-
sion of the GFP-tagged transporters, the respective coding
sequences were amplified either with the primer pair BSEP-PP-
HR-S1 and YEpNI14HIS-BSEP-S2 or with MDR3-PP-HR-S1
and YEpN14HIS-MDR3-S2. The S65T-GFP sequence of pFA6a-
GFP(S65T)-kanMX6 [27] was ecither amplified with primer pair
GFP-BSEP-HR-S1 and GFP-PP-HR-S2 or primer pair GFP-
MDR3-HR-S1 and GFP-PP-HR-S2. This includes the necessary
homologous overlaps to the PCR products for in-frame recombi-
nation into pSGP18-2u. pSGP18 contains a 3C protease cleavage
site, a calmodulin binding peptide (CBP) tag and a RGS-6xhis-tag
C-terminal to the proteins in the multiple cloning site [34]. For
expression of the GFP-fusion proteins, tags were replaced by GFP
in the process of recombination. The BsmBI linearized pSGP18-2u
vector and the PCR fragments were gel-purified, mixed in
equimolar amounts (either with BSEP or MDR3 or each together
with GFP) and transformed into S. cerevisiae [45]. The ATP
hydrolysis deficient mutant of MDR3 was generated by introduc-
tion of two point mutations in the conserved NBD. Therefore, we
replaced Glu 558 and Glu 1207 of the Walker B motif to Gln using
the QuikChange® XI. Site-Directed Mutagenesis Kit (Agilent
Technologies). The sequence of all constructs were verified by
DNA sequencing.

Transformation of P. pastoris
BSEP and MDR3 expression constructs were transformed into
competent P. pastoris X33 (Invitrogen) cells using standard
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Table 1. PCR oligonucleotides used in this study.

Purification of Human BSEP and MDR3

Oligonucleotide Sequence 5'— 3’

pSGP18-2u-ori-S1
pSGP18-2u-ori-S2
BSEP-HR-PP-S1
BSEP-HR-PP-S2
MDR3-HR-PP-S1
MDR3-HR-PP-S2
YEpN14HIS-BSEP-S2
YEpN14HIS-MDR3-52
GFP-BSEP-HR-S1
GFP-PP-HR-S2
GFP-MDR3-HR-S1
MDR3-E558Q S1
MDR3-E558Q S2
MDR3-E1207Q S1
MDR3-E1207Q S2

TAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTAAATATTGCGAATACCGCTTCCACAAACATTG
AACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTATTTCACACCGCATATATCGGATCGTACT
ATCAAAAAACAACTAATTATTCGAACGAGGTAAAAGAATGTCTGACTCAGTAATTCTTCGAAGT ATA
ACGTTTGGACCTTGGAAAAGACTTCTAAGGAGTTGGAGGCACTGATGGGGGATCCAGTGGTGACTAGTTT
ATCAAAAAACAACTAATTATTCGAACGAGGTAAAAGAATGGATCTTGAGGCGGCAAAGAACGGAACA
ACGTTTGGACCTTGGAATAAGACTTCTAAGGAGTTGGAGGCTAAGTTCTGTGTTCCAGCCTGGACACTGACCATTGAAAAATAG
GAATAAGGTAAACATGGTAGCGATGTCGACCTCGAGACGCGTCTAACTGATGGGGGATCCAGTGGTGACT
GAATAAGGTAAACATGGTAGCGATGTCGACCTCGAGACGCGTCTATAAGTTCTGTGTCCCAGCCTGGACACTGACCATT
AGCCTACTACAAACTAGTCACCACTGGATCCCCCATCAGTGGTGGTGGTCGACGGATCCCCGGGTTA
ACGTTTGGACCTTGGAATAAGACTTCTAAGGAGTTGGAGGCTATTATTTGTATAGTTCATCCATGCCATGT
TTTCAATGGTCAGTGTCCAGGCTGGAACAAAGAGACAAGGTGGTGGTCGACGGATCCCCGGGTTA
GATCCTTCTGCTGGATCAAGCCACGTCAGCATTGGACAC

GTGTCCAATGCTGACGTGGCTTGATCCAGCAGAAGGATC

CAAATCCTCCTGTTGGATCAAGCTACATCAGCTCTGGATAC
GTATCCAGAGCTGATGTAGCTTGATCCAACAGGAGGATTTG

doi:10.1371/journal.pone.0060620.t001

procedures (Invitrogen). Briefly, 10-20 pg DNA of the expression
construct were linearized using Pmel (New England Biolabs) to
facilitate homologous recombination at the A0X1 locus, extracted
by phenol/chloroform, re-suspended in 10 pl sterile HyO and
transformed into 80 ul electro-competent P. pastoris cells by
electroporation (1.500 V, 5 ms). Cells were incubated in 1 M
sorbitol without shaking for 1 h at 30°C, 1 ml YPD was
subsequently added and cells were shaken for 2 h at 200 rpm
and 30°C. 100 pl of this suspension was plated onto YPDS plates
containing 100 pg/ml Zeocin or higher and incubated for 30°C
until colonies appeared. 10 to 20 colonies were re-streaked on
YPD plates containing Zeocin and used for expression studies.

Expression screening of BSEP and MDR3 transformed P.
pastoris cells

Small-scale expression screens of BSEP or MDR3 P. pastoris
clones were performed similarly as described by Wang ¢t al. [46].
50 ml cultures were grown overnight in MGY medium (1.34%
(w/v) yeast nitrogen base, 1% (v/v) glycerol and 4x10°% (w/v)
biotin) at 30°C and 220 rpm, harvested by centrifugation, re-
suspended in 50 ml MMY (1.34% (w/v) yeast nitrogen base, 0.5%
(v/v) methanol and 4x107°% (w/v) biotin) and incubated for
another 24 h to induce protein expression. 2 ml of these cells were
harvested, washed in 2 ml of homogenization buffer (50 mM Tris-
HCI, pH 8.0, 0.33 M sucrose, 75 mM NaCl, 1 mM EDTA,
I mM EGTA, acid, 2mM f-
Mercaptoethanol) supplemented with protein inhibitor cocktail
(Roche) and re-suspended in 500 pl of homogenization buffer.
Cells were lysed with 1 ml of acid-washed zirconia beads (Roth) by
vortexing 6 times for 1 min with 1 min breaks on ice. Disrupted
cells were centrifuged for 5 min, 12.000 xg, 4°C: and the
supernatant was adjusted to 10 mM MgCl, and incubated on
ice for 15 min. Precipitated membranes were harvested by
centrifugation for 30 min, 20.000 xg, 4°C and the resulting pellet
was re-suspended in SDS sample buffer and loaded onto a 7%
SDS-PAGE. Expression was visualized by immuno blotting.

100 mM  6-Aminocaproic

PLOS ONE | www.plosone.org

Fermentation of BSEP and MDR3

For large-scale expression, BSEP, BSEP-GFP and MDRS3
expressing clones were fermented in a 15 liter table-top glass
fermentor (Applikon Biotechnology) according to the Invitrogen
Pichia fermentation guidelines [26] using the basal salt media.
Typically a volume of 6 1 media was inoculated with 1 1 of an
overnight culture grown in MGY (1.34% yeast nitrogen base, 1%
glycerol and 4x10 °% biotin) media. Acration was kept above
20% Og 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 1 (~1000 ml) methanol for 48 h.
Cells were harvested by centrifugation (5.000 xg, 10 min, 4°C),
flash-frozen in liquid nitrogen and stored at —80°C until further
use. Under these conditions approximately 1-1.4 kg of wet cell
mass could be obtained.

Expression of GFP fusion proteins in shaking flask
cultures

Clones either expressing BSEP-GFP or MDR3-GFP were
inoculated in 2 I shaking flasks containing 0.5 1 of MGY media
and shaken overnight at 30°C: and 220 rpm. Protein expression
was induced with methanol by harvesting the cells in sterile
centrifuge buckets (5.000 xg, 10 min, 4°C) and re-suspended in
0.5 1 methanol-containing media (MMY). 24 h after induction,
methanol was added to a final concentration of 0.5% and after
48 h the cells were harvested (5.000 xg, 10 min, 4°C), flash-frozen
in liquid nitrogen and stored at —80°C until further usage.

Confocal fluorescence microscopy of GFP fusion proteins

P. pastoris cells expressing either BSEP-GFP or MDR3-GFP
were directly spotted onto microscope slides coated with poly-L-
lysine (Thermo Scientific) from shaking flasks and mounted with a
coverslip. Images were acquired using an Olympus FV1000
confocal laser scanning microscope equipped with a 60x
UPLSAPO objective (N.A. 1.35). GFP was excited at 488 nm
and emission was recorded at 500 nm-600 nm.
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Preparation of crude membrane vesicles for protein
purification

100 g batches of P. pastoris cells expressing BSEP or MDR3 were
thawed on ice, washed with ddH,O and re-suspended at a
concentration of 0.5 g cells/ml in homogenization buffer contain-
ing protease inhibitor cocktail (Roche). Cells were disrupted by
two passages through a pre-cooled TS Series Cell Disrupter
(Constant Systems) at 2.5 kbar. After cell debris was spun down by
two centrifugation steps (15 min at 5,000 xg, 4°C and 30 min at
15,000 xg, 4°C), crude membrane vesicles were prepared by
ultracentrifugation for 1 h at 125,000 xg, 4°C. Membrane vesicles
were re-suspended in buffer A (50 mM Tris-HCI pH 8.0, 75 mM
NaCl, 30% (v/v) glycerol) and flash frozen in liquid Ny.

Solubilization screen via the Dot Blot technique

Membranes were thawed on ice and solubilized in 200 pl buffer
A. Membrane concentration was kept at 5 mg/ml during
solubilization and detergents were used at a concentration of 1%
(w/v) or higher according to their critical micellar concentration
(emc). A complete list of the used detergents is provided in Table
S1 in File Supplementary Information. Samples were solubilized
for 1 h at 4°C on a rotator, centrifuged (100.000 xg, 30 min, 4°C)
and the supernatant was supplemented with SDS sample buffer.
The samples were heated to 65°C for 10 min and 3 ul were
spotted onto a dry nitrocellulose membrane. After extensive drying
of the sample, the membrane was blocked for 1 h in TBS-T with
5% (w/v) milk powder and then probed with a 1:2000 dilution of
the respective primary antibody. Dot blots were quantified using
the GeneTools software (Syngene).

Fluorescence-detection size-exclusion chromatography
(FSECQ)

BSEP-GFP or MDR3-GFP containing membranes were
solubilized in detergents based on the results of the dot blot
analysis. 100 pl of the solubilized sample was applied to a Biosep
SEC-S4000 size-exclusion chromatography column (Phenomenex)
connected to a HPLC system (Hitachi) equipped with a
fluorescence detector (I1.-2485, Hitachi), which was equilibrated
in running buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 15%
(v/v) glycerol and 0.02% (w/v) p-DDM). The UV absorption of
the proteins was followed at 280 nm and for online fluorescence
detection, the GFP tag was excited at A, =470 nm to improve the
signal to noise ratio and fluorescence emission was detected at
Aem =512 nm.

Solubilization and Purification of MDR3 and BSEP

The purification of MDR3 and BSEP was performed by
tandem-affinity purification (TAP) consisting of an immobilized
metal ion affinity chromatography (IMAC) step followed by a
calmodulin binding peptide affinity purification (CBP). All
procedures were carried out at 4°C. Crude membrane vesicles
equivalent to 100 g wet cells were thawed at 4°C, diluted to a final
concentration of 5 mg/ml total protein with buffer A as
determined by the Coomassie Plus Assay (Pierce) and solubilized
in 1% (w/v) of Fos-choline-16 or other detergents for 1 h at 4°C
(for cmc values see Table S1 in File Supplementary Information).
Non-solubilized membrane vesicles were removed by centrifuga-
tion at 100.000 xg, 4°C for 1 h. The supernatant supplemented
with 20 mM imidazole was loaded onto a Ni**-loaded HiTrap
Chelating column (5 ml, GE Healthcare) and washed with 10
column volumes of buffer A supplemented with 20mM imidazole
and typically 2.5Xcmc of detergent. Proteins were eluted in one

step with buffer B (50 mM Tris-HCI pH 8.0, 75 mM NaCl,
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200 mM imidazole, 20% (v/v) glycerol) supplemented with
2.5xcmc detergent. The IMAC eluate was diluted 5-times with
CaCly binding buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl,
I mM MgCly, 2 mM CaCly and 20% (v/v) glycerol) containing
2.5xcme detergent, applied to 4 ml calmodulin affinity resin
equilibrated in CaCl, binding buffer and incubated with the
calmodulin resin over night at 4°C on a rotator. The resin was
transferred into a gravity flow column and washed with 10 column
volumes of CaCly binding buffer containing 2.5 xcmce detergent.
The proteins were eluted with 3 bed volumes of EGTA elution
buffer (2 mM EGTA, 50 mM Tris-HCI pH 7.4, 150 mM NaCl,
and 20% (v/v) glycerol) supplemented with 2.5xcme detergent.
The purified protein was directly used for ATPase activity or
further concentrated using an Amicon Ultra-15 filter (Millipore)
with a cut-off of 100 kDa, aliquoted, snap frozen in liquid nitrogen
and stored at —80°C. Aliquots of the sample were analyzed by
Coomassie blue stained SDS-PAGE and immunoblotting.

ATP Agarose binding assay of BSEP

To test the ability of detergent solubilized BSEP to bind ATP,
25 ul of a 1:1 slurry of C8-linked ATP-agarose resin (Sigma)
equilibrated in buffer A was added to 20 ug of purified BSEP in
the detergent to be examined and incubated at 4°C on a rotator.
After 1 h, the resin was pelleted by centrifugation (8200 xg, 2 min,
4°C) and the resin was washed three more times with 250 pl of
buffer A supplemented with 2.5Xcmce of the detergent. Bound
proteins were eluted in SDS sample buffer by heating the resin to
65°C for 20 min. The pellet samples were subjected to SDS-
PAGE and analyzed by immunoblotting.

ATPase activity measurements of MDR3

The ATPase activity of MDR3 was examined with the
malachite green assay by determination of released free inorganic
orthophosphate as described previously [47]. Reactions were
performed in a total volume of 100 pl in buffer C (50 mM Tris-
HCl pH 7.4, 50 mM NaCl, 15% (v/v) glycerol) containing
2.5xcme detergent and 10 mM MgCly. 5 — 20 pg purified,
detergent-soluble MDR3 was used. The reaction was started by
typically adding 2 mM ATP at 37°C and stopped at appropriate
time points by the addition of 25 ul of the reaction into 175 pl of
20 mM ice-cold HySOy. Subsequently, 50 pl dye solution (0.096 %
(w/v) malachite green, 1.48% (w/v) ammonium molybdate, and
0.173% (w/v) Tween-20 in 2.36 M HySO,) was added. After
15 min the amount of free phosphate was quantified spectroscop-
ically by measuring the absorption at 595 nm. For subsequent
data evaluation, all appropriate controls were performed and
subtracted. For calibration of free phosphate concentrations a
Na,HPO, standard curve was used. For substrate stimulated
ATPase activity, purified MDR3 was incubated with the equal
volume of 2-5 mM lipid stock solution at room temperature for
20 min and sonified for 30 s to facilitate the incorporation of lipids
into the detergent-protein micelles. The lipid-protein sample was
stored on ice until further usage.

Results

Cloning and Expression of human BSEP and MDR3 in P.
pastoris

For the expression of human BSEP and MDR3 in the
methylotrophic yeast P. pastoris we used the expression plasmid
pSGPI18, which was used before to express 25 human ABC
transporters in P. pastoris [34]. BSEP and MDR3 were not
included in this study likely due to the inherent toxicity of the
c¢DNAs, which hampers the cloning procedure and often results in
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the failure of obtaining suitable expression plasmids [13]. We
custom modified the plasmid by introducing a 24 origin of
replication for S. cerevisiae in its backbone and cloned the human
BSEP and MDR3 cDNA via homologous recombination into
pSGP18-2u. After transformation in P. pastoris, ten clones were
tested for expression. A clone for each transporter was chosen for
fermentation, which yielded about 1.0-1.4 kg of wet cell weight
(wew) in a typical fermentation. As can be seen by immunoblotting
both wild-type proteins were expressed in P. pastoris (Fig. 1A and
C, middle lanes). The wild-type proteins exhibited a distinct
protein band at ~130 kDa that cross-reacted with monoclonal
antibodies against BSEP or MDR3. No signal was obtained using
the empty plasmid as a control (see Fig. 1, neg ctrl).

Localization and judging the quality of BSEP and MDR3
in P. pastoris

For the determination of the trafficking and localization of
human BSEP and MDRS3 in P. pastoris cells, we generated and
expressed the corresponding GFP-fusion proteins, BSEP-GFP and
MDR3-GFP. The C-terminal GFP-tag was confirmed by immu-
noblot analysis against GFP (Fig. 1B and D) as well as by a shift to
a higher molecular weight visualized by antibodies against BSEP
and MDR3, respectively (Fig. 1A and C, right lane). Both the
fusion proteins migrated at ~160 kDa. The correct trafficking of
the GFP-fusion proteins to the plasma membrane of P. pastoris was
checked by confocal laser scanning microscopy (Fig. 2, upper row).
Induced cells expressing BSEP-GFP or MDR3-GFP showed clear
ring-shaped fluorescence at the plasma membrane, which co-
localized with the cell surrounding of the differential interference
contrast (DIC) scan (Fig. 2, bottom row, merged pictures). As
control only GFP was expressed in P. pastoris and the fluorescence

A B
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was distributed homogenously within the cell, which leads to the
conclusion that BSEP and MDR3 are processed and trafficked
correctly in P. pastoris. Non-induced cells did not show any
fluorescence (data not shown). We also employed sucrose density
centrifugation of whole cell membranes containing BSEP or
MDR3, which demonstrated co-localization of a plasma mem-
brane marker with BSEP or MDR3, respectively (data not shown).

Solubilization Screen via the Dot Blot technique

To find an appropriate detergent for membrane protein
extraction, we tested over 100 different detergents for their ability
to solubilize BSEP and MDRS3 via dot blot analysis. These
detergents covered all four classes: non-ionic (N), anionic (A),
cationic (C) as well as zwitterionic (Z) (Table S1 in File
Supplementary Information). Most of the detergents were used
at a concentration of 1% (w/v). However, depending on the
critical micellar concentration (cmc) other concentrations were
also chosen when necessary (see Table S1 in File Supplementary
Information).

Membranes were solubilized for 1 h at 4°C, subsequently
centrifuged and the supernatant was spotted on the dot blot
membrane. For BSEP, we tested solubilization of the wild-type
protein as well as the GFP-fusion protein, to investigate if the GFP-
tag had any influence on the solubilization. Therefore, the BSEP-
GIP fusion protein was fermented the same way as the wild-type
BSEP protein for comparison. As seen in Fig. 3A and 3B, BSEP-
GFP could be extracted more efficiently than BSEP by maltosides
and glucosides (D-I 1-5). Furthermore, some differences can be
seen in a more efficient extraction of BSEP-GFP in Fos-choline-
unisat-11-10 and Fos-choline-8 (G8 and G9). Despite this, there
are large similarities between BSEP and BSEP-GFP, in fact only

neg ctrl BSEP BSEP-GFP neg ctrl BSEP BSEP-GFP
kDa kDa
170— 170—
) < BSEP-GFP “ < BSEP-GFP
— < BSEP o
| |
IB: anti BSEP IB: anti GFP
C D
neg ctrl MDR3 MDR3-GFP neg ctrl MDR3 MDR3-GFP
. B
kDa ‘ kDa
170— " 170 —
< MDR3-GFP . DR
130 — - < MDR3 130—
IB: anti MDR3 IB: anti GFP

Figure 1. Human BSEP and MDR3 expression in Pichia pastoris. A 5 ug of membranes derived from P. pastoris cells carrying the empty
expression plasmid pSGP18 (neg ctrl), BSEP or BSEP-GFP were subjected to SDS-PAGE and immunoblotting (lanes from left to right). The negative
control (left lane) did not react with the monoclonal antibody (F-6), while BSEP (middle lane) and BSEP-GFP (right lane) could be detected by the
same antibody. B Identical samples were probed with a monoclonal GFP antibody. The negative control (left lane) as well as BSEP (middle lane)
showed no signal with anti-GFP antibody, while BSEP-GFP could be detected (right lane). C In case of MDR3 the negative control (left lane) showed
no signal with the monoclonal antibody C219; MDR3 (middle lane) as well as MDR3-GFP (right lane) could be detected with the monoclonal antibody
C219. D Identical MDR3 samples were probed with a monoclonal GFP antibody. The negative control (left lane) as well as MDR3 (middle lane) showed
no signal with anti-GFP antibody, while MDR3-GFP could be detected (right lane). The position of the molecular weight markers are shown on the left.
doi:10.1371/journal.pone.0060620.g001
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MDR3-GFP
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BSEP-GFP

Figure 2. Fluorescence microscopy of BSEP-GFP and MDR3-GFP expressing Pichia pastoris cells. P. pastoris cells expressing GFP, BSEP-GFP
or MDR3-GFP were harvested 48 h after induction and examined for GFP fluorescence (upper row) by confocal LSM. BSEP-GFP as well as MDR-GFP
was located in the plasma membrane of P. pastoris cells in contrast to soluble GFP, which was homogenously distributed within the cell. Bottom row:
merge of the GFP fluorescence and the Differential Interference Contrast (DIC) scans.

doi:10.1371/journal.pone.0060620.9002

the Fos-choline and Cyclofos detergents were able to solubilize
both proteins in large quantities (Fig. 3A and B, D7-10, E7-10, F7-
9). Also the Anapoe detergents (A-C 1-5) solubilized BSEP, but to
a lesser extent. Furthermore, the anionic detergent dodecanoyl
sarcosine (A9) as well as the zwitterionic detergents Anzergent® 3—
14 (C8) and 2-carboxy-m-heptadecenamidopropyldimethylamine
(J8) resulted in strong signals in the dot blot.

In contrast to BSEP, we observed that only lipid-like detergents
like the Fos-choline series (Fig. 3C, E9-E10, F6-F9, G8) and
Cyclofos series (Fig. 3C, D8-D10) were able to solublize MDR3 in
high amounts. In addition, the anionic detergents sodium
dodecanoyl sarcosine (A9) and n-dodecyl-B-iminodipropionic acid
(A10) were also able to solubilize MDR3. Furthermore, very low
amounts of MDR3 were solubilized by Anzergent® 3-14 (C8) and
2-carboxy-m-heptadecenamidopropyldimethylamine (J8). None of
the Anapoes except Anapoe-58 (A4), none of the glucosides, none
of the thio-maltosides, none of the maltosides or any other series of
detergents showed a signal indicating that MDR3 was completely
resistant to solubilization. In the case of MDR3, we did not
analyze the GFP-fusion protein, because wild-type MDR3
displayed a substrate-induced ATPase activity (see below). Thus,
the dot blot based solubilization screen revealed that only the lipid-
like and more ‘“‘harsh” detergents of the Fos-choline and Cyclofos
series were able to solubilize both, BSEP and MDR3, in a near
quantitative manner. For a quantification of the dot blots see
Figure S1 in File S1.

Fluorescence-detection Size Exclusion Chromatography
of selected detergents

Based on this analysis, the result of selected detergents used for
the solubilization of BSEP and MDR3 were examined by
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fluorescence-detection size exclusion chromatography (FSEC).
SEC is a common tool for monitoring the monodispersity and
stability of proteins. In combination with a fluorescence detector,
we were able to ascertain a high number of detergents using the
GFP fusion proteins as reporter. This strategy requires only
nanogram quantities of non-purified GFP-fusion protein by
directly using solubilized membrane proteins in the detergent to
be investigated. Our criteria for FSEC profiles in terms of
monodispersity and stability were a sharp and symmetrical peak,
no or only a small peak in the void volume or no signal
corresponding to free GFP, which would indicate degradations of
the fusion protein (for a FSEC profile of free GI'P see Figure S2 in
Tile S1).

The Fos-choline series as well as some maltosides and other
detergents (see Figure S3 in File S1) solubilized BSEP-GFP,
although the latter only resulted a weak signal in the dot blot. Fos-
choline 8 and 9 did not give a significant signal in FSEC. A reliable
signal was only obtained in the case of Fos-cholines containing
long acyl chains. The signal increased with increasing acyl chain
length from 10 to 16 carbon atoms (Iig. 4A). BSEP-GIP cluted to
a certain portion in the void volume in Fos-choline detergents (10—
11 min retention time), especially in Fos-choline-12 (Iig. 4A)
indicating aggregated protein. The main BSEP-GFP peak
(between 16 and 17 minutes) became more non-symmetrical and
more BSEP-GFP degradation product (~20-21 min retention
time, free GFP) was detected for detergents with longer acyl chains
(Fig. 4A and Fig S3 in File S1). On the other hand, the maltosides
gave sharp and symmetrical FSEC chromatograms and only very
little aggregation was detected. This was very pronounced for B-
DM, B-DDM and Cymal5. This implies that the protein was
monodisperse and stable. Other detergents tested such as the
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Figure 3. Solubilization screen of human BSEP and MDR3 using Dot Blot. Solubilization screen of P. pastoris membranes containing BSEP
(A), BSEP-GFP (B) or MDR3 (C) with over 100 different detergents were analysed regarding the solubilization efficiacy. The solubilized protein was
spotted onto a nitrocellulose membrane and examined via dot blotting with BSEP or MDR3 specific monoclonal antibodies (F-6 and C219). Compared
areas are marked with a red box. All dot blots were performed in duplicate.

doi:10.1371/journal.pone.0060620.g003

anionic detergent sodium dodecanoyl sarcosine resulted in a non-
symmetrical peak (Figure S3 in File S1). These observations,
suggested that the length of the acyl chain of either group of
detergents had a profound influence on the monodispersity and
that an acyl chain length between 10 to 13 carbon atoms preserved
the monodispersity of the transporters.

The FSEC profiles obtained for MDR3-GFP wusing the
aforementioned detergents are summarized in Figure 4B and
Figure S2 in File S1. None of the detergents showed perfect
monodisperse peaks. The anionic detergent n-dodecyl-f-
iminodipropionic acid was able to solubilize MDR3 (Figure S2
in File S1), however, the FSEC peak resulted in a major signal in
the void volume of the SEC (molecular weight>1 MDa). This
suggested aggregation. Sodium dodecanoyl sarcosine and the
group of Cyclofos detergents showed a very inhomogeneous SEC
profile (Figure S2 in File S1). The lipid-like Fos-cholines
solubilized MDR3 with high efficiency nearly to the same extent
as the SDS sample, which was used as control for solubilization
cefficiency (Fig. 4B). Importantly, the length of the acyl chain had
again an impact on the monodispersity and stability of MDR3-
GFP. The longer the acyl chain became, the more symmetrically
the MDR3-GFP peak was observed (FC-16>FC-15>FC-14>FC-
13>FC-12). The most promising result of solubilization efficiency
and monodispersity was obtained for FC-16, so that all further
experiments such as purification and ATPase acitivity were
performed in this particular detergent.

Purification of the human ABC transporter MDR3 and
BSEP

For functional analysis, we purified both transporter in the
detergents, which showed the most promising results in the dot
blot and FSEC analysis. The procedure we applied for the
purification of human BSEP and MDR3 was established by Wang
et al. based on the purification of the human ABC-transporters
ABCG5/G8 and ABCC3 expressed in P. pastoris [34,46] and is
described in detail in “Materials and Methods”. MDR3 and BSEP
both contain a tandem affinity tag consisting of a calmodulin
binding-peptide tag (CBP-tag) and a 6xhis-tag at their C-termini.
Briefly, BSEP and MDR3 were purified by immobilized metal-ion
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affinity chromatography (IMAC) and calmodulin affinity resin
(CBP) after solubilization of crude membranes in the appropriate
detergent isolated from fermenter cultures.

We chose Fos-choline-16 as detergent of choice for solubiliza-
tion of BSEP, because of its high efficacy. During the purification
process, we exchanged the detergent on the CBP affinity column
to maltoside detergents (c.g. B-DDM and Cymal-5), which
according to the FSEC profiles corresponded to monodisperse
protein (Fig. 4A). BSEP could be purified and yielded ~1 mg of
protein from solubilized membranes of 100 g (wew) of Pichia cells
with a purity of roughly 75% (Fig. 5A).

MDR3 was solubilized with Fos-choline-16 and purified via an
identical tandem affinity approach. The MDR3 transporter was
visualized on a Coomassie blue-stained SDS-gel and further
identified by immunoblot analysis (Fig. 6A). We obtained ~6 mg
of highly purified protein from 100 g yeast cells with a purity of
more than 90% as judged by SDS-PAGE analysis.

Binding of solubilized human BSEP to ATP-Agarose

BSEP was tested for ATPase activity in detergent solubilized
state, but no reliable activity could be detected. Therefore, we
investigated the capability of BSEP to bind to ATP coupled to
agarose beads (ATP-beads) in the detergent-solubilized state,
which would indicate that the protein is in a state where the
nucleotide can bind, but the conformation is likely locked in a non-
productive state, which inhibits hydrolysis. As shown in Figure 5B
BSEP purified in Fos-choline-16 was not cluted from the ATP-
beads after incubation suggesting that BSEP cannot bind to ATP
in Fos-choline. Maltosids are known as mild detergents and often
find usage to preserve the functionality of the membrane protein
such as LmrA [47]. Accordingly, we solubilized BSEP with Fos-
choline-16 and exchanged the detergent to f-DDM or Cymal-5
during purification. In these two detergents, BSEP bound to the
ATP-beads. This result is in agreement with the FSEC results in
those detergents (Fig. 4A).

ATPase Activity of purified human MDR3
We further examined whether purified MDR3 exhibits ATPase
activity that could be stimulated by its natural substrate
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Figure 4. Detergent screening utilizing FSEC. FSEC analysis of BSEP-GFP (A) in five representative detergents and MDR3-GFP in five detergents
(B). The arrows indicate the estimated elution position of the void volume and free GFP. Additional FSEC profiles are summarized in the

supplementary material.
doi:10.1371/journal.pone.0060620.g004

phosphatidylcholine (PC) lipids. For this purpose we added two
synthetic PC lipids (DPPC and DOPC) to the purified protein and
measured the ATPase activity at 37°C up to 60 min (Fig. 6B).
Under these conditions, we observed an approximately 2.5 fold
stimulation of ATPase activity. Because co-purification of
contaminating ATPases cannot be excluded, we cloned an ATP
hydrolysis deficient mutant by introducing two point mutations
and purified the mutant as described for the wild-type protein.
The exchange of Glu to Gln in the highly conserved Walker B
motif (POPDPDE, where ® can be every hydrophobic amino acid)
of MDR3 prevents hydrolysis of ATP. The ATPase inactive
mutant (E558Q, EI1207Q, further called EQ/EQ mutant)
exhibited basal ATPase activity comparable to the wild-type
protein. This suggested that the observed activity was derived from
co-purified ATPases. However and most important, no stimula-
tion of activity was observed in the presence of PC lipids. ATPase
activity of ABC transporters is often stimulated after addition of
lipids. To demonstrate that the increased ATPase activity of
MDRS3 is caused by a substrate-specific and not by a conforma-
tional stabilization effect of PC lipids, we added DPPE and DOPE
lipids to MDR3 wild-type as well as to the ATPase-deficient EQ/
EQ mutant. The MDR3 wild-type ATPase activity is slightly
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increased by a factor of 1.4 for DPPE and 1.6 for DOPE, whereas
the ATPase activity of the EQ/EQ) mutant are not increased
compared to PC added ATPase activity. The data demonstrates a
substrate-specific ATPase activity of 15 nmol/min per mg MDR3
wild-type in comparison to the DOPE-stimulated ATPase activity.
We ascertained that the stimulation of ATPase activity is MDR3
specific by PC and indicated that MDR3 is functional in the
detergent-solubilized state with respect to its capability to bind and
hydrolyze ATP.

Discussion

In this study, we presented a high-throughput detergent
screening and purification approach for the human liver-localized
ABC transporters BSEP and MDR3 expressed in the methylo-
trophic yeast Pichia pastoris. This expression host has all the
advantages of other eukaryotic expression systems, such as post-
translational modifications or trafficking machinery. However, the
overexpression per cell is only moderate and therefore requires
fermentation to compensate this by high biomass. This system was
used before for expression trials of human ABC transporters,
which showed its general applicability for this class of transporter.
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Figure 5. Purification and nucleotide binding of human BSEP. A Coomassie Brilliant Blue-stained SDS-PAGE of purified BSEP solubilized in
Fos-choline-16 or in B-DDM and Cymal5, which were exchanged after solubilization. Molecular weight markers are indicated on the left. B Purified
BSEP in all three detergents was incubated with ATP-agarose and bound protein was eluted in SDS sample buffer and examined with
immunoblotting with a monoclonal antibody (F-6). BSEP signals could be detected in B-DDM and Cymal5, but not in Fos-Choline-16, indicating only
binding to ATP in maltosides.

doi:10.1371/journal.pone.0060620.g005

Especially ABC transporters of the liver like MDRI (P-gp, well as the GFP-fusion proteins were expressed without detectable
ABCBI), ABCG2, ABCG5/G8 or ABCC1, ABCC3 and ABCC6 degradation products (Fig. 1). To analyze whether processing and
(MRP 1, 3 and 6) could be expressed and partially purified especially targeting of BSEP and MDR3 to the plasma membrane
[34,46,48,49,50,51]. Since BSEP and MDR3 were not included in in P. pastoris occurs, we employed fluorescence microscopy.

this expression screen, we cloned these genes into the expression Fluorescence microscopy of heterologous expressed proteins,
vector pSGP18. The cDNA of BSEP and MDR3 is unstable and particularly with distinct destinations in the cell is a valuable tool
cannot be cloned by conventional cloning in E. coli [45]. to directly judge the quality of the overexpressed protein. These
Therefore, we modified the pSGP18 vector. Both transporters as experiments revealed that both transporters were targeted
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Figure 6. Characterization of purified human MDR3 in Fos-choline-16. A Coomassie Brilliant Blue-stained SDS-PAGE and immunoblot using
an anti-MDR3 antibody of purified MDR3 wild-type and the MDR3 EQ/EQ-mutant via TAP. Molecular weight markers are shown on the left. B
Normalized ATPase activity of MDR3 wild-type (black) and of an ATPase deficient mutant (E558Q E1207Q, white) in FC-16 without and with different
phospholipids. The ATPase activity of three independent MDR3 purifications was determined * SD (n=3).
doi:10.1371/journal.pone.0060620.g006
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correctly and no intracellular retention occurred. This adverts
correct folding of BSEP and MDRS3.

To date high-throughput methods are available to systemati-
cally screen a huge number of detergents in an appropriate time
frame for their capability to solubilize the membrane protein of
interest. We used a dot blot based solubilization screen on an
analytical scale similar to approaches used for GPCRs heterolo-
gously expressed in P. pastoris or E. coli [36,52]. We analyzed more
than 100 different detergents covering all four classes of detergents.
Only detergents of the Fos-choline as well as Cyclofos series were
able to solubilize BSEP and MDR3 in a nearly quantitative
manner. None of the maltosides, thio-maltosides or glycosides
were able to solubilize BSEP and MDR3. Surprisingly, BSEP-GFP
could be solubilized to some degree by those detergents suggesting
that the GFP tag enhances solubilization. The zwitterionic Fos-
choline and Cyclofos series are lipid-like detergents and possess a
head group consisting of phosphocholine, but differ in the
hydrophobic part as Fos-cholines have a plain acyl chain with
varying number of carbon atoms and Cyclofos detergents
additionally contain a cyclohexane ring at the omega position of
the acyl chain. This result is in contrast to other used detergents for
liver ABC transporters expressed heterologously in P. pastoris.
ABCC3 was solubilized in B-DDM like ABCG5/G8 [34,53].
MDRI1 was solubilized in various detergents from P. pastoris
membranes including B-DM, B-DDM, Lyso-PC, deoxycholic acid
or Triton-X100 [48,54,55,56,57]. Despite the high degree of
sequence identity between MDR1 and MDR3 (>85% homology
to human MDRI, 80% to mouse MDRI), MDR3 behaves
different, since it could not be solubilized with Triton-X100 (data
not shown), which was used to crystallize mouse MDR1 [54]. Also
ABCG2 was solubilized in -DDM, but could only be solubilized
in Fos-Choline-16 when expressed in High Five cells [46,49].

GFP fusion proteins cannot only be used as quality marker for
heterologous expression, but also as a tool to screen the influence
of a detergent to the membrane protein using FSEC. We
employed this technique to investigate those detergents more in
detail that were successfully identified in the dot blot screen. The
Fos-Choline series displayed a clear dependence on the acyl chain
length, i. e. increasing the acyl chain length increased the
monodispersity of the protein sample. For BSEP-GFP, we also
tested some maltoside detergents, although the solubilization
efficacy was moderate for BSEP-GFP as judged from the dot blot.
All tested maltosides showed very monodisperse FSEC profiles
with less aggregation and a symmetrical peak, e.g. with Cymal-5 or
B-DDM. B-DDM in general is believed to be a mild detergent and
is often used for solubilization, purification and crystallization
trails. On the other hand, the Fos-cholines showed a large
aggregation peak and with increasing acyl chain length, a BSEP-
GIP degradation product was more visible indicating instability of
the membrane protein, and the peak became more unsymmetri-
cally. Nonetheless, we decided to use Fos-choline-16 for BSEP and
MDR3 for solubilization because of its efficacy and its use for
other ABC transporter like LmrA [47], BmrC/D [58] and the
aforementioned ABCG2 [46].

We were able to purify MDR3 and BSEP for the first time
yielding ~6 mg and ~1 mg of protein per 100 g of cells,
respectively. This is in good agreement with ABCB1 (~6 mg) or
ABCC3 (~9 mg) [34,48]. BSEP is expressed at lower levels than
MDRS3 in P. pastoris and thus the yield is lower underlining the
variance of expression of different proteins. Both transporters were
purified by TAP from crude membranes, which resulted in a
homogeneous preparation for MDR3 as judged by SDS-PAGE. In
case of BSEP, the purity was not as high.
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BSEP and MDRS3 belong to the ABC transporter family and
ATP hydrolysis drives translocation of bile salts or phosphatidyl-
choline. However, we could not detect any ATPase activity for
BSEP in the detergent-solubilized state, neither basal nor substrate
induced. To see whether BSEP was purified in a state, which at
least allows binding of ATP, we employed ATP beads. Here, we
could confirm that purified BSEP is able to bind ATP in the
presence of B-DDM and Cymal-5. This indicates that at least the
NBDs of BSEP are properly folded, which is a prerequisite for
proper functioning and that Fos-choline-16 likely locks the protein
in a binding-incompatible state, whereas B-DDM and Cymal-5
invert this state. For BSEP it is known, that its transport activity is
depending on cholesterol [59]. Enrichment of .$f9 cell membranes
expressing BSEP with cholesterol drastically increases its transport
activity [60]. If cholesterol is bound to the transporter itself or is
just required as a membrane component has not been clarified yet.
In the yeast expression host however, ergosterol is the predom-
inant 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. The striking dependence of
transport activity of BSEP on cholesterol and the absence of this
steroid in yeast might explain the lack of ATPase activity.
However, even in the absence of cholesterol, BSEP is able to bind
to ATP in the detergent-solubilized state.

MDR3 displayed a substantial ATPase activity. This observa-
tion was sustained by analysis of an ATP hydrolysis deficient EQ
double mutant (E558Q, E1207Q). Generally, a mutation of the
glutamine of the Walker B motif renders ABC transporters
ATPase inactive. Here, we generated the double mutant to ensure
that the observed stimulation of ATPases was not due to
contaminating ATPases. The substrate specificity for MDR3 was
already investigated using S. cerevisiae secretory vesicles or cell-
culture based methods [16,32,61]. All experiments showed, that
MDR3 translocates short chain PC lipids (Cg) or long chain
derivatives (Cyg), but not PE, sphingomyelin or ceramides.

Here, we demonstrate for the first time that the ATPase activity
of detergent-solubilized MDR3 in the presence of phosphatidyl-
choline lipids could be stimulated by a factor of almost 2.5, while
the EQ/EQ mutant did not display any stimulation. Furthermore,
it was shown that the specificity resulted from the phosphatidyl-
choline headgroup. We proved that MDR3 ATPase activity is
specifically stimulated by PC lipids and not by PE lipids, which
differ only in the headgroup.

In summary, we demonstrate for the first time the expression of
two human ABC transporters, MDR3 and BSEP, in the yeast P.
pastoris and their correct targeting to the plasma membrane. BSEP
could bind to ATP in detergent, but no hydrolytic activity could be
detected. Furthermore, we established a purification procedure for
human MDR3, which resulted in purified and functional protein.
This study provides the foundation for further investigations of the
human liver ABC transporters BSEP and MDR3.

Supporting Information

File S1 Combined file of supporting figures and tables.
Figure S1: Dot Blot quantification of BSEP (A), BSEP-GFP (B) and
MDR3 (C). Average values from two independent dot blots are
shown n=2) = SD. Large errors for e.g. the Fos-Choline series
resulted from saturation of the detector. The intensity of SDS was
set to 100% and all other values were normalized to SDS. Black
bars represent zwitter-ionic detergents, grey bars ionic detergents
and white bars non-ionic detergents. Figure S2: FSEC profiles of
free GFP and MDR3-GFP in selected detergents. The x-axis
shows time in minutes, the y-axis fluorescence in arbitrary units.

April 2013 | Volume 8 | Issue 4 | 60620

119



Chapter 5

Figure S3: FSEC profiles of BSEP-GFP in selected detergents. The
x-axis shows time in minutes, the y-axis fluorescence in arbitrary
units. Table S1: Used detergents for solubilization of BSEP and
MDR3 and Dot Blot analysis; N: Non-ionic detergents; Z:
Zwitterionic  detergents; A: Anionic detergents; C: Cationic
detergents.
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Supplementary Figure S3
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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
Cc1 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 54 2% N
E1 CYMAL®-3 0.37 1% N
E2 2.6-Dimethyl-4-heptyl-B-D-maltose 1.2 2% N
E3 2-propyl-1-pentyl maltose 1.9 2% N
E4 MEGA-8 25 2% N
E5 n-Octyl-B-D-glucoside 0.53 2% N
F1 n-Nonyl-B-D-glucoside 0.2 1% N
F2 n-Octyl-B-D-maltoside 0.89 2% N
F3 n-Nonyl-B-D-maltoside 0.28 2% N
F4 n-Decyl-a-D-maltoside - 1% N
F5 n-Tetradecyl-B-D-maltoside 0.00054 1% N
G1 n-Undecyl-a-D-maltoside 0.029 1% N
G2 n-Undecyl-B-D-maltoside 0.029 1% N
G3 n-Dodecyl-a-D-maltoside 0.0076 1% N
G4 n-Dodecyl-B-D-maltoside 0.0087 1% N
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G5 n-Tridecyl-B-D-maltoside 0.0017 1% N
H1 n-Heptyl-B-D-thioglucoside 0.85 2% N
H2 n-Octyl-B-D-thiomaltoside 04 2% N
H3 n-Nonyl-3-D-thiomaltoside 0.15 1% N
H4 n-Decyl-B-D-thiomaltoside 0.045 1% N
HS5 n-Undecyl-3-D-thiomaltoside 0.011 1% N
" n-Dodecyl-3-D-thiomaltoside 0.0026 1% N
12 Pentaethylene glycol 0.031 1% N
monodecylether(C10ES5)
13 Tetraethylene glycol 0.25 1% N
monoethylether(C8E4)

14 Sucrose monododecanoate 0.016 1%

15 Dimethyldecylphosphine oxide 0.1 1%

J1 Tripglu 3.6 2%

J2

J3 Decyl-B-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-B-D-maltoside - 1% N
C6 Anzergent® 3-10 1.2 2% z
Cc7 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
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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®-1so-9 0.99 2% z
G6 Fos-Choline®-lso-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% 4
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
17 n-Tetradecyl-N.N-dimethylamine-N- 0.0075 1% 4
oxide
18 n-Dodecyl-N.N-dimethylamine-N- 0.023 1% 4
oxide
19 Tripao 4.5 2%
10 n-Tetradecyl-N.N-dimethylamine-N- 0.0075 1%
oxide
J6 LAPAO 0.052 2%
J7 PMAL™-C-12 - 2%
J8 2-Carboxy-w- - 1%
heptadecenamidopropyldimethylami
ne
J9 2-Carboxy-5- - 1% V4
pentadecenamidopropyldimethylami
ne
J10 N.N dimethyl(3-carboxy-4-dodec-5- 0.0178 1% VA
ene)aminopropylamine
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-B-iminodipropionic  acid N/A 1% A
(only used for MDR3)
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B6 Decyltrimethylammonium chloride 0.07 1% C

B7 Dodecyltrimethylammonium 0.0012 1% C
chloride

B8 Hexadecyltrimethylammonium 0.000102 1% C
chloride

B9 Tetradecyltrimethylammonium 0.0009 1% C
chloride
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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
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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/GS,
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 SP 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 ug of Pmel
(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
% biotin) media. Aeration was kept above 20% O, 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/I (~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-HCI, pH 8.0, 75 mM NacCl,
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 ug 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/HCI 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 ul 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/HCI pH 7.5, 250 mM sucrose) and vesiculated by 10 passages through a 26
gauge needle to yield inside-out vesicles (IOVs). 20 ug of this vesicle preparation
was assayed in a reaction volume of 20 pl with 0.1 mg/ml creatine kinase (Sigma-
Aldrich), 10 mM creatine phosphate, and 10 mM MgCl, 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 ym 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 S [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, I0Vs were incubated with 2 uM of [*H]-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 10Vs
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 I0OVs 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 yM and 0 to 70 uM,
respectively. For both bile salts, a concentration-dependent saturation curve could be
observed and a Michaelis-Menten constant (Ky) for TC of 22.7 + 6.2 yM could be
determined. For TCDC the constant was 12.7 £ 1.8 uM. The measured Ky-values are
in very good agreement with values obtained for human BSEP in cell culture-based

expression systems [1]. The Ky-value for TC ranges between 4.0 and 20.0 yM for
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BSEP expressed in IOVs in HEK293, S or HighFive insect cells [1]. For TCDC the
Ku-value has been measured between 4.0 and 13.0 pM in different systems [1].
Although, the Vnax-values might be lower than in cell-culture systems, this value is
dependent on the number of transporter in the 10Vs, 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 ug 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). I0Vs were
incubated with 2 uM [°H]-TC in the presence of ATP (4 mM) or transport buffer, 10
mM MgCl, 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 10Vs for [°H]-TC and [°H]-TCDC. The
concentration ranges from 0 to 50 uyM and 0 to 70 uM, respectively. Kinetic
parameters for [°H]-TC are Ky of 22.7 + 6.3 pM and a Vyax of 58.8 + 7.3 pmol / (mg x
min). [’H]-TCDC is transported with a Ky-value of 12.9 + 1.8 pM and a Vjax 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

Vmax' S
Kpy+ S )

to Michaelis-Menten kinetics using the following equation: v, =
Figure 5: Transport of [°H]-TC by I0Vs 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 BSEP®*"*®, 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 .
"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 . 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 *.
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 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 a-helices, which commonly harbour PFIC-2 mutations.

161



Chapter 7

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 ug/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, Duren, 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
" 8and by the use of the transporter specific antibodies K24 for BSEP °, P31126 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 ' (kindly provided by M. Dumont,
Rochester) via homologous recombination as described in Stindt et al. 2. The

integrity of the coding sequence on the resulting plasmid pSGP18-2u-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 ¢.78T>C and ¢.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: ¢.2064G>A, c¢.2559C>T,
c.3084A>G, and ¢.3390T>C as described ™.

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 . The mutation c.1120G>A (p.G374S) was introduced into the two plasmids
pSGP18-2u-BSEP and pEYFP-N1-OriLeu-BSEP by DREAM mutagenesis 2 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 pSGP18-2u-BSEP"", pSGP18-2u-BSEP®**S| or the
empty pSGP18-2u construct according to the manufacturer’s instructions. Positive
clones were selected on YPDS plates containing 100 ug/ml Zeocin. Small-scale
expression screens of the obtained P. pastoris clones were performed as described
by Lerner-Marmorosh et al. *. 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 BSEP®*"4S expression in mammalian cells
Wildtype BSEP-EYFP as well as BSEP®*"**.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.™

. All steps were carried out at 4°C and in the presence of
protease inhibitors (Complete™ 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-HCI, pH 8.0, 75 mM NacCl, 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 pg 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 ug 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 yl of Benzonase
(Merck, Darmstadt, Germany) were added per 100 uL of lysate. 10 pg 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).

[*H]-taurocholate transport assays

Transport activity of human BSEP was measured as described °. Pichia plasma
membranes were thawed on ice, diluted fourfold in ice-cold buffer (50 mM Tris/HCI
pH 7.5, 250 mM sucrose) and vesiculated by 20 passages through a 26 gauge
needle. 20 ug of this vesicle preparation were assayed in a reaction volume of 20 pl
with 0.1 mg/ml rabbit muscle creatine kinase (Sigma-Aldrich, Munich, Germany), 10
mM creatine phosphate, and 10 mM MgCl, as an ATP-regenerating system. After
addition of [*H]-taurocholate (Perkin Elmer, Rodgau, Germany) or [°H]-
taurochenodeoxycholate (Hartmann Analytic, Braunschweig, Germany) to a final
concentration of 2 uM, 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 pm 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/m?. 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 (yGT) 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, a1-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 Fibroscan™ '®. 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/cm? 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
vGT 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 (Fibroscan™, 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 vyears 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 '® .

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 yGT 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 °, 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, ¢.909-17G>A, c.909-15A>G, ¢.3766-
34G>A) were all located at longer distances from splice sites. Furthermore, two
synonymous exonic variants (c.402C>T; p.l134]l 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
BSEP®*"*S has no major impact on intracellular trafficking of BSEP®*™*® 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 yM and
in the brother's serum to 47.8 uM (normal: 1.4 £ 1.2 yM, 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 uM; normal 0.27 + 0.20 yM) 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 BSEP®%*"*S js 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 BSEP"T or BSEP®*'*® (Fig. 4D). Vesicles from P. pastoris cells
transformed with the empty vector (=control) showed unspecific binding of [°H]-TC or
[*H]-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 BSEPYT, [*HJ-TC transport increased 1.65-fold (n=3)
compared to TC-transport in the absence of ATP. Likewise, transport of [°H]-TCDC
increased 1.55-fold (n=3) upon addition of ATP. [°H]-TC as well as [*H]-TCDC

transport was strongly reduced in BSEP®**

-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 . 112 missense mutations related to PFIC-2 and 21
mutations associated with BRIC-2 were found. The HMMTOP 2.0 topology tool *°
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.G3748S,
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 °. 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 %°. 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 (uM/uM) as compared to more than 5000 (uM/uM) in

healthy individuals (Herebian, Mayatepek, Kubitz and Haussinger, 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 BSEP®*"*® 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 ® ??, which has been estimated to occur in more than 90 % of
PFIC-2 patients 2. In our male patient, expression of BSEP®*"*° 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
BSEP"T or BSEP®**S in transfected HEK293 cells (Fig. 2B). In contrast, many other
disease-related mutations such as p.G238V, p.D482G, p.G982R, p.R1153C, and

10,24 and it was

p.R1268Q impair membrane targeting of BSEP in transfected cells
suggested that the degree of membrane expression inversely correlates with the
severity of cholestasis (PFIC-2 versus BRIC-2 versus ICP) %. However, the p.G374S
mutation does not fit into this scheme. Systematic analysis revealed that all other
missense mutations of BSEP within putative transmembrane a-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 (ABCB117) 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: BSEP®**S 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 ym). (B)
Human BSEP was fused to yellow fluorescent protein (green). The mutation p.G374S
was introduced by DREAM mutagenesis '?. Transfection of HEK293 cells showed

PWT

targeting of BSE as well as of BSEP®*"* to the plasma membrane. Na*/K*-

ATPase as a plasma membrane marker is shown in red (white bars = 10 um). (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 BSEP®*"*° and position of G374

(A-C) Based on the structure of the MDR transporter Sav1866 (pdb entry: 2HYD) % 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 [*H]-labeled bile acids into yeast plasma membrane
(PM) vesicles by BSEP®*"*S is strongly reduced (mean and SEM, n=3) as compared
to BSEP"T. 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 a-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 um). (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 uym). (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
(TMHSs). 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 a-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 |) cleavage of invading foreign
nucleic acids and integration into the CRISPR array, Il) expression of the CRISPR
array and maturation of crRNAs and lll) 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 A. 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 A.
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 Il of P-loop containing proteins and is referred to as “ASCE” type.

A

1 Walker A 50
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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).
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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 (Ky) 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 Ky 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 (Ky ~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
S 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 SP 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 Ca®*-ATPase or human AQPO 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 ¢ 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

191



General Discussion

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).

E.coli-free site-directed mutagenesis
s N
Amplified, mutated ds-end product is
Productive annealing is greatly favoured in Also, product of 1st cycle is converted into a circular plasmid in
1st cycle with shifted primer design available as template in 2nd cycle yeast by homologous recombination

@:@3

productive primer
annealing dimer
5 ;
5 3
0 3’ .

: Direct transformation of yeast
Template prepared from yeast with precipitated product

N

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 B-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 hisgx-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 B-DDM like ABCG5/G8 [198,200]. P-gp was
solubilized in various detergents from P. pastoris membranes including 3-DM, (-
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 -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 B-DDM, B-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 Ni?*-IDA-
column, which was used to purify BSEP making use of its hise-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 pg 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 p-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 (P;). ABC transporters are P-loop containing proteins, belonging to the
“‘“ASCE” group Il 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 B-y phosphodiester bond of ATP to
hydrolyze it to P; 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 Sf 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 3-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 SO 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 B-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-
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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 S 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 (Ky) for various substrates have been measured in different

expression systems and multiple times (Table 1) [148].
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Table 1: Ky-values for bile salts determined with different systems for BSEP.

Substrate Ku/ uM Source
Taurocholate 8,20, 15 S
4 HighFive
Taurochenodeoxycholate 4,5,13 SR
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 Ky-values
were 22.7 £ 6.2 yM and 12.9 + 1.8 pM, 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. |) Progressive familial intrahepatic cholestasis type 2 (PFIC2) [237], II)
benign recurrent intrahepatic cholestasis type 2 (BRIC2) [156] and lIl) 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 T919A 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 B

10001

Transport in cpm

Figure 17: Characterization of the BSEP T919A mutant. A) Expression of human BSEP in HEK293
cells. Left: Mock control (transfected with empty plasmid), middle panel: BSEP wild-type and right:
BSEP T919A. White bars represent 10 ym. B) Transport of [3H]-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 A. 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 C, 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—1r 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 B

GLY-374

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 A.

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 7a-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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aa
AAA+
ABC
ASBT
ADP
ANP
ATP
BCRP
bp
BRIC2
BSEP
Cas
Cascade
CBP
cDNA
CH

cmc
cpm
CRISPR
crRNA
CSD

3D
3-DDM
3-DM
DIC
DNA
DRM
DSB
dsDNA
E. coli
E. faecalis
e.g.

ESE
FSEC

amino acid

ATPases Associated with diverse cellular Activities
ATP binding cassette

apical sodium-dependent bile acid transporter
adenosine-5'-diphosphate
phosphoaminophosphonic acid-adenylate ester
adenosine-5'-triphosphate

Breast Cancer Resistance Protein

base pair

benign recurrent intrahepatic cholestasis type 2
Bile Salt Export Pump

CRISPR-associated

CRISPR- associated complex for antiviral defence
calmodulin binding peptide

complementary DNA

coupling helix

critical micellar concentration

counts per minute

clustered regularly interspaced short palindromic repeats
CRISPR-RNA

catalytic subdomain

three-dimensional

n-dodecyl B-D-maltoside

n-decyl B-D-maltoside

drug-induced cholestasis

deoxyribonucleic acid

detergent resistant microdomain

double-strand break

double-stranded DNA

Escherichia coli

Enterococcus faecalis

exempli gratia

exonic splicing enhancer

fluorescence-detection size-exclusion chromatography
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g
GNP

GTP

H*
HEK293
HepG2
hisgc-tag
HR

HSD
ICP

IMP
IUBMB
Kq

kDa

kg

kJ

Km

L. lactis
LLC PK1
MDCK
MDR
mg

Mg

uM
MRP
NBD
NHEJ
Ni**-IDA
nt
NTCP
OATP
OST

PAM
PCR
PEBD
PFIC2

gram
phosphoaminophosphonic acid-guanylate ester
guanosine-5'-triphosphate

proton

human embryonic kidney 293 cells
hepatocellular carcinoma G2 cell line
histidine-tag

homologous recombination

helical subdomain

intrahepatic cholestasis during pregnancy
integral membrane protein

International Union of Biochemistry and Molecular Biology
dissociation constant

kilo Dalton

kilogram

kilo Joule

Michaelis-Menten constant

Lactococcus lactis

pig kidney epithelial cells

Madin Darby canine kidney

multidrug resistance

milligram

microgram

micromolar

multidrug resistance related protein
nucleotide binding domain
non-homologous end-joining

nickel(2+)- iminodiacetic acid

nucleotide

sodium-taurocholate cotransporting polypeptide
organic anion-transporting polypeptide
organic solute transporter

inorganic phosphate

protospacer adjacent motif

polymerase chain reaction

partial external biliary diversion

progressive familial intrahepatic cholestasis type 2
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P. aeruginosa
P-gp

P-loop

P. pastoris
R-M system
RNA

S. agalactiae
S. cerevisiae
SF1/2

SR

SLC

SNP

S. pyogenes
ssRNA

S. solfataricus
S. thermophilus
TMD

Pseudomonas aeruginosa

permeability glycoprotein 1

phosphate-binding loop

Pichia pastoris
restriction-modification

ribonucleic acid

system

Streptococcus agalactiae

Saccharomyces cerevisiae

superfamily 1/2
Spodoptera frugiperda

solute carrier

9

single nucleotide polymorphism

Streptococcus pyogenes

single-stranded RNA

Sulfolobus solfataricus

Streptococcus thermophilus

transmembrane domain

TNP-ATP 2',3'-0-(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 GIn/Q threonine Thr/ T
glycine Gly/G tryptophan Trp /W
histidine His / H tyrosine Tyr/Y
isoleucine lle /1| valine Val/V
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