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Abstract

Abstract

Bile formation is mainly performed by the three ABC transporters of the bile
triumvirate at the canalicular membrane. These are namely ABCB4, ABCB11 and the
heterodimer ABCG5/G8. Each of these display a narrow but specific substrate
spectrum, which is quite uncommon for ABC transporters. While ABCB4 specifically
enriches the outer leaflet with PC lipids, ABCB11 transports conjugated bile acids
across the canalicular membrane and ABCG5/G8 secretes cholesterol into the bile
canaliculi. Since bile acids exhibit a harsh detergent activity, they would harm
hepatocytes and cholangiocytes. However, ABCB4 transports a high amount of PC
lipids to enriched microdomains within the outer leaflet, while bile acids pull off patches
of these extra lipids and form mixed micelles. Thereby, ABCB4 protects the cells from
the harsh detergent activity of bile acids. Furthermore, cholesterol secreted by
ABCG5/G8 is incorporated into the mixed micelles to prevent crystallization at higher
concentrations. Obviously, the role of ABCB4 in providing sufficient PC lipids is
essential not only for bile equilibrium but also human health. ABCB4 deficiency leads
to symptoms such as reduction or complete absence of PC lipids in bile and these
ABCB4-related diseases are of high clinical relevance. Hence, research studies on
ABCB4 involving the understanding of the transporter are imperative. ABC transporters
are often considered as single entities but in case of the bile triumvirate, an interplay
between the transporters and their substrates is assumed. For ABCB11 and
ABCG5/G8, it was demonstrated that lipid composition, cholesterol content and
presence of bile acid affects these transporters. In contrast, effect of bile acids or
cholesterol on ABCB4 have not be directly demonstrated so far due to the difficulty in
measuring lipid lifting in a lipid environment and because of bile acids acting as lipid
extractors. Both are individual steps with their own kinetic parameters.

However, a detergent-solubilized and purified ABCB4 presented a tool which
could be exploited further to investigate the modulation of ATPase activity of ABCB4
by bile acids and cholesterol. Additionally, the effect of bile acids in the presence of a
substrate (DOPC) of ABCB4 and cholesterol was examined. In the current thesis, four
essential findings on ABCB4 were obtained: 1) monomeric bile acids modulate ABCB4
in a concentration dependent manner; 2) maximal modulation by bile acids corelates

with their cmc; 3) bile acid modulation of ABCB4 changes but persists in the presence




Abstract

of an actual substrate (DOPC), and 4) Nor-UDCA highly stimulates ABCB4 in the
presence of DOPC (and cholesterol), revealing a new and medically-relevant
mechanism of action. It also emphasized the importance to study Nor-urso versions of
bile acids in further detail.




Zusammenfassung

Zusammenfassung

Die Gallenbildung findet ausschliel3lich an der kanalikularen Membran der
Leber-Hepatozyten durch die drei ABC Transporter des Gallen-Triumvirates statt.
Diese sind die Transporter ABCB4, ABCB11 und der heterodimere ABCG5/G8. Jeder
dieser Transporter besitzt ein kleines, jedoch sehr spezifisches Substratspektrum, was
fur ABC Transporter eher ungewohnlich ist. Wahrend ABCB4 spezifisch die aullere
Lipidschicht der Membran mit PC-Lipiden anreichert, transportiert ABCB11 konjugierte
Gallensauren uber die kanalikulare Membran und ABCG5/G8 sekretiert Cholesterin in
die Gallenkanalikuli. Da Gallensauren eine starke Detergenzienwirkung aufweisen,
wurden diese die Membran der Hepatozyten und Cholangiozyten schadigen. Daher
sorgt ABCB4 fiir einen starken Uberfluss an PC-Lipiden in den angereicherten
Mikrodomanen der aufleren Lipidschicht, sodass die Gallensauren Stlucke dieser
Uberflissigen Lipide extrahieren und gemischte Mizellen bilden kdnnen.
Dementsprechend schitzt ABCB4 die Zellen vor der Detergnzienwirkung der
Gallensauren. AuRerdem werden das von ABCG5/G8 sekretierte Cholesterin in diese
gemischten Mizellen eingebunden, um die Kristallisation des Cholesterins bei hoheren
Konzentrationen zu verhindern. Dementsprechend ist ABCB4 nicht nur fur das
Gleichgewicht der Gallenflissigkeit, sondern auch die menschliche Gesundheit
verantwortlich. Ein Ausfall von ABCB4 fuhrt zu Symptomen wie Reduzierung oder
Fehlen von PC-Lipiden in der Gallenflussigkeit und deshalb sind ABCB4 verursachte
Krankheiten von hoher klinischer Relevanz. Dementsprechend ist auch die nétige
Forschung hochst relevant, um den Transporter besser zu verstehen. ABC Transporter
werden oft einzeln betrachtet, aber im Falle des Gallentriumvirates wird ein
Zusammenspiel der Transporter und jeweiligen Substrate vermutet. Fur ABCB11 und
ABCG5/G8 wurde bereits gezeigt, dass die Lipidkomposition, der Cholesterinanteil in
der Membrane und Gallensauren die Transporteraktivitat beeinflussen. Im Gegensatz
dazu, konnte bisher kein direkter Effekt von Gallensauren oder Cholesterin auf ABCB4
nachgewiesen werden, da es besonders schwer ist, Lipid-Transport in einer
Lipidumgebung zu messen, vor allem, wenn Gallensauren diese =zusatzlich
extrahieren. Jedoch sind Transport und Extraktion von Lipiden zwei unterschiedliche

Schritte mit ihren eignen kinetischen Parametern.




Zusammenfassung

Allerdings bietet ein in Detergenzien solubilsiertes und gereinigtes ABC4 die
Mdglichkeit, die Modulation der ATPase-Aktivitat von ABCB4 durch Gallensauren und
Cholesterin zu untersuchen. Zusatzlich konnte auch der Effekt der Gallensauren in
Anwesenheit eins eigentlichen Substrats von ABCB4 (DOPC) und Cholesterin
bestimmt werden. In dieser Arbeit konnten vier neue Erkenntnisse fur ABCB4
aufgezeigt werden: 1) monomere Gallensauren modulieren ABCB4 in Abhangigkeit
ihrer Konzentration; 2) die maximale Modulation durch Gallensauren korreliert mit ihrer
entsprechenden kritischen Mizellenkonzentration (cmc); 3) der Effekt der Gallensauren
auf ABCB4 bleibt zwar in Anwesenheit eines eigentlichen Substrates (DOPC)
bestehen, verandert sich jedoch deutlich und 4) Nor-UDCA stimuliert ABCB4 auRerst
stark in Anwesenheit von DOPC (und Cholesterin), was einen neuartigen und
medizinisch relevanten Mechanismus dieser Gallensaure beschreibt. Dies
unterstreicht die Wichtigkeit Nor-urso-Versionen von Gallensauren in Zukunft zu

studieren.

v
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importance tor human health as 1t 1s the major metabolizing
and detoxifying organ of the human body. It is mainly
composed of hepatocytes or parenchymal cells, which make up
approximately 80% of the volume of the liver. Cholangiocytes,
liver sinusoidal (LSEC), as well as macrovascular (MaVEC)
endathelial celle henatic ctellate celle (HSC) and Kunffer cellc

chemical groups for higher solubiity such as glutathione
conjugation), and the final products of these reactions are
often found as glucuronidated or sulfated conjugates, which are

International transport consorium (11L) has Included
hepatobiliary membrane transport proteins in drug screening
studies. The ITC includes members of academia, industry, and

hahedi it Bd Sy P A S et - et iebata

porter 2, SLC22A2), as well as OAT1 and OAT3 (organic
anion transporter, SLC22A6 and SLC22A7, respectively).
Furthermore, it is not only about the kinetics of drug—drug
interactions that might be modulated by these transporters, it
is also about the dynamics of these interactions, i.e., the

interplay between drug concentration and biological effect.
This emphasizes the importance of hepatobiliary membrane
transporters in the physiology and pathophysiology of the
human liver. Here, we will focus only on structural and
functional aspects of hepatobiliary ABC transporters and try to
summarize our current knowledge of the mode of action and
how these primary active transporters coexist and function in

el [ e e g e

well as export) of all liver relevant compounds across the
plasma membrane to a rather detailed knowledge about the
molecular players, the substrate spectrum, and mechanistic
aspects of how liver cells communicate with their environment,
a process mediated by active transport proteins. The

TUU GLIGIGIL GALOpUL LS. 1 LIt LIGIUNL PasSive W aispUi o
(uniporter), ion-coupled transporters (symporters), and ex-
changers (antiporters). The liver is not only essential for

ada JVU nua \-UlldlleUl ltl, LCiviicu o 177 1] AAZESLS Y llllPUllD
taurocholate (TC) at a stoichiometry of one TC: two Na'.
Nowadays, we know that not only TC, but all bile acids,

concentration and resident time in the body, are strongly
coupled to the capability of the liver to extracts drugs. This is
mainly accomplished by SLCs of the OATP (SLCO, former
SLC21), OAT (SLC22), and OCT (SLC22) subfamilies.
OCTs are electrogenic uniporters that transport organic
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Figure 1. Scheme of two hepatocytes forming a bile canaliculi. All transporters, which are localized in the plasma membrane of human hepatocytes,
are highlighted. ABC transporter with exception of the ABCC subfamily (colored in green) are illustrated in blue. ABCB4, ABCB11, and ABCGS/
G8 translocate compounds, which form a mixed micelle (light yellow) in the bile canaliculus. ABCC transporters mostly secrete drugs and

canalicular and basolateral membrane. Further SLCs can be divided into ex::hangeré (SLC4A2, SLC22A7 SLC22A9, SL647A1, SLCO1BI,
SLCOI1B3, SLCO2BI1) indicated by a black and a gray arrow in opposite directions, facilitators (SLC22A1, SLC22A3, SLC29A1, SLC29A2,
SCL51A+B) indicated bv a dashed arrow and cotransporters (SLC10A1. SLC28A1. SLC28A2.) with black and erav arrows in the transport

cations along their concentration gradient, a so-called AE2 (anion exchanger isoform 2, SLC4A2) and MATEI
facilitated diffusion. OATs, on the other hand, transport (SLC47A1). Isoform 1 of AE is better known as the band 3
organic anions in a sodium ion independent manner. However, protein found in erythrocytes. AE1 and AE2 both exchange
to reach the intracellular concentrations, active transporters are chloride ions against bicarbonate ions. In cholangiocytes, AE2
required. So far, sulfo-, but not glucuronide- or glutathione- participates in the so-called “biliary bicarbonate umbrella”, a
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motif consensus sequence
Walker A GXXGXGKST
C-loop LSGGQ/R
Walker B OBOOODE

row “canonical”.

ABCAIl, ABCB1, ABCB4, ABCB11, ABCC2, ABCGS
ABCAI, ABCB1, ABCB4, ABCB11, ABCC2, ABCGS

canonical degenerated

NBD1 of ABCGS8
NBD2 of ABCB11
NBD2 of ABCC1
NBD2 of ABCC2
NBD2 of ABCC3
NBD2 of ABCC4
NBD2 of ABCCS
NBD2 of ABCC6
NBD2 of ABCC7
NBD2 of ABCGS

ABCAL, ABCB1, ABCB4, ABCC2, ABCGS, ABCG8 NBD1 of ABCB11

NBD1 of ABCC1
NBD1 of ABCC2
NBD1 of ABCC3
NBD1 of ABCC4
NBD1 of ABCCS
NBD1 of ABCC6
NBD1 of ABCC7

that increased our molecular knowledge about these systems
exponentially. In the case of functional studies, transporters
were either heterologously overexpressed or cell lines, which
were transiently or stably infected with the respective
transporter, were used in combination with various bio-
chemical or biophysical approaches. However, these ap-

pur[ers are evt‘rytrung Dut Not 1solatea enutes. Katner an
intense and functional important cross talk and interactions
between transporters of the same (basolateral or canalicular)

CRoOTIL AU LGLSpULIGI. A Aver phiialy Gty ancaiviais
transporters use the energy of binding and hydrolysis of ATP
to translocate their substrates across biological membranes

spanning units, the transmembrane domains (TMD) and two

copies of the power plant, the nucleotide binding domains
MIRNM) wohich hasvhas all cancamrad camanca matifo that cdoa

rise to this family of membrane transport proteins. In contrast
to prokaryotes and archaea, in which the four modules are
often encoded on separated genes, only fusion of one NBD or
TMD (so-called half-size transporter) or a fusion of all four
modules (so-called full-size transporter) are present in
eukaryotes. Another important difference between ABC

we will not discuss any ABC system that performs an import
function.
As stated above, the NBD contains the conserved sequence

strand is followed by an Asp and a Glu residue. The Asp
residue coordinates the cofactor Mg>* that is indispensable for

LI TR 2o eu Fa T 1 rn . —~ 1

nucleopﬁilic hydrolysis of the anhydride bond of the f—y
phosphate moiety. However, it has to be stressed that the

hictidina ~Af tha T lann hao hann chaum #4a wlas an idantiaal
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ATP molecules are shown in ball-and-stick representation and the cofactor Mg*" as green spheres. (B) Zoom-into into one NBS of the composite
dimer. The NBD is shown as a light gray transparent solid. Color coding is as in (A). Water molecule within the NBS have been omitted for clarity.
Please note that this is a model of the wild type NBD based on the crystal structure, in which the histidine residue (His 662) was mutated to Ala. *

nyarorysis. rere, uie ris d4dna ue glu resiaues 10ri a COMPpOsILEe drenitecuure 01 Uie INDO, Ulese Lwo excndnges will
catalytic dyad, in which the His residue polarizes the attacking create an ATP binding site that might bind ATP, but is
water molecule, while the Glu residue fixes the side chain of incapable of hydrolyzing the nucleotide on the biological time
narbors these catalytic essential amino acids, It 1S termed receptor) are not expressed 1n the human liver. ABLLY 1s a
“canonical”. If, however, one or multiple exchanges of subunit of the beta cell ATP-sensitive potassium channel and
conserved amino acids occur, the NBD is called “degenerated”. acts as a regulator of these K channels during insulin release,

-10 -
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the NBDs and TMDs are present in this subfamily. First,
ABCC? contains the so-called R (regulatory) domain, which is
located between the NBD1 and TMD2. The R-domain has to

transmemprane aomain (1MUU) composea OI Iive Trans-
membrane helices (TMH) at its N-terminus. Deletion of
TMDO does not result in impaired ATPase activity or substrate
transport. TMDO is also found in ABCC2, ABCC3, ABCC6,
ABCC8, ABCC9, and ABCCI10, respectively. However, there

are twn ather ARC trancnartere of the R aihfamily TAP

1LUCHIVELd UL UIT LV dUULdILULY 1ULALLT WU PTLUAIDUILIED dlUu diT

involved in lipid metabolism. The ABCE and ABCF
subfamilies do not contain a TMD and are referred to as

swapping subdivides each TMD into two parts. In the case of
TMDI1, TMH 1, 2, 3, and 6 belong to the first part, while
TMH4 and TMH6 form the second part. For TMD2. the first

part 1s puld up DY LMVIHL, Z, 3, and O OI 1IViU1 ana LIViH11
and 12 of TMD2. Accordingly, the second part is composed of
TMH4 and S of TMDI1 and TMH 7, 8, 9, and 12 of TMD2.
This domain swap has important mechanochemical con-
sequences. The intracellular loops (ICL) 1 and ICL2 adopt

helical etrnctiiree and are therefare alen termed cannline heliv

ldlsch 11U ulJUu 4311 THIUULTU uuucLizauivll, buss:buus
that their motion is directly transmitted to the TMDs through
the long and helical ICLs. This allows a direct coupling of

-11 -
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CH and the CnH are in proximity to the C-loop and might
serve as a read-out platform for motions of the NBD due to
ATP-induced dimerization. Furthermore, one has to stress that
ABCGS/G8 is an asymmetric transporter; i.e.,, NBS1 formed
by the Walker A and Walker B motifs as well as the Q- and H-

is supp(;sed to transmit conformational changes from the NBD
to the TMD.

Thie ctmictiiral hinlamr arawvridad e wnth A feamaurarl AF

uncuon. vnly wnen necessary, we will sSiaestep ana inciuae
other ABC systems to explain more in detail the putative mode
of action(s) of ABC transporters of the human liver.

primarily on the healthy liver and transporters of the plasma
membrane. Thus, we will not discuss both transporters any
further.

in bile formation ABCB11, ABCB4, and the heterodimer
ABCGS/G8, respectively. Here, a delicate interplay between
bile acid export (ABCBI11), cholesterol secretion (ABCGS/
G8), and PC lipid flop from the inner to the outer leaflet
(ABCB4) is emerging. We will discuss the interplay of these

function is complementary to the function of ABCC3 and
ABCC4 located in the basolateral membrane. In contrast, a
nathonhvsiological role was assioned to ABCC6 as mutations

Stable or transiently infected cell lines are probably the most
powerful tools to study transport function, analyze amino acid

OATP1B3 localized to the basolateral and ABCC2 to the
canalicular membrane. The obtained data clearly revealed that
uptake and efflux are by no means separated transport

-12 -
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the cross-talk between both transporters was required to obtain
intracellular transport rates that mirrored the situation in the

hirman  livvar  Thic ahwvianclr imnacac anathar lawval of

HDL absorbs cholesterol and carries it back to the liver. The
secretion performed by ABCAL1 is therefore crucial to reabsorb

chalectoral and nececearv far a healthv cirenlatian Tn

stasis and anti-intlammatory actions, protect pancreatic cells
and regulate insulin secretion. A deficiency in ABCAL is the
basis of a rare genetic disorder, Tangier disease, that goes in

ABCAL is apparen‘tly involved in very-low-density lipopr&tein
(VLDL) as increased levels of triacylglycerides-rich VLDL

narticlac wrara datactad Thic naintad taurmerd A naur ralatian.

deLleriunead 111 uie nucieoude-iree sudie auuptcu ule 1nwdara
facing conformation with separated NBDs. In striking contrast,
the nucleotide-free structure of human ABCAl is in a

TMD2, while ECD2 is placed above TMDI. Both adopt a
novel protein fold and are stabilized by three (ECD1) and one

/rAT™AN 1 1r 1

-13 -
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Table 3. Sequence Identity of Human ABCC Subfamily Members Which Are Present in the Liver and Liver Excluded ABCC1

(MRP1)
symbol identifier name amino acids
long ABCC1 P33527-1 MRP1 1531
ABCC2 Q92887-1 MRP2 1545
ABCC3 015438-1 MRP3 1527
ABCC6 095255-1 MRP6 1503
short ABCC7 P13569-1 CFTR 1480
ABCC4 015439-1 MRP4 1325

long short
ABCCl1 ABCC2 ABCC3 ABCC6 CFTR ABCC4
100
48 100
58 47 100
45 38 43 100
28 28 27 27 100
39 37 36 33 35 100

family (ABCC13) is a pseudogene for which no functional

ABCC2 (MRP2), ABCC3 (MRP3), ABCC6 (MRP6), and
ABCC7 (CFTR), belong to the long MRPs. The others,
including ABCC4 (MPR4), belong to the short MRPs (other
examples are ABCCS, ABCC11, and ABCC12). For the sake
of completeness, ABCC8 and -9 are no MRPs, but are long

i hnvn AL ha ADOO nlfavniles ADOCOOCTIN e MADDT in cans

Alrase activity.” ~ Interestingly, NBU1, which forms NB>1
with the exception of the C- and D-loops, is characterized by a
high affinity for ATP, suggesting a coordinating and

uldL dre U)LPICSBCU oIl PIULCUI 1ever 11 e uver. Desiues

ABCC7 (CFTR), these are ABCC2, ABCC3, ABCC4, and
ABCC6. Additional information on the structure, function,

like to point out that molecular differences between the

mcluding drugs, such as cancer therapeutics, but also
conjugated metabolites. Characteristic for the ABCC family
are substrates that are conjugated with glutathione (GSH),
sulfate or glucuronate prior to transport. However, these

substrate characteristics are not found to the same extent in all
ARC (e ARCCA far avamnla chawe anly 2 law affinity ta (GQH

UL UCICLUYVE Z1U0WWD 10 LULLIPELDALEU Uy ULIGL L3UWND. LUl

example, an ABCC2 deficiency can be counteracted by the
upregulation of other transporters of the ABCC subfamily such

istics such as the I'MDO of long ABCC transporters must be
derived from other members of the ABCC subfamily.
So far, structures of three members of the ABCC family have

-14 -
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LTC, bound ATP bound

AP .
o inward open accluded

A AHVAT Ut ULIMLLMESU UL LA NSNS SRRV \ MU TALINS A AAL MAILI) U S ) A4 A SO MU MIIM AIATVGMASE UPvAr \UVTAiv) & A As VAEUE) U N/ Ji)) WEIM XX A D ULIIM Useiuses

(bovine, PDB entry 6BHU) conformations of ABCC1. The TMDO is colored in blue, the TMDI in turquoise, and the TMD?2 in yellow. NBD1 is
pink, and NBD2 is dark red. The typical lasso motif of the long ABCCs is highlighted in red. Substrates such as ATP and LTC, have a black

hnrbarannd Tha snnar nanal affare 2 feantal vianr Tha lacar nanal e satatad ke 000 Tha N1 and (7 famminme e mas Lad Tha Aachad linae in tha
change due to substrate binding and/or upon ATP binding the TMDO is nearly identical within all three structurally described
NRBRDs come claser tacether. it seems ag if the conformation of states of ABCC1. This indicates a function pnrior and

-15 -
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closel): related ABCCs found in the liver seems convincing. It is
a motif following TMDO but is more closely positioned to the

mawn smuataia and in cnaaaa tim~ thn Aavilda vaninans davicead funan

transporters making ABCC1 the closest relative. In the ABCC1
structure two binding pockets are present, the positively
charoed (P) and the hvdranhabic (H) nacket. The nraotatvne

TMD2 seem to be important for the substrate specificity of
ABCC2. Estradiol, for example, is a prominent substrate of
ABCC2, but it also has a regulatorv influence via the allosteric

includes conjugated endogenous or xenobiotic substances,
which are exported into the bile duct rather than into the
blood system, unlike other multidrug exporters. The substrate

UUSTLVEU PIUVICIL 1] @lUlULUL U educit.

ABCC2 deficiency, on the other hand, can lead to
insufficient elimination of bilirubin from hepatocytes into the

ABCC3 differs substantially from that of ABCC1 and is rather
limited. Particularly noteworthy is the low affinity to the
triventide elutathione (GSH). which is often coniueated to

-16 -
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ABCC3 is sort of “back-up system”, especially when transport
of toxic metabolites by ABCC2 is impaired. Of pharmaco-

protein sequelncle. The authors lepeculated about regulatory
factors that may alter DNA binding or noncoding regulatory

AT T 11

ABCC#4 is expressed in several human tissues; high levels have
been reported in prostate glandular, and in contrast to ABCC1,
ARC(C4 ic alen detected in the liver. hnt at rather low

the basolateral membrane of the hepatocytes. Beyond the liver,
ABCC4 is particularly well-known for being not limited to the
basolateral membrane, thus exporting substrates through both

In conclusion, these findings point to a role of ABCC4 in
detoxification and liver damage, and suggests that its

LAUUAU 19 LIVURIL LU LIVAIAL LI SULLCHULL UL 2344 11U UIUURy
where ATP is rapidly converted into AMP and the calcification
inhibitor PP,

cell, whose hydrolysis provides the energy for substrate
transport.

ADAOCL el PO . Toend Lomn & mnan dillrolazl

Like all ABCC transporters, substrates of the organic anions
and GSH derivatives and conjunctions were tested for the
substrate spectrum of ABCC6. Althoueh an overlanping

-17 -



Introduction -
Structure and function of hepatobiliary ABC transporter

Zosuquidar bound ATP bound

APO inward oben occluded
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The investigations, which led to structural insights into the

transport mechanism of ABC transporters, were pioneering
‘‘‘‘‘ 1, fav tha antiva famils ARCRT vone nat tha fvetr ARC

conformations including bound ligands. These structures
comprise besides several structures of the apo state, the
e « . E— « 1T b

n oA T 1 11 .

The highest degree of differences lies within the N-terminus

and the linker region connecting both halves of this full-size
AR trancnartor Thorofara it urac initialle acerimod that hath

studies demonstrated that substrates of ABCB1 such as

aureobasidin A, digoxin, paclitaxel, vinblastine, or ivermectin
avn wammmaliead oo ADADA Latncalacnccn mcnvinnnnd 2 cenaa L o~

-19 -
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and 2 T'MDs. T'he T'MDs are dehned by six a-helices, each.
The typical “domain swap arrangement” is also present in
ABCB4. TMH 4 and 5 of TMD1 reach over to the other half

[yPlCal neaa-to-tau aumer Or uie INDUS. Ln[ercsungly, Urlly m
the NBSI an electron density for Mg** was found. Since Mg**
is obligatory for ATP hydrolysis, the presence of Mg>" may
indicate an active NBS1 and a (temporarily) inactive NBS2.

This structural asymmetry in the two NBS could not be shown
far ARCR1 Whether AR(CR4 like AR(CR1 hac twn fiinctinnal

CONIormaton Starung Irom an apo Structure (witnout
substrate) and resulting in an inward occluded structure
(with substrate). Intermediate stages of ABCB4 could not been
captured structurally so far. The ABCB4 structure is an
exception in that it varies from the known conformations of
ABCBI as it resembles a closed conformation without bound
substrate. Mechanistically, this conformation seems to
represent a state immediately after substrate release.

The authors also tried to derive a mechanism from the high
degree of relationship between ABCB1 and ABCB4. For this
purpose. the substrate binding in ABCB1 was first examined.

binding site. In another chimera, the extracellular loops of
ABCB4 were exchanged with the extracellular loops of ABCBI.
This chimeric transporter led to a loss of function as observed

llPluS.

Mechanistically, however, there are still unresolved ques-
tions. How does the lipid from the inner leaflet enters the
central cavity and leaves this hydrophobic binding pocket and
how it ends up in the extracellular leaflet? A floppy state does

nat ceem ta he camnletelv ancwered hv a cinale canfarmatinn

ADBUDBL. Because OI 1T§ 10CallZaton at tne Cytoplasm-memorane
interface, amphipathic substances would be particularly
suitable to modulate the activity of ABCB4.

A preselection mechanism to select PC-lipids from the pool
of phospholipids of the canalicular membrane has not yet been
determined. A selection of lipids, which just takes place in the
substrate binding pocket, i.e., in the hydrophobic cavity within
the core protein, appears to be thermodynamically disadvanta-
geous and could possibly lead to complications that slow down
or even completely block the translocation process. In contrast,
a mechanism of selection of phospholinids was revorted for a

-20 -
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411UD) @ L1y PULLILOLO Wad pPul 1ULWall pPlupudilg WL pPIuoviee Ul

an intracellular pool of ABCB4, which is mobilized to the
canalicular membrane in the presence of bezafibrate. This is in

LPAU - 10W pnospnoupia assoclated CNOIENTNIasis, BL - buiary
cirrhosis, PFIC3 - progressive familial intrahepatic cholestasis type 3.

-21 -
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transporters located In both the sinusoldal and canalicular
membrane of hepatocytes. Bile acid uptake occurs either in a
sodium ion dependent manner mainly by NTCP or to a minor

CUiituoy Uit suin SuAivHULL SUiUes Wit veiiioss Sviivieie
is mediated by an ATP-binding cassette (ABC) transporter,
ABCBI11, or bile salt export pump (BSEP). Additionally, this

example, human ABCBI1 prefers taurine conjugated over
glycine conjugated bile acids, although glycine is the major
form of bile acid conjugation in humans. Furthermore,

mouse ABCBI11 were analyzed in vesicles derived from
baculovirus-infected Sf9 cells overexpressing ABCB11. The
membrane of Sf9 insect cell contain less cholesterol compared

100 10Ul JuLIerert vue deius du CIIUUSCIIUUS CIIOIESLEIVL 1eVELS UL
Sf9 plasma membrane vesicles and after the addition of 1 mM
cholesterol. v,,,, values for all four bile acids increased in the

pathway. Elferink et al. investigated the effect of LPS on the
level of mRNA and correct trafficking of ABCB11, NTCP, and
ABCC2 in rats and human, respectively. In humans, mRNA

-22 -
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terminal region adopts a helical hairpin, which inserts into heterodimer together with the retinoid X receptor alpha
the translocation cavity. However, and in contrast to ABCB1 (RXRa). RXRa is activated by the vitamin A derivative 9-cis
from C. elegans, the N-terminus of ABCB11 adopts an a-helix retinoic acid. In a recent study, cholate feeding of mice with

-23-



Introduction -

Structure and function of hepatobiliary ABC transporter

addition to ABCB1 and the MRPs, ABCG2 is the major
multidrug exporter. Accordingly, it is not surprising that
ABCG2 is on the US Food and Drug Administration list for

ulus CAPUI‘.CID’ Wllclcuy uc dPPdlClll ulus LuliLcu dauvll
within the cell is reduced by continuous export. As a
consequence, many compounds are exported before they

are very poor supstrates oI ADUAIZ.  UNOIESTETOL, @ Precursor
of these hormones, seems to be a decisive modulator of the
transporter. Depletion of cholesterol or the reconstitution of

LIICLILdL EVIUCLILE Uldl ADUAIZ 1S UIueed d sweiul l.l'dlleUllCl
including cholesterol and estradiol stems from the observation
of a biphasic activation pattern of the ATPase activity of

-24 -
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membrane was structurally confirmed by the observation of a translation termination codon, which leads to a truncated
central cavity (central cavity 1), which is accessible from the and unfunctional polypeptide. This lack of ABCG2 in the
cvtoolasm as well as from the inner leaflet of the nlasma membrane of red hload cells leads ta the rare bhlond

-25-
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supersaturaion Of Cholesterol was measured 1n the blle OI
these mice. Therefore, it was concluded that the heterodimer
of both half-size transporters functions as a sterol efflux of both
cholesterol and xenosterols, in liver and the small intestine.
Unfortunately, the exact mechanism of how these transporters

nravide offluy ic vot nat camnletelv ninderctand Hawever it ic

LELUBILAES Ulal CUUIESIEIUL ULEPLULS di€ pIeotit. 1US lauet
hypothesis was proposed by Small, who postulated that
ABCGS/ABCG8 may act as “extruder”, exposing sterols to

buPPUll UL ICLULE ULIE Ul UIeSE 1110Ucls, d bluu)’ wds colauciey,
which demonstrated that forced biliary secretion of very
hydrophobic bile acids failed to increase biliary cholesterol

I e e i S = M

cholesterol from the outer leaflet is not dlsproven by this study
The crystal structure of heterodlmerlc ABCGS/ G8 was

111 1+ Ansrs fAan R /mmn EAavatl

naposass
more or less isolated entity with the putative substrate-binding
pocket at the interfaces. This moderate degree of amino acid
conservation is contrasted by a high degree of structural
conservation reflected by a root mean squared deviation
(rmsd) of only 2.0 A. Interestingly, ABCG5/G8 harbors more

AUMTAL A ATIAS LUSMIPUULSE Ui UL A ATIAa AvULALUAIGS W

CILLLIULL ULLISILY UL HULILULULY GliU UIL SLpalauull vLiwilas

opposing NBDs indicates that the ABCGS/G8 structure
represents a nucleotide-free state in the inward facing

the Vvalker A Or Vvalker Is moul In ABLGD was mutated,
biliary sterol secretion was abolished. On the other hand,
mutations of the corresponding residues in ABCG8 showed no
effect on the biliary sterol secretion. For the ABC signature

motif, the opposite effect was observed. Mutations on the ABC
cionatnre matif af ARC(ZS had na effect an the hiliarv ateral

cue OUESCOLCU Llldl UIC DLavVIC UL CCTHICUA VULIMIC VL a0 NaY
acts as an inflexible body, whereas the three-helix bundle of
ABCGS exhibits greater flexibility. With the proximity of G8-

uus eliecuon uﬁllbll)’ u:yu:bt:utb lndeecd ClolIesLerul, dil elux
mechanism was proposed. According to this proposal, the
binding pocket of ABCGS/G8 is located at two symmetrical

vestibules is flanked by TMHI and TMH2 of ABCGS as well
as TMH4 TMHS and TMHG6 of ABCG8. The other vestibule

P N ] 1 erTA O

CUa e i s ke we vai) Vi Ava Useauiv U seeeus waie
core of the heterodimer interface. To prove this proposal, a
conserved amino acid of ABCGS was mutated (Y432A).
Although no complete absence of cholesterol transport was
observed in mice, it was drastically decreased compared to the
wild type transporter.

LUWALU HIUVLILIGIIL UL UIL 1NDS UCGUL SUUUILaLSUUSLy . LI
result was supported by an evolutionary analysis. Here, several
coevolved pairs of amino acids were identified, which are
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Figure 11. Bile triumvirate of the canalicular membrane. The ABC transporter ABCB11 and ABCGS/GS8 are involved in the secretion (black
arrows) of the bile compounds bile acids (BA) and cholesterol (Chol) across the canalicular membrane (violet lipid can represent any other kind
than PC), respectively. In concert with PC-lipids (PC), which are flopped by ABCB4 from the inner to the outer leaflet, these three compounds

11

respectively. AGCGS and G8 (PDB entry SDO7) are shown as dimer in corresponding colors: I'MD and NBD ot GS in blue and brown, I'MD and

NBD of G8 in sky-blue and salmon, respectively.

promotor and regulatory elements. The latter have been
identified within the intergenic region, including the nuclear
transcrintion factor henatocvte nuclear factor 4 alnha

tissue specihic expression of ABUGS/G8 and can be partially
explained by epigenetic regulation. In tissues that do not
express ABCGS/G8, chromatin in the regulatory region is

might exist for cases in which cholesterol secretion has to be
increased. In the case of the latter, these transporters can be
mobilized to increase cholesterol efflux as it was sueegested bv

Primary bile mainly consists of bile acids, PC lipids,

cholesterol, which form mixed micelles, bilirubin glucuronides,
ned mvmnmin aminnn Aanlonic Af hila fenon hanlther Toonaoan
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serum revealed the presence of antibodies directed against
ABCBI11, which were absent in the pretransplant serum.
Obviouslv. de novo anti-ABCBI11 antibodies develoned after

Over 300 mutations and polymorphisms in the ABCB11 gene
have been identified so far, which cause hereditary liver
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ECL CI107R, I112T, W114R
QI2IL

TMH2 Y157C, A167V, A167T

ICL1 1182K, M183V, M183T

G188W, V284L, E297G
R303G, R303K, Q312H

R313S, A390P

TMH3 M217R, R223C, S226L
G238V

TMH4 T2421, A257G

TMHS G327E, W330R, C336S
Y337H, W342G

TMH6 A382G, R387H

NBD1 G410D, L413W, 1420T

D440E, G45SE, K461E
T4631, R470Q, V481E
R487H, R487P, N490D
1498T, 1512T, NS15T
RS17H, RS17T, FS40L
1541L, 1S41T, F548Y
D549V, GSS6R, AS70T
LS81F, AS88V, S593R
1627T, E636G
Connecting R698C, R698H, S699P

Loopl

E709K

TMH7 G758R, G766R

TMHS8 Y818F

ICL2 R832C, R832H, T859R
A865V, Q869R, R948C
A1044P, L1055P

TMH9 G877R

TMH10 S901R

TMH11 N979D, G1004D

TMHI12 T1029K, G1032R

NBD2 C1083Y, A1110E, S1114R
G1116E, G1116F, G1116R
S1120N, R1128C, S1144R
S$1154P, N1173D, N1211D
V1212F, L1242], D1243G

1CLl K1¥1l1, E1304, L1938y
A277E, E297G

TMH6 G374S

NBD1 R432T, V444A, 1498T
AS70T, TS861, G648V
T6SSI

TMH10 T923P

ICL2 A926P, R948C, R1050C

TMHI11 G1004D

NBD2 G1116R, R1128H, L1197G
R1231Q
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Table 5. continued

disease localization mutations

refs

“Listed are only these mutations, which impair protein function and sorted according to the disease that they cause. Mutations, which affect
expression, degradation, splicing, and trafficking were not taken into account.

ABCBI1 fails to export bile acids due to a complete lack or
insufficient amount of functional ABCBI11 in the canalicular
membrane of henatocvtes. This leads to intrahenatic

....... T T e I

ABCBI11 can lead to impaired bile acid secretion, accumulation
of bile acids in hepatocytes, and subsequent hepatocellular
injury, apoptosis, or necrosis. Missense mutations cause less
severe disease forms, whereas the risk of hepatobiliary
malignancy is increased in the case of mutations leading to

the dominant feature. Clinical features and disease progressioh
may be more severe in PFIC2 than in PFICI. Other features

mav incliida  arvaurth  failiire and  Adoficioncr af fatealuhla

tor cholyltaurine in a competitive manner. 'I'hese unusual bile
acids act as cholestatic agents by inhibiting the canalicular
ATP-dependent transport system for bile acids, which

trafficking, or membrane insertion is reduced, it is commonly
accepted that DILI affects the wildtype situation. Additionally,
patients who suffer from DILI normally also suffer from a more
prominent disease, for which a drug is administered. This drug,
especially if it is given orally and thereby taken up in the

o1

treatments are tested for their effect on different ABC
transporter, for example, ABCB11. For a more detailed
investigation to DILI, we refer the interested reader to two
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rppB SDOU/ 7). The transporter was rotated by 13U~ tor better visualization ot all mutants.
P Y

for LPAC are intrahepatic hyperechogenic foci, sludge, or

dlT wdlldllltu W davulu PUlClllldlly dTLIVUDd LUIIBC\luCll\.C) 1U1L
both the mother and the fetus. Other major considerations are
the teratogenic effect of certain medications and the risk that
pregnancy may impose on any underlying liver condition.
Symptoms may vary according to the severity of liver injury
from abdominal nain. nansea. and vomitino ta sions of acnte

liver failure. Common physical examination findings in

wouIrmawide. 111€ 11e0Ulldldl dgdul oclurs wiulll Z4 11 due w
atelectasis-producing pulmonary hypoxia, which recapitulates
the neonatal respiratory distress of human ICP. In neonates of
Abcb11-deficient mothers elevated pulmonary bile acids could
be obtained, which altered the pulmonary surfactant structure.
These findinos have imnortant imnlications for neonatal
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G269R, N437K
C287R, D4S0OH
R389H, RSS0S

affect the transporter. The second hot spot (R389 and N437)
is positioned at the lower end of the TMD. But they are in the
polar relav of ABCGS and conserved polar residues that form

majority of the mutations, which are not located in the NBD,
are spread throughout the entire TMD. Nevertheless, they can
be divided into four eroups. First. there are amino acids of the

/o
more than one disease. bOnIy the pathogenic mutations are listed.

Sitosterolemia is a rare, monogenic, autosomal recessive
disease characterized by the presence of plant sterols (the
maior tvpe of xenosterols) and premature coronary artery

immediately excreted via ABCGS/G8 back into the intestinal
lumen. Human subjects that fail to actively prevent xenosterol
absorntion develop sitosterolemia named after the most
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cholesterol, slow intestinal motility, and altered gut microbiota
Lifestyle and dietary factors influence the pathogenesis of
a

PN | PP | S [P A U SRR R — -~

cholesterol gallstones. The European Society for the Study of
the Liver panel concludes that healthy lifestyle and food,
regular physical activity, and maintenance of an ideal body
weight might prevent cholesterol stones and symptomatic
gallstones.

111€ 1IVEL 1S, UE)’Ullu 'dll)’ uoouvy, ule celrdl Ulg'dll 101 gluLUbC
and lipid metabolism, de novo bile acid synthesis, and
detoxification mechanisms. This of course requires an intense
communication with the “surrounding cells, tissues, and
organs”. Thus, membrane transport proteins perform a pivotal
role. Interestinelv. hevpatobiliarv transporters of the ABC

e.g., Arug export \AbUD1 and AbU\sZj, tne DLE UIumvirate
(ABCB4, ABCB11, and ABCGS/G8), or transport of
metabolites (by the members of the ABCC subfamily).

of the structures of hepatobiliary ABC transporters have been
determined in the last five years. However, with the exception
of ABCBI, we do not have sufficient structures to define an

PUllCl at ayyluyuatc 1CduUIUUIVLL. \Jlll)’ llldll a4 11vitiulal yl\,tulc
will emerge that defines the changes in space that underlie
transport of a compound across a biological membrane. Here,
homology models will not necessarily be helpful since many of
the transporters do have significant sequence identities, which
would make these systems ideal candidates for homology

dlia 1L 1S ll.l\Cly ulde sudll 111ouders wi PIUVIQC d Lurrece vverdi
picture, but fail to answer the important functional questions.

Structural data however have to be complemented with
knowledge about the molecular transitions in time. How fast is
a substrate recognized? How fast does occur translocation?
How is the hvdrolvsis of ATP in the NBD counled to substrate

FOISTEr resonance energy tansier (FKEl) O electron
paramagnetic resonance (EPR) can be applied. And these
approaches should be complemented by molecular dynamics
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transport assays are needed to provide quantitative data for
these systems. To complicate the situation even further, the

communication and networks exist that fine-tune their function
to the physiological demands of the liver. Only if we obtain a
molecular understanding covering space, time, and networks,
we will be able to efficiently fight liver diseases and promote
liver regeneration when necessary. In summary, we have
witnessed an impressive increase of knowledge on hepatobili-
ary ABC transporters, but the future will still hold many
surprises as well as excitine but also unexvected insichts.
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BRIC-2 benign recurrent intrahepatic cholestasis type
2

BSEP bile salt export pump

cAMP cyclic adenosine monophosphate

CAR constitutive androstane receptor

CFTR cystic fibrosis transmembrane conductance
regulator

cGMP cyclic guanosine monophosphate

fearva avsseees vua proseans wa

FRET Forster resonance energy transfer

FXR farnesoid X receptor

GATA4/6 GATA binding protein 4/6

GSH gluthathione

HAX-1 HS1-associated protein X-1

HCC hepatocellular carcinoma

HCC hepatocellular carcinoma

HDL high density lipoproteins

HepG2 hepatoma G2 cell line, human carcinoma cell
line

HlyB hemolysin B

HNF4a hepatocyte nuclear factor 4 alpha

HSC hepatic stellate cells

ICL intracellular loop

ICP intrahepatic cholestasis of pregnancy

IF inward facing

KC Kupfer cells

LPAC low phospholipid-associated cholelithiasis

LPS lipopolysaccharide

LRH-1 liver receptor homologue-1

LSEC liver sinusoidal
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LTC4 leukotriene C4

LTX liver transplantation

MATE multidrug and toxin extrusion

MaVEC macrovascular

MD simulation molecular dynamics simulation

MDR multidrug resistance protein

MLC2 myosin II regulatory light chain

MRP multidrug resistance-associated proteins

NBD nucleotide binding domain

NBS nucleotide binding site

NF-xB nuclear factor kappa-light-chain-enhancer of
active B cells

NTCP sodium taurocholate cotransporting polypep-
tide

OATP organic anion transporter peptides

OF outward facing

PC lipids phosphatidyl choline lipids

PDZ combining the first letters of the first three
proteins: PSD9S, Dlgl, zo-1

PDZ combining the first letters of the first three
proteins: PSD9S, Dlgl, zo-1

PFIC1/2/3 progressive familial intrahepatic cholestasis

PPAR-a peroxisome proliferator-active receptor alpha

PP; pyrophosphate

PS lipid phosphatidylserine lipid

PXE pseudoxanthoma elasticum

RACK1 receptor for activated C-kinase 1

RCT reverse cholesterol transport

rmsd root-mean-square deviation

RXRa retinoid X receptor alpha

SLC solute carrier

STSL sitosterolemia gene locus

SUR1/2 sulfonylurea receptorl

TAP transporter associated with antigen processing

TMD transmembrane domain

TMH transmembrane helix

TPN the parenteral nutrition

VLDL very-low-density lipoprotein

J. . ressaux, I,; paumert, 1. k.; Grun, U. A numan lver cell atas
reveals heterogeneity and epithelial progenitors. Nature 2019, 572,
199-204.

(2) Hillgren, K. M.; Keppler, D,; Zur, A. A; Giacomini, K. M,;
Stieger, B,; Cass, C. E,; Zhang, L. International Transporter, C.
Emerging transporters of clinical importance: an update from the
International Transporter Consortium. Clin. Pharmacol. Ther. 2013,
94, 52—63.

(3) Chen, M,; Vijay, V.; Shi, Q; Liu, Z.; Fang, H.; Tong, W. FDA-
approved drug labeling for the study of drug-induced liver injury. Drug
Discovery Today 2011, 16, 697—703.

(4) Robey, R. W,; Pluchino, K. M.; Hall, M. D.; Fojo, A. T.; Bates, S.
E; Gottesman, M. M. Revisiting the role of ABC transporters in
multidrug-resistant cancer. Nat. Rev. Cancer 2018, 18, 452.

(5) Abby, S. S.; Cury, J.; Guglielmini, J.; Neron, B.; Touchon, M,;
Rocha, E. P. Identification of protein secretion systems in bacterial
genomes. Sci. Rep. 2016, 6, 23080.

(6) Deeley, R. G.; Westlake, C.; Cole, S. P. Transmembrane
transport of endo- and xenobiotics by mammalian ATP-binding
cassette multidrug resistance proteins. Physiol. Rev. 2006, 86, 849—
899.

(7) Jansen, R. S; Duijst, S.; Mahakena, S.; Sommer, D.; Szeri, F.;
Varadi, A.; Plomp, A.; Bergen, A. A.; Oude Elferink, R. P.; Borst, P.;
et al. ARC.CA-mediated ATP cecretion by the liver ic the main conrce

of the mineralization inhibitor inorganic pyrophosphate in the
systemic circulation-brief report. Arterioscler, Thromb., Vasc. Biol.
2014, 34, 1985—1989.

(8) Keitel, V.; Droge, C.; Haussinger, D. Targeting FXR in
Cholestasis. Handb. Exp. Pharmacol. 2019, 256, 299—324.

(9) Hagenbuch, B.; Stieger, B.; Foguet, M.; Lubbert, H.; Meier, P. J.
Functional expression cloning and characterization of the hepatocyte
Na+/bile acid cotransport system. Proc. Natl. Acad. Sci. U. S. A. 1991,
88, 10629—10633.

(10) Jung, D.; Hagenbuch, B.; Fried, M.; Meier, P. J.; Kullak-Ublick,
G. A. Role of liver-enriched transcription factors and nuclear receptors
in regulating the human, mouse, and rat NTCP gene. Am. ]. Physiol.
Gastrointest. Liver Physiol. 2004, 286, G752—761.

(11) Watashi, K; Urban, S.; Li, W.; Wakita, T. NTCP and beyond:
opening the door to unveil hepatitis B virus entry. Int. J. Mol. Sci.
2014, 15, 2892—-2908.

(12) Yan, H,; Zhong, G.; Xu, G.; He, W,; Jing, Z.; Gao, Z.; Huang,
Y; Qi, Y; Peng, B; Wang, H., et al. Sodium taurocholate
cotransporting polypeptide is a functional receptor for human
hepatitis B and D virus. eLife 2012, 1, No. e00049.

(13) Abe, T,; Kakyo, M,; Tokui, T.; Nakagomi, R,; Nishio, T.;
Nakai, D.; Nomura, H.,; Unno, M.; Suzuki, M.; Naitoh, T.; et al.
Identification of a novel gene family encoding human liver-specific
organic anion transporter LST-1. J. Biol. Chem. 1999, 274, 17159—
17163.

(14) Hsiang, B.; Zhu, Y.; Wang, Z.; Wu, Y.; Sasseville, V.; Yang, W.
P.; Kirchgessner, T. G. A novel human hepatic organic anion
transporting polypeptide (OATP2) . Identification of a liver-specific
human organic anion transporting polypeptide and identification of
rat and human hydroxymethylglutaryl-CoA reductase inhibitor
transporters. J. Biol. Chem. 1999, 274, 37161—-37168.

(15) Konig, J.; Cui, Y.; Nies, A. T.; Keppler, D. Localization and
genomic organization of a new hepatocellular organic anion
transporting polypeptide. J. Biol. Chem. 2000, 275, 23161—23168.

(16) Konig, J.; Cui, Y.; Nies, A. T.; Keppler, D. A novel human
organic anion transporting polypeptide localized to the basolateral
hepatocyte membrane. Am. J. Physiol. Gastrointest. Liver Physiol. 2000,
278, G156—164.

(17) Kullak-Ublick, G. A.; Ismair, M. G.; Stieger, B.; Landmann, L.;
Huber, R,; Pizzagalli, F.; Fattinger, K.; Meier, P. J.; Hagenbuch, B.
Organic anion-transporting polypeptide B (OATP-B) and its
functional comparison with three other OATPs of human liver.
Gastroenteroloov 2001. 120. S2.5—S33.

@0 \U3AL/ ULAUN SUpPLLIGLULLY, LUW  UULUGLGIGLULL Gl LauieLuiar

functional properties. Pfluegers Arch. 2004, 447, 653—665.

(19) Leuthold, S.; Hagenbuch, B.; Mohebbi, N.; Wagner, C. A,;
Meier, P. J.; Stieger, B. Mechanisms of pH-gradient driven transport
mediated by organic anion polypeptide transporters. Am. J. Physiol.
Cell. Physiol. 2009, 296, C570—582.

(20) Shin, H. J.; Anzai, N.; Enomoto, A.; He, X.; Kim, D. K.; Endou,
H.; Kanai, Y. Novel liver-specific organic anion transporter OAT7 that
operates the exchange of sulfate conjugates for short chain fatty acid
butyrate. Hepatology 2007, 45, 1046—105S.

(21) Shen, H.; Lai, Y.; Rodrigues, A. D. Organic Anion Transporter
2: An Enigmatic Human Solute Carrier. Drug Metab. Dispos. 2017, 45,
228-236.

(22) Koepsell, H. The SLC22 family with transporters of organic
cations, anions and zwitterions. Mol. Aspects Med. 2013, 34, 413—435.

(23) Pelis, R. M.; Wright, S. H. SLC22, SLC44, and SLC47
transporters-organic anion and cation transporters: molecular and
cellular properties. Curr. Top. Membr. 2014, 73, 233—261.

(24) Ballatori, N.; Christian, W. V.; Wheeler, S. G.; Hammond, C. L.
The heteromeric organic solute transporter, OSTalpha-OSTbeta/
SLC51: a transporter for steroid-derived molecules. Mol. Aspects Med.
2013, 34, 683—692.

(25) Hohenester, S.; Maillette de Buy Wenniger, L.; Paulusma, C.
C.: van Vliet. S. T:: Teffercon. D. M.: Onde Elferink. R. P.: Reners. 1. A

-35-



Introduction -

Structure and function of hepatobiliary ABC transporter

biliary HCO;- umbrella constitutes a protective mechanism against
bile acid-induced injury in human cholangiocytes. Hepatology 2012,
55, 173—183.

(26) Brown, M. H.; Paulsen, I. T.; Skurray, R. A. The multidrug
efflux protein NorM is a prototype of a new family of transporters.
Mol. Microbiol. 1999, 31, 394—395.

(27) Morita, Y.; Kodama, K.; Shiota, S.; Mine, T.; Kataoka, A.;
Mizushima, T.; Tsuchiya, T. NorM, a putative multidrug efflux
protein, of Vibrio parahaemolyticus and its homolog in Escherichia
coli. Antimicrob. Agents Chemother. 1998, 42, 1778—1782.

(28) Paulusma, C. C.; Oude Elferink, R. P. The type 4 subfamily of
P-type ATPases, putative aminophospholipid translocases with a role
in human disease. Biochim. Biophys. Acta, Mol. Basis Dis. 2008, 1741,
11-24.

(29) Williamson, P.; Schlegel, R. A. Transbilayer phospholipid
movement and the clearance of apoptotic cells. Biochim. Biophys. Acta,
Mol. Cell Biol. Lipids 2002, 1585, 53—63.

(30) Tang, X.; Halleck, M. S.; Schlegel, R. A;; Williamson, P. A
subfamily of P-type ATPases with aminophospholipid transporting
activity. Science 1996, 272, 1495—1497.

(31) Verhulst, P. M,; van der Velden, L. M.; Oorschot, V.; van
Faassen, E. E.; Klumperman, J.; Houwen, R. H. J,; Pomorski, T. G,;
Holthuis, J. C. M.; Klomp, L. W. J. A flippase-independent function of
ATP8BI, the protein affected in familial intrahepatic cholestasis type
1, is required for apical protein expression and microvillus formation
in polarized epithelial cells. Hepatology 2010, 51, 2049—2060.

(32) Natarajan, P.; Wang, J.; Hua, Z.; Graham, T. R. Drs2p-coupled
aminophospholipid translocase activity in yeast Golgi membranes and
relationship to in vivo function. Proc. Natl. Acad. Sci. U. S. A. 2004,
101, 10614—10619.

(33) Pomorski, T.; Lombardi, R;; Riezman, H.; Devaux, P. F.; van
Meer, G.; Holthuis, J. C. Drs2p-related P-type ATPases Dnflp and
Dnf2p are required for phospholipid translocation across the yeast
plasma membrane and serve a role in endocytosis. Mol. Biol. Cell
2003, 14, 1240—1254.

(34) Zhou, X; Graham, T. R. Reconstitution of phospholipid
translocase activity with purified Drs2p, a type-IV P-type ATPase
from budding yeast. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 16586—
16591.

(35) Bull, L. N.; van Eijk, M. J.; Pawlikowska, L.; DeYoung, J. A;
Juijn, J. A; Liao, M,; Klomp, L. W,; Lomri, N.; Berger, R;
Scharschmidt, B. F.; et al. A gene encoding a P-type ATPase mutated
in two forms of hereditary cholestasis. Nat. Genet. 1998, 18, 219—224.

(36) van Mil, S. W.; Klomp, L. W.; Bull, L. N.; Houwen, R. H. FIC1
disease: a spectrum of intrahepatic cholestatic disorders. Semin. Liver
Dis. 2001, 21, 535—544.

(37) Paulusma, C. C.; Groen, A,; Kunne, C.; Ho-Mok, K. S;
Spijkerboer, A. L.; Rudi de Waart, D.; Hoek, F. J.; Vreeling, H.;
Hoeben, K. A.; van Marle, J.; et al. Atp8b1 deficiency in mice reduces
resistance of the canalicular membrane to hydrophobic bile salts and
impairs bile salt transport. Hepatology 2006, 44, 195—204.

(38) Bartholome, K.; Rius, M.; Letschert, K.; Keller, D.; Timmer, J.;
Keppler, D. Data-based mathematical modeling of vectorial transport
across double-transfected polarized cells. Drug Metab. Dispos. 2007,
35, 1476—1481.

(39) Cui, Y.; Konig, J.; Keppler, D. Vectorial transport by double-
transfected cells expressing the human uptake transporter SLC21A8
and the apical export pump ABCC2. Mol. Pharmacol. 2001, 60, 934—
943.

(40) Fahrmayr, C.; Konig, J.; Auge, D.; Mieth, M.; Fromm, M. F.
Identification of drugs and drug metabolites as substrates of multidrug
resistance protein 2 (MRP2) using triple-transfected MDCK-
OATPIBI-UGT1AI-MRP2 cells. Br. J. Pharmacol. 2012, 168,
1836—1847.

(41) Fehrenbach, T.; Cui, Y.; Faulstich, H.; Keppler, D. Character-
ization of the transport of the bicyclic peptide phalloidin by human
hepatic transport proteins. Naunyn-Schmiedeberg’s Arch. Pharmacol.
2003, 34K, 415—-420

(42) Grube, M.; Reuther, S.; Meyer Zu Schwabedissen, H.; Kock, K.;
Draber, K;; Ritter, C. A.; Fusch, C,; Jedlitschky, G.; Kroemer, H. K.
Organic anion transporting polypeptide 2B1 and breast cancer
resistance protein interact in the transepithelial transport of steroid
sulfates in human placenta. Drug Metab. Dispos. 2007, 35, 30—35.

(43) Kopplow, K.; Letschert, K.; Konig, J.; Walter, B.,; Keppler, D.
Human hepatobiliary transport of organic anions analyzed by
quadruple-transfected cells. Mol. Pharmacol. 2005, 68, 1031—1038.

(44) Letschert, K.; Komatsu, M.; Hummel-Eisenbeiss, J.; Keppler, D.
Vectorial transport of the peptide CCK-8 by double-transfected
MDCKII cells stably expressing the organic anion transporter
OATP1B3 (OATPS) and the export pump ABCC2. J. Pharmacol.
Exp. Ther. 2005, 313, 549—556.

(45) Mahdi, Z. M.; Synal-Hermanns, U.; Yoker, A.; Locher, K. P.;
Stieger, B. Role of Multidrug Resistance Protein 3 in Antifungal-
Induced Cholestasis. Mol. Pharmacol. 2016, 90, 23—34.

(46) Mita, S.; Suzuki, H.; Akita, H.; Hayashi, H.; Onuki, R;
Hofmann, A. F.; Sugiyama, Y. Vectorial transport of unconjugated and
conjugated bile salts by monolayers of LLC-PKI1 cells doubly
transfected with human NTCP and BSEP or with rat Ntcp and
Bsep. Am. J. Physiol. Gastrointest. Liver Physiol. 2006, 290, G550—556.

(47) Nies, A. T.; Herrmann, E.; Brom, M.; Keppler, D. Vectorial
transport of the plant alkaloid berberine by double-transfected cells
expressing the human organic cation transporter 1 (OCTI,
SLC22A1) and the efflux pump MDRI P-glycoprotein (ABCBI).
Naunyn-Schmiedeberg's Arch. Pharmacol. 2008, 376, 449—461.

(48) Rius, M.; Keller, D.; Brom, M.; Hummel-Eisenbeiss, J.; Lyko,
E,; Keppler, D. Vectorial transport of nucleoside analogs from the
apical to the basolateral membrane in double-transfected cells
expressing the human concentrative nucleoside transporter hCNT3
and the export pump ABCC4. Drug Metab. Dispos. 2010, 38, 1054—
1063.

(49) Sasaki, M,; Suzuki, H; Ito, K; Abe, T. Sugiyama, Y.
Transcellular transport of organic anions across a double-transfected
Madin-Darby canine kidney II cell monolayer expressing both human
organic anion-transporting polypeptide (OATP2/SLC21A6) and
Multidrug resistance-associated protein 2 (MRP2/ABCC2). J. Biol.
Chem. 2002, 277, 6497—6503.

(50) Zhang, Y.; Ruggiero, M.; Hagenbuch, B. OATP1B3 Expression
and Function is Modulated by Coexpression with OCT1, OATP1B1,
and NTCP. Drug Metab. Dispos. 2020, 48, 622—630.

(51) Zhang, Y.; Hagenbuch, B. Protein-protein interactions of drug
uptake transporters that are important for liver and kidney. Biochem.
Pharmacol. 2019, 168, 384—391.

(52) Zhang, Y.; Boxberger, K. H,; Hagenbuch, B. Organic anion
transporting polypeptide 1B3 can form homo- and hetero-oligomers.
PLoS One 2017, 12, No. e0180257.

(53) Higgins, C. F.; Hiles, I. D.; Salmond, G. P; Gill, D. R;; Downie,
J. A;; Evans, L J.; Holland, I. B.; Gray, L.; Buckel, S. D.; Bell, A. W,;
et al. A family of related ATP-binding subunits coupled to many
distinct biological processes in bacteria. Nature 1986, 323, 448—450.

(54) Hyde, S. C.; Emsley, P.; Hartshorn, M. J.; Mimmack, M. M,;
Gileadi, U.; Pearce, S. R; Gallagher, M. P,; Gill, D. R.; Hubbard, R.
E; Higgins, C. F. Structural model of ATP-binding proteins
associated with cyctic fibrosis, multidrug resistance and bacterial
transport. Nature 1990, 346, 362—365.

(55) Quazi, F.; Lenevich, S;; Molday, R. S. ABCA4 is an N-
retinylidene-phosphatidylethanolamine and phosphatidylethanol-
amine importer. Naf. Commun. 2012, 3, 925.

(56) Kang, J.; Hwang, J. U; Lee, M; Kim, Y. Y,; Assmann, S. M,;
Martinoia, E.; Lee, Y. PDR-type ABC transporter mediates cellular
uptake of the phytohormone abscisic acid. Proc. Natl. Acad. Sci. U. S.
A. 2010, 107, 2355—2360.

(57) Kang, J.; Yim, S.; Choi, H.; Kim, A.; Lee, K. P.; Lopez-Molina,
L.; Martinoia, E.; Lee, Y. Abscisic acid transporters cooperate to
control seed germination. Nat. Commun. 2018, 6, 8113.

(58) Lee, M.; Choi, Y.; Burla, B.; Kim, Y. Y.; Jeon, B.; Maeshima, M.;
Yoo. 1. Y.: Martinoia. F.: T.ee. Y. The ARC transnorter AtARCR14 ic a

-36 -



Introduction -

Structure and function of hepatobiliary ABC transporter

malate importer and modulates stomatal response to CO2. Nat. Cell
Biol. 2008, 10, 1217—1223.

(59) Terasaka, K.; Blakeslee, J. J.; Titapiwatanakun, B.; Peer, W. A,;
Bandyopadhyay, A,; Makam, S. N.; Lee, O. R,; Richards, E. L,;
Murphy, A. S.; Sato, F.; et al. PGP4, an ATP binding cassette P-
glycoprotein, catalyzes auxin transport in Arabidopsis thaliana roots.
Plant Cell 2008, 17, 2922—2939.

(60) Walker, J. E.; Saraste, M.; Runswick, M. J.; Gay, N. J. Distantly
related sequneces in the a- and b-subunits of ATP synthase, myosin,
kinases and other ATP-requiring enzymes and a common nucleotide
binding fold. EMBO ]. 1982, 1, 945—951.

(61) Vetter, 1. R.; Wittinghofer, A. Nucleoside triphosphate-binding
proteins: different scaffolds to achieve phosphoryl transfer. Q. Rev.
Biophys. 1999, 32, 1-56.

(62) Oswald, C.; Holland, 1. B.; Schmitt, L. The motor domains of
ABC-transporters. What can structures tell us? Naunyn Schmiedebergs
Arch. Naunyn-Schmiedeberg's Arch. Pharmacol. 2006, 372, 385—399.

(63) Zaitseva, J.; Jenewein, S.; Oswald, C.; Jumpertz, T.; Holland, L.
B.; Schmitt, L. A molecular understanding of the catalytic cycle of the
nucleotide-binding domain of the ABC-transporter HlyB. Biochem.
Soc. Trans. 2008, 33, 990—995.

(64) Schulz, G. E. Binding of nucleotide by proteins. Curr. Opin.
Struct. Biol. 1992, 2, 61—67.

(65) Story, R. M.; Steitz, T. A. Structure of the recA protein-ADP
complex. Nature 1992, 35S, 374—376.

(66) Abrahams, J. P.; Leslie, A. G.; Lutter, R.; Walker, J. E. Structure
at 2.8 A resolution of F1-ATPase from bovine heart mitochondria.
Nature 1994, 370, 621—628.

(67) Senior, A. E. Reaction chemistry ABC-style. Proc. Natl. Acad.
Sci. U. S. A. 2011, 108, 15015—15016.

(68) Chen, J.; Lu, G; Lin, J.; Davidson, A. L.; Quiocho, F. A. A
tweezers-like motion of the ATP-binding cassette dimer in an ABC
transport cycle. Mol. Cell 2003, 12, 651—661.

(69) Payen, L. F.; Gao, M.; Westlake, C. J.; Cole, S. P.; Deeley, R. G.
Role of carboxylate residues adjacent to the conserved core Walker B
motifs in the catalytic cycle of multidrug resistance protein 1
(ABCC1). J. Biol. Chem. 2003, 278, 38537—38547.

(70) Smith, P. C.; Karpowich, N.; Millen, L.; Moody, J. F.; Rosen, J.;
Thomas, P. F.; Hunt, J. F. ATP Binding to the Motor Domain from
an ABC Transporter Drives Formation of a Nucleotide Sandwich
Dimer. Mol. Cell 2002, 10, 139—149.

(71) Zaitseva, J.; Jenewein, S.; Jumpertz, T.; Holland, I B.; Schmitt,
L. H662 is the linchpin in ATP-hydrolysis of the nucleotide-binding
domain of the ABC-transporter HlyB. EMBO J. 2005, 24, 1901—1910.

(72) Hanekop, N.; Zaitseva, J.; Jenewein, S.; Holland, I. B.; Schmitt,
L. Molecular insights into the mechanism of ATP-hydrolysis by the
NBD of the ABC-transporter HlyB. FEBS Lett. 2006, 580, 1036—
1041.

(73) Zaitseva, J.; Oswald, C.; Jumpertz, T.; Jenewein, S.;
Wiedenmann, A.; Holland, I. B.; Schmitt, L. A structural analysis of
asymmetry required for catalytic activity of an ABC-ATPase domain
dimer. EMBO ]. 2006, 25, 3432—3443.

(74) Higgins, C. F.; Linton, K. J. The ATP switch model for ABC
transporters. Nat. Struct. Mol. Biol. 2004, 11, 918—926.

(75) Janas, E.; Hofacker, M.; Chen, M.; Gompf, S.; van der Does, C.;
Tampe, R. The ATP hydrolysis cycle of the nucleotide-binding
domain of the mitochondrial ATP-binding cassette transporter
Mdllp. J. Biol. Chem. 2003, 278, 26862—26869.

(76) Jones, P. M.; George, A. M. Opening of the ADP-bound active
site in the ABC transporter ATPase dimer: evidence for a constant
contact, alternating sites model for the catalytic cycle. Proteins: Struct,,
Funct.,, Genet. 2009, 75, 387—396.

(77) Lubelski, J.; de Jong, A; van Merkerk, R.; Agustiandari, H.;
Kuipers, O. P.; Kok, J.; Driessen, A. J. LmrCD is a major multidrug
resistance transporter in Lactococcus lactis. Mol. Microbiol. 2006, 61,
771-781.

(78) Hofmann, S.; Januliene, D.; Mehdipour, A. R; Thomas, C.;
Stefan. E.: Bruchert. S.: Kuhn. B. T.: Geertsma. E. R.: Hummer. G.:

Tampe, R.; Moeller, A. Conformation space of a heterodimeric ABC
exporter under turnover conditions. Nature 2019, 571, 580—583.

(79) Hohl, M.; Briand, C.; Grutter, M. G.; Seeger, M. A. Crystal
structure of a heterodimeric ABC transporter in its inward-facing
conformation. Nat. Struct. Mol. Biol. 2012, 19, 395—402.

(80) Orelle, C.; Durmort, C.; Mathieu, K; Duchene, B.; Aros, S.;
Fenaille, F.; Andre, F.; Junot, C.; Vernet, T.; Jault, J. M. A multidrug
ABC transporter with a taste for GTP. Sci. Rep. 2018, 8, 2309.

(81) Patzlaff, J. S.; van der Heide, T.; Poolman, B. The ATP/
substrate stoichiometry of the ATP-binding cassette (ABC) trans-
porter OpuA. J. Biol. Chem. 2003, 278, 29546—29551.

(82) Ernst, R; Kueppers, P.,; Klein, C. M.; Schwarzmueller, T.;
Kuchler, K.; Schmitt, L. A mutation of the H-loop selectively affects
rhodamine transport by the yeast multidrug ABC transporter PdrS.
Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 5069—5074.

(83) Ernst, R; Kueppers, P.; Stindt, J.; Kuchler, K;; Schmitt, L.
Multidrug efflux pumps: substrate selection in ATP-binding cassette
multidrug efflux pumps—first come, first served? FEBS ]. 2010, 277,
540—549.

(84) Dean, M.; Rzhetsky, A.; Allikmets, R. The human ATP-binding
cassette (ABC) transporter superfamily. Genome Res. 2001, 11, 1156—
1166.

(85) Manavalan, P.; Dearborn, D. G.; McPherson, J. M.; Smith, A. E.
Sequence homologies between nucleotide binding regions of CFTR
and G- proteins suggest structural and functional similarities. FEBS
Lett. 1995, 366, 87—91.

(86) Liu, F; Zhang, Z,; Csanady, L; Gadsby, D. C; Chen, J.
Molecular Structure of the Human CFTR Ion Channel. Cell 2017,
169, 85—95.

(87) Zhang, Z.; Liu, F.; Chen, J. Conformational Changes of CFTR
upon Phosphorylation and ATP Binding. Cell 2017, 170, 483—491.

(88) Zhang, Z.; Liu, F.; Chen, J. Molecular structure of the ATP-
bound, phosphorylated human CFTR. Proc. Natl. Acad. Sci. U. S. A.
2018, 115, 12757.

(89) Liu, F; Zhang, Z.; Levit, A; Levring, J; Touhara, K. K;
Shoichet, B. K; Chen, J. Structural identification of a hotspot on
CFTR for potentiation. Science 2019, 364, 1184—1188.

(90) Cohn, J. A; Strong, T. V.; Picciotto, M. R.; Nairn, A. C;
Collins, F. S,; Fitz, ]J. G. Localization of the cystic fibrosis
transmembrane conductance regulator in human bile duct epithelial
cells. Gastroenterology 1993, 105, 1857—1864.

(91) Bryan, J; Crane, A; Vila-Carriles, W. H.; Babenko, A. P;
Aguilar-Bryan, L. Insulin secretagogues, sulfonylurea receptors and
K(ATP) channels. Curr. Pharm. Des. 2005, 11, 2699—2716.

(92) Qian, H.; Zhao, X,; Cao, P.; Lei, J.; Yan, N.; Gong, X. Structure
of the Human Lipid Exporter ABCAL. Cell 2017, 169, 1228—1239.

(93) Oram, J. F; Lawn, R. M. ABCAI. The gatekeeper for
eliminating excess tissue cholesterol. J. Lipid Res. 2001, 42, 1173—
1179.

(94) Oram, J. F.; Lawn, R. M.; Garvin, M. R.; Wade, D. P. ABCAL is
the cAMP-inducible apolipoprotein receptor that mediates cholesterol
secretion from macrophages. J. Biol. Chem. 2000, 275, 34508—34511.

(95) Csanady, L.; Vergani, P.; Gadsby, D. C. Structure, Gating, and
Regulation of the Cftr Anion Channel. Physiol. Rev. 2019, 99, 707—
738.

(96) Hwang, T. C; Yeh, J. T.; Zhang, J; Yu, Y. C; Yeh, H. I;
Destefano, S. Structural mechanisms of CFTR function and
dysfunction. J. Gen. Physiol. 2018, 150, 539—570.

(97) Bock, C.; Lohr, F.,; Tumulka, F.; Reichel, K; Wurz, J;
Hummer, G.; Schafer, L.; Tampe, R.; Joseph, B.; Bernhard, F.; et al.
Structural and functional insights into the interaction and targeting
hub TMDO of the polypeptide transporter TAPL. Sci. Rep. 2018, 8,
15662.

(98) Koch, J.; Guntrum, R; Heintke, S.; Kyritsis, C.; Tampe, R.
Functional dissection of the transmembrane domains of the
transporter associated with antigen processing (TAP). J. Biol. Chem.
2004. 279. 10142—10147.

-37-



Introduction -

Structure and function of hepatobiliary ABC transporter

(99) Chan, K. W, Zhang, H.; Logothetis, D. E. N-terminal
transmembrane domain of the SUR controls trafficking and gating
of Kir6 channel subunits. EMBO J]. 2003, 22, 3833—3843.

(100) Johnson, Z. L.; Chen, J. Structural Basis of Substrate
Recognition by the Multidrug Resistance Protein MRP1. Cell 2017,
168, 1075.

(101) Bakos, E.; Evers, R;; Calenda, G.; Tusnady, G. E.; Szakacs, G.;
Varadi, A.; Sarkadi, B. Characterization of the amino-terminal regions
in the human multidrug resistance protein (MRP1). J. Cell Sci. 2000,
113 (Pt 24), 4451—4461.

(102) Bakos, E.; Evers, R;; Szakacs, G.; Tusnady, G. E.; Welker, E.;
Szabo, K.; de Haas, M.; van Deemter, L.; Borst, P.; Varadi, A.; et al.
Functional multidrug resistance protein (MRP1) lacking the N-
terminal transmembrane domain. J. Biol. Chem. 1998, 273, 32167—
3217S.

(103) Westlake, C. J.; Qian, Y. M.; Gao, M.; Vasa, M.; Cole, S. P.;
Deeley, R. G. Identification of the structural and functional
boundaries of the multidrug resistance protein 1 cytoplasmic loop
3. Biochemistry 2003, 42, 14099—14113.

(104) Berge, K. E; Tian, H; Graf, G. A; Yu, L,; Grishin, N. V;
Schultz, J.; Kwiterovich, P.; Shan, B.; Barnes, R;; Hobbs, H. H.
Accumulation of dietary cholesterol in sitosterolemia caused by
mutations in adjacent ABC transporters. Science 2000, 290, 1771—
1775.

(105) Lee, M. H.; Lu, K.; Hazard, S.; Yu, H.; Shulenin, S.; Hidaka,
H.; Kojima, H.; Allikmets, R; Sakuma, N.; Pegoraro, R; et al
Identification of a gene, ABCGS, important in the regulation of
dietary cholesterol absorption. Nat. Genet. 2001, 27, 79—83.

(106) Lu, K.; Lee, M. H.; Hazard, S.; Brooks-Wilson, A.; Hidaka, H.;
Kojima, H.; Ose, L.; Stalenhoef, A. F.; Mietinnen, T.; Bjorkhem, L;
et al. Two genes that map to the STSL locus cause sitosterolemia:
genomic structure and spectrum of mutations involving sterolin-1 and
sterolin-2, encoded by ABCGS and ABCGS, respectively. Am. J. Hum.
Genet. 2001, 69, 278—290.

(107) Kerr, L. D.; Haider, A. J.; Gelissen, 1. C. The ABCG family of
membrane-associated transporters: you don’t have to be big to be
mighty. Br. J. Pharmacol. 2011, 164, 1767—1779.

(108) Dawson, R. J.; Locher, K. P. Structure of a bacterial multidrug
ABC transporter. Nature 2006, 443, 180—18S.

(109) Jardetzky, O. Simple allosteric model for membrane pumps.
Nature 1966, 211, 969—970.

(110) Velamakanni, S.; Yao, Y.; Gutmann, D. A; van Veen, H. W.
Multidrug transport by the ABC transporter Savi866 from Staph-
ylococcus aureus. Biochemistry 2008, 47, 9300—9308.

(111) Lee, J.-Y; Kinch, L. N; Borek, D. M.;; Wang, J.; Wang, J.;
Urbatsch, L. L.; Xie, X.-S.; Grishin, N. V.; Cohen, ]J. C.; Otwinowski,
Z.; Hobbs, H. H.; Rosenbaum, D. M. Crystal structure of the human
sterol transporter ABCGS/ABCGS. Nature 2016, 533, 561—564.

(112) Locher, K. P.; Lee, A. T.; Rees, D. C. The E. coli BtuCD
structure: a framework for ABC transporter architecture and
mechanism. Science 2002, 296, 1091—-1098.

(113) Wlcek, K; Stieger, B. ATP-binding cassette transporters in
liver. Biofactors 2014, 40, 188—198.

(114) Cheung, S. T.; Cheung, P. F.; Cheng, C. K;; Wong, N. C.; Fan,
S. T. Granulin-epithelin precursor and ATP-dependent binding
cassette (ABC)BS regulate liver cancer cell chemoresistance. Gastro-
enterology 2011, 140, 344—355.

(115) Polireddy, K.; Chavan, H.; Abdulkarim, B. A.; Krishnamurthy,
P. Functional significance of the ATP-binding cassette transporter B6
in hepatocellular carcinoma. Mol. Oncol. 2011, S, 410—425.

(116) Zarubica, A.; Trompier, D.; Chimini, G. ABCAI, from
pathology to membrane function. Pfluegers Arch. 2007, 453, 569—579.

(117) Langmann, T.; Klucken, J.; Reil, M.; Liebisch, G.; Luciani, M.
F.; Chimini, G.; Kaminski, W. E.; Schmitz, G. Molecular cloning of
the human ATP-binding cassette transporter 1 (hABC1): evidence for
sterol-dependent regulation in macrophages. Biochem. Biophys. Res.
Commun. 1999, 257, 29—-33.

(118) Neufeld, E. B.; Demosky, S. J., Jr.; Stonik, J. A,; Combs, C.;

Remalev. A. T: Duvercer. N .: Santamarina-Faio. S:: Rrewer. H. R Tr

The ABCAI transporter functions on the basolateral surface of
hepatocytes. Biochem. Biophys. Res. Commun. 2002, 297, 974—979.

(119) Hoekstra, M.; Kruijt, J. K;; Van Eck, M.; Van Berkel, T. J.
Specific gene expression of ATP-binding cassette transporters and
nuclear hormone receptors in rat liver parenchymal, endothelial, and
Kupffer cells. J. Biol. Chem. 2003, 278, 25448—25453.

(120) Basso, F.; Freeman, L.; Knapper, C. L.; Remaley, A.; Stonik, J.;
Neufeld, E. B;; Tansey, T.; Amar, M. J.; Fruchart-Najib, J.; Duverger,
N,; et al. Role of the hepatic ABCAI transporter in modulating
intrahepatic cholesterol and plasma HDL cholesterol concentrations.
J. Lipid Res. 2003, 44, 296—302.

(121) Kinnman, N.; Lindblad, A.; Housset, C.; Buentke, E.;
Scheynius, A.; Strandvik, B.; Hultcrantz, R. Expression of cystic
fibrosis transmembrane conductance regulator in liver tissue from
patients with cystic fibrosis. Hepatology 2000, 32, 334—340.

(122) Che, M,; Ortiz, D. F.; Arias, I. M. Primary structure and
functional expression of a cDNA encoding the bile canalicular, purine-
specific Na(+)-nucleoside cotransporter. J. Biol. Chem. 1995, 270,
13596—13599.

(123) Hamilton, S. R; Yao, S. Y,; Ingram, J. C.; Hadden, D. A;
Ritzel, M. W.; Gallagher, M. P.; Henderson, P. J,; Cass, C. E.; Young,
J. D.; Baldwin, S. A. Subcellular distribution and membrane topology
of the mammalian concentrative Na+-nucleoside cotransporter
rCNT1. J. Biol. Chem. 2001, 276, 27981—27988.

(124) Nies, A. T.; Keppler, D. The apical conjugate efflux pump
ABCC2 (MRP2). Pfluegers Arch. 2007, 453, 643—659.

(125) Le Saux, O.; Beck, K.; Sachsinger, C.; Silvestri, C.; Treiber, C.;
Goring, H. H.; Johnson, E. W.; De Paepe, A.; Pope, F. M,; Pasquali-
Ronchetti, L; et al. A spectrum of ABCC6 mutations is responsible for
pseudoxanthoma elasticum. Am. J. Hum. Genet. 2001, 69, 749—764.

(126) Le Saux, O.; Urban, Z.; Tschuch, C.; Csiszar, K.; Bacchelli, B.;
Quaglino, D.; Pasquali-Ronchetti, I; Pope, F. M.; Richards, A.; Terry,
S.; et al. Mutations in a gene encoding an ABC transporter cause
pseudoxanthoma elasticum. Nat. Genet. 2000, 25, 223—227.

(127) Scheffer, G. L,; Hu, X; Pijnenborg, A. C.; Wijnholds, J;
Bergen, A. A,; Scheper, R. J. MRP6 (ABCC6) detection in normal
human tissues and tumors. Lab. Invest. 2002, 82, 515—518.

(128) Jansen, R. S.; Kucukosmanoglu, A.; de Haas, M.; Sapthu, S.;
Otero, J. A;; Hegman, L. E; Bergen, A. A,; Gorgels, T. G.; Borst, P.;
van de Wetering, K. ABCC6 prevents ectopic mineralization seen in
pseudoxanthoma elasticum by inducing cellular nucleotide release.
Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 20206—20211.

(129) Fleisch, H.; Russell, R. G.; Straumann, F. Effect of
pyrophosphate on hydroxyapatite and its implications in calcium
homeostasis. Nature 1966, 212, 901—903.

(130) Borst, P.; Varadi, A.; van de Wetering, K. PXE, a Mysterious
Inborn Error Clarified. Trends Biochem. Sci. 2019, 44, 125—140.

(131) Luciani, M. F.; Denizot, F.; Savary, S.; Mattei, M. G.; Chimini,
G. Cloning of two novel ABC transporters mapping on human
chromosome 9. Genomics 1994, 21, 150—159.

(132) Brunham, L. R;; Kruit, ]. K; Pape, T. D.; Timmins, J. M.;
Reuwer, A. Q.; Vasanji, Z.; Marsh, B. J.; Rodrigues, B.; Johnson, J. D.;
Parks, J. S.; et al. Beta-cell ABCALI influences insulin secretion, glucose
homeostasis and response to thiazolidinedione treatment. Nat. Med.
2007, 13, 340—347.

(133) Liu, Y.; Tang, C. Regulation of ABCALI functions by signaling
pathways. Biochim. Biophys. Acta, Mol. Cell Biol. Lipids 2012, 1821,
522-529.

(134) Rust, S.; Rosier, M.; Funke, H.; Real, J.; Amoura, Z.; Piette, J.
C,; Deleuze, J. F; Brewer, H. B,; Duverger, N.; Denefle, P.; et al.
Tangier disease is caused by mutations in the gene encoding ATP-
binding cassette transporter 1. Nat. Genet. 1999, 22, 352—355.

(135) Chung, S.; Gebre, A. K;; Seo, J.; Shelness, G. S.; Parks, J. S. A
novel role for ABCAl-generated large pre-beta migrating nascent
HDL in the regulation of hepatic VLDL triglyceride secretion. J. Lipid
Res. 2010, 51, 729—742.

(136) Liu, M,; Chung, S.; Shelness, G. S.; Parks, J. S. Hepatic

ARCAT1 deficiencv is associated with delaved anolinonratein B

-38 -



Introduction -

Structure and function of hepatobiliary ABC transporter

secretory trafficking and augmented VLDL triglyceride secretion.
Biochim. Biophys. Acta, Mol. Cell Biol. Lipids 2017, 1862, 1035—1043.

(137) Fitzgerald, M. L.; Morris, A. L.; Rhee, J. S.; Andersson, L. P.;
Mendez, A. J.; Freeman, M. W. Naturally occurring mutations in the
largest extracellular loops of ABCAI can disrupt its direct interaction
with apolipoprotein A-1. J. Biol. Chem. 2002, 277, 33178—33187.

(138) Wang, N,; Silver, D. L.; Costet, P.; Tall, A. R. Specific binding
of ApoA-], enhanced cholesterol efflux, and altered plasma membrane
morphology in cells expressing ABCI. J. Biol. Chem. 2000, 275,
33053—33058.

(139) Biswas-Fiss, E. E; Kurpad, D. S.; Joshi, K; Biswas, S. B.
Interaction of extracellular domain 2 of the human retina-specific
ATP-binding cassette transporter (ABCA4) with all-trans-retinal. J.
Biol. Chem. 2010, 285, 19372—19383.

(140) Nagao, K; Zhao, Y.; Takahashi, K;; Kimura, Y.; Ueda, K.
Sodium taurocholate-dependent lipid efflux by ABCAL: effects of
WS590S mutation on lipid translocation and apolipoprotein A-I
dissociation. J. Lipid Res. 2009, 50, 1165—1172.

(141) Quazi, F.; Molday, R. S. Differential phospholipid substrates
and directional transport by ATP-binding cassette proteins ABCAI,
ABCA7, and ABCA4 and disease-causing mutants. J. Biol. Chem.
2013, 288, 34414—34426.

(142) Keppler, D. Multidrug resistance proteins (MRPs, ABCCs):
importance for pathophysiology and drug therapy. Handb. Exp.
Pharmacol. 2011, 201, 299.

(143) Annilo, T,; Dean, M. Degeneration of an ATP-binding
cassette transporter gene, ABCC13, in different mammalian lineages.
Genomics 2004, 84, 34—46.

(144) Slot, A. J.; Molinski, S. V.; Cole, S. P. Mammalian multidrug-
resistance proteins (MRPs). Essays Biochem. 2011, S0, 179—207.

(145) Hollenstein, K.; Dawson, R. J.; Locher, K. P. Structure and
mechanism of ABC transporter proteins. Curr. Opin. Struct. Biol.
2007, 17, 412—418.

(146) Whitlock, B. D.; Leslie, E. M. In Drug Efflux Pumps in Cancer
Resistance Pathways: From Molecular Recognition and Characterization
to Possible Inhibition Strategies in Chemotherapy, Academic Press, 2020,
DOI: 10.1016/b978-0-12-816434-1.00002-4.

ey mvie meees

(149) Prescher, M.; Kroll, T.; Schmitt, L. ABCB4/MDR3 in health
and disease - at the crossroads of biochemistry and medicine. Biol.
Chem. 2019, 400, 1245.

(150) van Helvoort, A.; Smith, A. J; Sprong, H.; Fritzsche, 1;
Schinkel, A. H.; Borst, P.; van Meer, G. MDRI1 P-glycoprotein is a
lipid translocase of broad specificity, while MDR3 P-glycoprotein
specifically translocates phosphatidylcholine. Cell 1996, 87, S07—517.

(151) Tlias, A.; Urban, Z.; Seid], T. L.; Le Saux, O.; Sinko, E.; Boyd,
C. D,; Sarkadi, B.; Varadi, A. Loss of ATP-dependent transport
activity in pseudoxanthoma elasticum-associated mutants of human
ABCC6 (MRPS). J. Biol. Chem. 2002, 277, 16860—16867.

(152) Jedlitschky, G.; Keppler, D. Transport of leukotriene C4 and
structurally related conjugates. Vitam. Horm. 2002, 64, 153—184.

(153) Konig, J.; Nies, A. T.; Cui, Y.; Leier, L; Keppler, D. Conjugate
export pumps of the multidrug resistance protein (MRP) family:
localization, substrate specificity, and MRP2-mediated drug resistance.
Biochim. Biophys. Acta, Biomembr. 1999, 1461, 377—394.

(154) Jansen, P. L.; Peters, W. H.; Lamers, W. H. Hereditary chronic
conjugated hyperbilirubinemia in mutant rats caused by defective
hepatic anion transport. Hepatology 1985, 5, 573—579.

(155) Hosokawa, S.; Tagaya, O.; Mikami, T.; Nozaki, Y.; Kawaguchi,
A.; Yamatsu, K; Shamoto, M. A new rat mutant with chronic
conjugated hyperbilirubinemia and renal glomerular lesions. Lab.
Anim. Sci. 1992, 42, 27—-34.

(156) Chu, X. Y.; Strauss, J. R.; Mariano, M. A,; Li, J.; Newton, D. J.;
Cai. X:: Wano. R. W.: Yahut. T.: Hartlev. D. P.: Fvane. D. C: et al

Characterization of mice lacking the multidrug resistance protein
MRP2 (ABCC2). J. Pharmacol. Exp. Ther. 2006, 317, 579—589.

(157) Donner, M. G.; Keppler, D. Up-regulation of basolateral
multidrug resistance protein 3 (Mrp3) in cholestatic rat liver.
Hepatology 2001, 34, 351-359.

(158) Keppler, D.; Kartenbeck, J. The canalicular conjugate export
pump encoded by the cmrp/cmoat gene. Prog. Liver Dis. 1996, 14,
55-67.

(159) Lee, J. Y,; Rosenbaum, D. M. Transporters Revealed. Cell
2017, 168, 951-953.

(160) Wu, J. X;; Ding, D.; Wang, M.; Kang, Y.; Zeng, X,; Chen, L.
Ligand binding and conformational changes of SURI subunit in
pancreatic ATP-sensitive potassium channels. Protein Cell 2018, 9,
553-567.

(161) Johnson, Z. L.; Chen, ]J. ATP Binding Enables Substrate
Release from Multidrug Resistance Protein 1. Cell 2018, 172, 81—89.

(162) Fu, J.; Ji, H. L,; Naren, A. P.; Kirk, K. L. A cluster of negative
charges at the amino terminal tail of CFTR regulates ATP-dependent
channel gating. J. Physiol. 2001, 536, 459—470.

(163) Ford, R. C.; Marshall-Sabey, D.; Schuetz, J. Linker Domains:
Why ABC Transporters 'Live in Fragments no Longer. Trends
Biochem. Sci. 2020, 45, 137—148.

(164) El-Sheikh, A. A.; van den Heuvel, J. J.; Koenderink, J. B;
Russel, F. G. Interaction of nonsteroidal anti-inflammatory drugs with
multidrug resistance protein (MRP) 2/ABCC2- and MRP4/ABCC4-
mediated methotrexate transport. J. Pharmacol. Exp. Ther. 2007, 320,
229-23S.

(165) Van Aubel, R. A.; Smeets, P. H.; van den Heuvel, J. J.; Russel,
F. G. Human organic anion transporter MRP4 (ABCC4) is an efflux
pump for the purine end metabolite urate with multiple allosteric
substrate binding sites. Am. J. Physiol. Renal. Physiol. 2005, 288,
F327-333.

(166) Ravna, A. W.; Sager, G. Molecular model of the outward
facing state of the human multidrug resistance protein 4 (MRP4/
ABCCH4). Bioorg. Med. Chem. Lett. 2008, 18, 3481—3483.

(167) Rigalli, J. P.; Ciriaci, N.; Arias, A.; Ceballos, M. P.; Villanueva,

C 0T ol AL M NAssio o A TN MLl T sl XT A

transporter, multidrug resistance protein 2 (MRP2) (ABCC2), alters
substrate specificity and results in loss of methotrexate transport
activity. J. Biol. Chem. 2001, 276, 38108—38114.

(169) Letourneau, I J.; Slot, A. J; Deeley, R. G; Cole, S. P.
Mutational analysis of a highly conserved proline residue in MRP1I,
MRP2, and MRP3 reveals a partially conserved function. Drug Metab.
Dispos. 2007, 35, 1372—1379.

(170) Oleschuk, C. J; Deeley, R. G.; Cole, S. P. Substitution of
Trpl1242 of TMI17 alters substrate specificity of human multidrug
resistance protein 3. Am. J. Physiol. Gastrointest. Liver Physiol. 2003,
284, G280—289.

(171) Zelcer, N.; Huisman, M. T.; Reid, G.; Wielinga, P.; Breedveld,
P.; Kuil, A.; Knipscheer, P.; Schellens, J. H.; Schinkel, A. H.; Borst, P.
Evidence for two interacting ligand binding sites in human multidrug
resistance protein 2 (ATP binding cassette C2). J. Biol. Chem. 2003,
278, 23538—23544.

(172) Buchler, M.; Konig, J.; Brom, M.; Kartenbeck, J.; Spring, H.;
Horie, T.; Keppler, D. cDNA cloning of the hepatocyte canalicular
isoform of the multidrug resistance protein, cMrp, reveals a novel
conjugate export pump deficient in hyperbilirubinemic mutant rats. J.
Biol. Chem. 1996, 271, 15091—15098.

(173) Paulusma, C C; Kool, M; Bosma, P J; Scheffer, G L; ter Borg,
F; Scheper, R J; Tytgat, G N; Borst, P; Baas, F; Elferink, R O A
mutation in the human canalicular multispecific organic anion
transporter gene causes the Dubin-Johnson syndrome. Hepatology
1997. 25. 18390—15842.

-39.-



Introduction -

Structure and function of hepatobiliary ABC transporter

(174) Cherrington, N. J.; Hartley, D. P,; Li, N; Johnson, D. R;
Klaassen, C. D. Organ distribution of multidrug resistance proteins 1,
2, and 3 (Mrpl, 2, and 3) mRNA and hepatic induction of Mrp3 by
constitutive androstane receptor activators in rats. J. Pharmacol. Exp.
Ther. 2002, 300, 97—104.

(175) Gotoh, Y.; Suzuki, H.; Kinoshita, S.; Hirohashi, T.; Kato, Y.;
Sugiyama, Y. Involvement of an organic anion transporter (canalicular
multispecific organic anion transporter/multidrug resistance-associ-
ated protein 2) in gastrointestinal secretion of glutathione conjugates
in rats. J. Pharmacol. Exp. Ther. 2000, 292, 433—439.

(176) Bandler, P. E.; Westlake, C. J.; Grant, C. E,; Cole, S. P.;
Deeley, R. G. Identification of regions required for apical membrane
localization of human multidrug resistance protein 2. Mol. Pharmacol.
2008, 74, 9—-19.

(177) Keppler, D.; Konig, J. Hepatic canalicular membrane S:
Expression and localization of the conjugate export pump encoded by
the MRP2 (cMRP/cMOAT) gene in liver. FASEB J. 1997, 11, S09—
S16.

(178) Jedlitschky, G.; Leier, L; Buchholz, U.; Hummel-Eisenbeiss, J.;
Burchell, B; Keppler, D. ATP-dependent transport of bilirubin
glucuronides by the multidrug resistance protein MRP1 and its
hepatocyte canalicular isoform MRP2. Biochem. J. 1997, 327 (Pt 1),
305-310.

(179) Kawabe, T.; Chen, Z. S.; Wada, M.; Uchiumi, T.; Ono, M,;
Akiyama, S.; Kuwano, M. Enhanced transport of anticancer agents
and leukotriene C4 by the human canalicular multispecific organic
anion transporter (¢c(MOAT/MRP2). FEBS Lett. 1999, 456, 327—331.

(180) Keppler, D.; Leier, I; Jedlitschky, G.; Konig, J. ATP-
dependent transport of glutathione S-conjugates by the multidrug
resistance protein MRP1 and its apical isoform MRP2. Chem.-Biol.
Interact. 1998, 111—112, 153—161.

(181) Madon, J.; Eckhardt, U.; Gerloff, T.; Stieger, B.; Meier, P. ].
Functional expression of the rat liver canalicular isoform of the
multidrug resistance-associated protein. FEBS Lett. 1997, 406, 75—78.

(182) Chu, X. Y,; Kato, Y.,; Sugiyama, Y. Multiplicity of biliary
excretion mechanisms for irinotecan, CPT-11, and its metabolites in
rats. Cancer Res. 1997, 57, 1934—1938.

(183) Evers, R; Kool, M; van Deemter, L; Janssen, H; Calafat, J;
QOomen, L C; Paulusma, C C; Oude Elferink, R P; Baas, F; Schinkel, A
H; Borst, P Drug export activity of the human canalicular
multispecific organic anion transporter in polarized kidney MDCK
cells expressing cMOAT (MRP2) cDNA. J. Clin. Invest. 1998, 101,
1310—1319.

(184) Jeong, E. J; Lin, H; Hu, M. Disposition mechanisms of
raloxifene in the human intestinal Caco-2 model. J. Pharmacol. Exp.
Ther. 2004, 310, 376—38S.

(185) Smitherman, P. K.; Townsend, A. J.; Kute, T. E.; Morrow, C.
S. Role of multidrug resistance protein 2 (MRP2, ABCC2) in
alkylating agent detoxification: MRP2 potentiates glutathione S-
transferase Al—1-mediated resistance to chlorambucil cytotoxicity. J.
Pharmacol. Exp. Ther. 2004, 308, 260—267.

(186) Zhang, H.; You, Y.; Zhu, Z. The human RNA surveillance
factor Up-frameshift 1 inhibits hepatic cancer progression by targeting
MRP2/ABCC2. Biomed. Pharmacother. 2017, 92, 365—372.

(187) Tserga, E.; Nandwani, T.; Edvall, N. K; Bulla, J.; Patel, P;
Canlon, B.; Cederroth, C. R.; Baguley, D. M. The genetic vulnerability
to cisplatin ototoxicity: a systematic review. Sci. Rep. 2019, 9, 345S.

(188) Hinoshita, E.; Uchiumi, T.; Taguchi, K; Kinukawa, N.;
Tsuneyoshi, M.; Maehara, Y.; Sugimachi, K.; Kuwano, M. Increased
expression of an ATP-binding cassette superfamily transporter,
multidrug resistance protein 2, in human colorectal carcinomas.
Clin. Cancer Res. 2000, 6, 2401—2407.

(189) Dubin, I. N.; Johnson, F. B. Chronic idiopathic jaundice with
unidentified pigment in liver cells; a new clinicopathologic entity with
a report of 12 cases. Medicine (Philadelphia, PA, U. S.) 1954, 33, 155—
197.

(190) Shani, M.; Seligsohn, U.; Gilon, E.; Sheba, C,; Adam, A.
Dubin-Johnson syndrome in Israel. I. Clinical, laboratory, and genetic
asvects of 101 cases. O. I. Med. 1970. 39. 549—567.

(191) Kajihara, S.; Hisatomi, A.; Mizuta, T.; Hara, T.; Ozaki, L;
Wada, I; Yamamoto, K. A splice mutation in the human canalicular
multispecific organic anion transporter gene causes Dubin-Johnson
syndrome. Biochem. Biophys. Res. Commun. 1998, 253, 454—457.

(192) Kool, M.; van der Linden, M.; de Haas, M.; Scheffer, G. L.; de
Vree, J. M; Smith, A. J; Jansen, G.; Peters, G. J.; Ponne, N.; Scheper,
R. J.; et al. MRP3, an organic anion transporter able to transport anti-
cancer drugs. Proc. Natl. Acad. Sci. U. S. A. 1999, 96, 6914—6919.

(193) Zelcer, N.; van de Wetering, K.; de Waart, R.; Scheffer, G. L.;
Marschall, H. U.; Wielinga, P. R; Kuil, A.; Kunne, C.; Smith, A.; van
der Valk, M.; et al. Mice lacking Mrp3 (Abcc3) have normal bile salt
transport, but altered hepatic transport of endogenous glucuronides. J.
Hepatol. 2006, 44, 768—775.

(194) Edginton, A. N.; Zimmerman, E. L; Vasilyeva, A.; Baker, S. D.;
Panetta, J. C. Sorafenib metabolism, transport, and enterohepatic
recycling: physiologically based modeling and simulation in mice.
Cancer Chemother. Pharmacol. 2016, 77, 1039—1052.

(195) Zelcer, N.; van de Wetering, K.; Hillebrand, M.; Sarton, E.;
Kuil, A.; Wielinga, P. R.; Tephly, T.; Dahan, A.; Beijnen, J. H.; Borst,
P. Mice lacking multidrug resistance protein 3 show altered morphine
pharmacokinetics and morphine-6-glucuronide antinociception. Proc.
Natl. Acad. Sci. U. S. A. 2008, 102, 7274—7279.

(196) Chidambaran, V.; Venkatasubramanian, R.; Zhang, X.; Martin,
L. J; Niu, J; Mizuno, T.; Fukuda, T.; Meller, J.; Vinks, A. A;
Sadhasivam, S. ABCC3 genetic variants are associated with post-
operative morphine-induced respiratory depression and morphine
pharmacokinetics in children. Pharmacogenomics J. 2017, 17, 162—
169.

(197) Fernandez-Barrena, M. G.; Monte, M. J.; Latasa, M. U,;
Uriarte, L; Vicente, E.; Chang, H. C.; Rodriguez-Ortigosa, C. M.;
Elferink, R. O.; Berasain, C.; Marin, J. J; et al. Lack of Abcc3
expression impairs bile-acid induced liver growth and delays hepatic
regeneration after partial hepatectomy in mice. J. Hepatol. 2012, 56,
367-373.

(198) Rius, M.; Nies, A. T.; Hummel-Eisenbeiss, ].; Jedlitschky, G.;
Keppler, D. Cotransport of reduced glutathione with bile salts by
MRP4 (ABCC4) localized to the basolateral hepatocyte membrane.
Hepatology 2003, 38, 374—384.

(199) Wen, J.; Luo, J.; Huang, W.; Tang, J.; Zhou, H,; Zhang, W.
The Pharmacological and Physiological Role of Multidrug-Resistant
Protein 4. J. Pharmacol. Exp. Ther. 2015, 354, 358—375.

(200) Russel, F. G.; Koenderink, J. B.; Masereeuw, R. Multidrug
resistance protein 4 (MRP4/ABCC4): a versatile efflux transporter
for drugs and signalling molecules. Trends Pharmacol. Sci. 2008, 29,
200—-207.

(201) Schuetz, J. D.; Connelly, M. C.; Sun, D.; Paibir, S. G.; Flynn,
P. M,; Srinivas, R. V,; Kumar, A.; Fridland, A. MRP4: A previously
unidentified factor in resistance to nucleoside-based antiviral drugs.
Nat. Med. 1999, S, 1048—1051.

(202) Gradhand, U.; Lang, T.; Schaeffeler, E.; Glaeser, H.; Tegude,
H.; Klein, K,; Fritz, P.; Jedlitschky, G.; Kroemer, H. K.; Bachmakov,
L; et al. Variability in human hepatic MRP4 expression: influence of
cholestasis and genotype. Pharmacogenomics J. 2008, 8, 42—52.

(203) Gu, X; Manautou, J. E. Regulation of hepatic ABCC
transporters by xenobiotics and in disease states. Drug Metab. Rev.
2010, 42, 482—538.

(204) Denk, G. U.; Soroka, C. J.; Takeyama, Y.; Chen, W. S,;
Schuetz, J. D.; Boyer, J. L. Multidrug resistance-associated protein 4 is
up-regulated in liver but down-regulated in kidney in obstructive
cholestasis in the rat. J. Hepatol. 2004, 40, 585—591.

(205) Vogt, K,; Mahajan-Thakur, S.; Wolf, R.; Broderdorf, S.; Vogel,
C.; Bohm, A,; Ritter, C. A.; Graler, M.; Oswald, S.; Greinacher, A.;
et al. Release of Platelet-Derived Sphingosine-1-Phosphate Involves
Multidrug Resistance Protein 4 (MRP4/ABCC4) and Is Inhibited by
Statins. Thromb. Haemostasis 2018, 118, 132—142.

(206) Lu, X; Long, Y, Lin, L; Sun, R; Zhong, S; Cui, Z.
Characterization of zebrafish Abcc4 as an efflux transporter of
oreanochlorine pesticides. PLoS One 2014. 9. No. el111664.

-40 -



Introduction -

Structure and function of hepatobiliary ABC transporter

(207) Lin, Z. P.; Zhu, Y. L.; Johnson, D. R;; Rice, K. P.; Nottoli, T.;
Hains, B. C.; McGrath, J.; Waxman, S. G.; Sartorelli, A. C. Disruption
of cAMP and prostaglandin E2 transport by multidrug resistance
protein 4 deficiency alters cAMP-mediated signaling and nociceptive
response. Mol. Pharmacol. 2008, 73, 243—251.

(208) Wittgen, H. G.; van den Heuvel, ]. J.; Krieger, E.; Schaftenaar,
G.; Russel, F. G.; Koenderink, J. B. Phenylalanine 368 of multidrug
resistance-associated protein 4 (MRP4/ABCC4) plays a crucial role
in substrate-specific transport activity. Biochem. Pharmacol. 2012, 84,
366—373.

(209) Chantemargue, B.; Di Meo, F.; Berka, K.; Picard, N.; Arnion,
H.; Essig, M.; Marquet, P.; Otyepka, M.; Trouillas, P. Structural
patterns of the human ABCC4/MRP4 exporter in lipid bilayers
rationalize clinically observed polymorphisms. Pharmacol. Res. 2018,
133, 318—327.

(210) Yaneff, A.; Sahores, A.; Gomez, N.; Carozzo, A.; Shayo, C.;
Davio, C. MRP4/ABCC4 As a New Therapeutic Target: Meta-
Analysis to Determine cAMP Binding Sites as a Tool for Drug Design.
Curr. Med. Chem. 2019, 26, 1270—1307.

(211) Mennone, A.; Soroka, C. J.; Cai, S. Y.; Harry, K; Adachi, M,;
Hagey, L.; Schuetz, J. D,; Boyer, J. L. Mrp4—/— mice have an
impaired cytoprotective response in obstructive cholestasis. Hepatol-
ogy 2006, 43, 1013—1021.

(212) Orriss, 1. R.; Arnett, T. R;; Russell, R. G. Pyrophosphate: a key
inhibitor of mineralisation. Curr. Opin. Pharmacol. 2016, 28, 57—68.

(213) Kool, M,; van der Linden, M.; de Haas, M.; Baas, F.; Borst, P.
Expression of human MRP6, a homologue of the multidrug resistance
protein gene MRP]I, in tissues and cancer cells. Cancer Res. 1999, 59,
175—182.

(214) Krumpochova, P.; Sapthu, S.; Brouwers, J. F.; de Haas, M.; de
Vos, R,; Borst, P.; van de Wetering, K. Transportomics: screening for
substrates of ABC transporters in body fluids using vesicular transport
assays. FASEB ]. 2012, 26, 738—747.

(215) Loe, D. W,; Almquist, K. C.; Deeley, R. G.; Cole, S. P.
Multidrug resistance protein (MRP)-mediated transport of leuko-
triene C4 and chemotherapeutic agents in membrane vesicles.
Demonstration of glutathione-dependent vincristine transport. J.
Biol. Chem. 1996, 271, 9675—9682.

(216) Juliano, R. L,; Ling, V. A surface glycoprotein modulating drug
permeability in Chinese hamster ovary cell mutants. Biochim. Biophys.
Acta, Biomembr. 1976, 455, 152—162.

(217) Gatmaitan, Z. C.; Arias, I. M. Structure and function of P-
glycoprotein in normal liver and small intestine. Adv. Pharmacol.
1993, 24, 77-97.

(218) Chandra, P.; Brouwer, K. L. The complexities of hepatic drug
transport: current knowledge and emerging concepts. Pharm. Res.
2004, 21, 719—735.

(219) Ellis, J. L.; Bove, K. E.; Schuetz, E. G.; Leino, D.; Valencia, C.
A.; Schuetz, J. D.; Miethke, A.; Yin, C. Zebrafish abcb11b mutant
reveals strategies to restore bile excretion impaired by bile salt export
pump deficiency. Hepatology 2018, 67, 1531—1545.

(220) Raub, T. J. P-glycoprotein recognition of substrates and
circumvention through rational drug design. Mol. Pharmaceutics 2006,
3, 3-28S.

(221) Wang, R. B;; Kuo, C. L,; Lien, L. L;; Lien, E. J. Structure-
activity relationship: analyses of p-glycoprotein substrates and
inhibitors. J. Clin. Pharm. Ther. 2003, 28, 203—228.

(222) Sharom, F. J.; Lugo, M. R,; Eckford, P. D. New insights into
the drug binding, transport and lipid flippase activities of the p-
glycoprotein multidrug transporter. J. Bioenerg. Biomembr. 2008, 37,
481—-487.

(223) Arana, M. R; Altenberg, G. A. ATP-binding Cassette
Exporters: Structure and Mechanism with a Focus on P-glycoprotein
and MRP1. Curr. Med. Chem. 2019, 26, 1062—1078.

(224) van Tellingen, O.; Buckle, T.; Jonker, J. W.; van der Valk, M.
A,; Beijnen, J. H. P-glycoprotein and Mrpl collectively protect the
bone marrow from vincristine-induced toxicity in vivo. Br. J. Cancer
2003, R9. 1776—17RK.

(225) Tamaki, A.; Ierano, C.; Szakacs, G.; Robey, R. W.; Bates, S. E.
The controversial role of ABC transporters in clinical oncology. Essays
Biochem. 2011, 50, 209—232.

(226) Schinkel, A. H.; Wagenaar, E.; Mol, C. A.; van Deemter, L. P-
glycoprotein in the blood-brain barrier of mice influences the brain
penetration and pharmacological activity of many drugs. J. Clin. Invest.
1996, 97, 2517—2524.

(227) Ledwitch, K. V.; Roberts, A. G. Cardiovascular Ton Channel
Inhibitor Drug-Drug Interactionswith P-glycoprotein. AAPS J. 2017,
19, 409—420.

(228) Foy, M,; Sperati, C. J.; Lucas, G. M.; Estrella, M. M. Drug
interactions and antiretroviral drug monitoring. Curr. HIV/AIDS Rep.
2014, 11, 212-222.

(229) Yang, X; Liu, K. P-gp Inhibition-Based Strategies for
Modulating Pharmacokinetics of Anticancer Drugs: An Update.
Curr. Drug Metab. 2016, 17, 806—826.

(230) Kim, R. B. Drugs as P-glycoprotein substrates, inhibitors, and
inducers. Drug Metab. Rev. 2002, 34, 47—54.

(231) Bruhn, O.; Cascorbi, I. Polymorphisms of the drug
transporters ABCB1, ABCG2, ABCC2 and ABCC3 and their impact
on drug bioavailability and clinical relevance. Expert Opin. Drug
Metab. Toxicol. 2014, 10, 1337—1354.

(232) Aller, S. G; Yu, J.; Ward, A.; Weng, Y.; Chittaboina, S.; Zhuo,
R. P.; Harrell, P. M,; Trinh, Y. T.; Zhang, Q. H.; Urbatsch, I. L.; et al.
Structure of P-Glycoprotein Reveals a Molecular Basis for Poly-
Specific Drug Binding. Science 2009, 323, 1718—1722.

(233) Li, J.; Jaimes, K. F.; Aller, S. G. Refined structures of mouse P-
glycoprotein. Protein Sci. 2014, 23, 34—46.

(234) Alam, A; Kowal, J.; Broude, E.; Roninson, L; Locher, K. P.
Structural insight into substrate and inhibitor discrimination by
human P-glycoprotein. Science 2019, 363, 753—756.

(235) Kim, Y.; Chen, J. Molecular structure of human P-
glycoprotein in the ATP-bound, outward-facing conformation. Science
2018, 359, 915-919.

(236) Zoghbi, M. E.; Altenberg, G. A. ATP binding to two sites is
necessary for dimerization of nucleotide-binding domains of ABC
proteins. Biochem. Biophys. Res. Commun. 2014, 443, 97—102.

(237) Gyimesi, G.; Ramachandran, S.; Kota, P.; Dokholyan, N. V.;
Sarkadi, B.; Hegedus, T. ATP hydrolysis at one of the two sites in
ABC transporters initiates transport related conformational tran-
sitions. Biochim. Biophys. Acta, Biomembr. 2011, 1808, 2954—2964.

(238) Gutmann, D. A; Ward, A; Urbatsch, L. L; Chang, G.; van
Veen, H. W. Understanding polyspecificity of multidrug ABC
transporters: closing in on the gaps in ABCBI. Trends Biochem. Sci.
2010, 35, 36—42.

(239) Raviv, Y,; Pollard, H. B,; Bruggemann, E. P.; Pastan, I;
Gottesman, M. M. Photosensitized labeling of a functional multidrug
transporter in living drug-resistant tumor cells. J. Biol. Chem. 1990,
265, 3975—3980.

(240) Olsen, J. A;; Alam, A.; Kowal, J.; Stieger, B.; Locher, K. P.
Structure of the human lipid exporter ABCB4 in a lipid environment.
Nat. Struct. Mol. Biol. 2020, 27, 62—70.

(241) van der Bliek, A. M.; Kooiman, P. M.; Schneider, C.; Borst, P.
Sequence of mdr3 ¢cDNA encoding a human P-glycoprotein. Gene
1988, 71, 401—411.

(242) Van der Bliek, A. M.; Baas, F.; Ten Houte de Lange, T.;
Kooiman, P. M,; Van der Velde-Koerts, T.; Borst, P. The human
mdr3 gene encodes a novel P-glycoprotein homologue and gives rise
to alternatively spliced mRNAs in liver. EMBO ]. 1987, 6, 3325—
3331.

(243) Ambudkar, S. V.; Kimchi-Sarfaty, C.; Sauna, Z. E.; Gottesman,
M. M. P-glycoprotein: from genomics to mechanism. Oncogene 2003,
22, 7468—748S.

(244) Prescher, M.; Smits, S. H. J.; Schmitt, L. Stimulation of the
ATPase activity of MDR3/ABCB4 requires an intact phosphatidyl-
choline lipid. J. Lipid Res. 2020, jirRA120000889.

(245) Kino, K.; Taguchi, Y,; Yamada, K; Komano, T.; Ueda, K.

Aureahasidin A, an antifinoal cvclic densinentide antibiatic. is a

-4 -



Introduction -

Structure and function of hepatobiliary ABC transporter

substrate for both human MDR1 and MDR2/P-glycoproteins. FEBS
Lett. 1996, 399, 29—32.

(246) Smith, A. J; van Helvoort, A;; van Meer, G.; Szabo, K;
Welker, E.; Szakacs, G.; Varadi, A.; Sarkadi, B.; Borst, P. MDR3 P-
glycoprotein, a phosphatidylcholine translocase, transports several
cytotoxic drugs and directly interacts with drugs as judged by
interference with nucleotide trapping. J. Biol. Chem. 2000, 275,
23530—-23539.

(247) Buschman, E.; Gros, P. Functional analysis of chimeric genes
obtained by exchanging homologous domains of the mouse mdrl and
mdr2 genes. Mol. Cell. Biol. 1991, 11, S95—603.

(248) Gros, P.; Buschman, E. The mouse multidrug resistance gene
family: structural and functional analysis. Int. Rev. Cyt. 1993, 137C,
169—197.

(249) Buschman, E.; Gros, P. The inability of the mouse mdr2 gene
to confer multidrug resistance is linked to reduced drug binding to the
protein. Cancer Res. 1994, 54, 4892—4898.

(250) Gros, P.; Raymond, M.; Bell, J.; Housman, D. Cloning and
characterization of a second member of the mouse mdr gene family.
Mol. Cell. Biol. 1988, 8, 2770—2778.

(251) Devault, A;; Gros, P. Two members of the mouse mdr gene
family confer multidrug resistance with overlapping but distinct drug
specificities. Mol. Cell. Biol. 1990, 10, 1652—1663.

(252) Ruetz, S; Gros, P. Phosphatidylcholine translocase: a
physiological role for the mdr2 gene. Cell 1994, 77, 1071—1081.

(253) Smith, A. J.; Timmermans-Hereijgers, ]. L.; Roelofsen, B.;
Wirtz, K. W.; van Blitterswijk, W. J.; Smit, ]. J.; Schinkel, A. H.; Borst,
P. The human MDR3 P-glycoprotein promotes translocation of
phosphatidylcholine through the plasma membrane of fibroblasts
from transgenic mice. FEBS Lett. 1994, 354, 263—266.

(254) Chianale, J.; Vollrath, V.; Wielandt, A. M.; Amigo, L.; Rigotti,
A.; Nervi, F; Gonzalez, S.; Andrade, L.; Pizarro, M.; Accatino, L.
Fibrates induce mdr2 gene expression and biliary phospholipid
secretion in the mouse. Biochem. ]. 1996, 314 (Pt3), 781—786.

(255) Crawford, A. R;; Smith, A. J.; Hatch, V. C.; Oude Elferink, R.
P.; Borst, P.; Crawford, J. M. Hepatic secretion of phospholipid
vesicles in the mouse critically depends on mdr2 or MDR3 P-
glycoprotein expression. Visualization by electron microscopy. J. Clin.
Invest. 1997, 100, 2562—2567.

(256) Frijters, C. M.; Ottenhoff, R; van Wijland, M. J; van
Nieuwkerk, C. M,; Groen, A. K,; Oude Elferink, R. P. Regulation of
mdr2 P-glycoprotein expression by bile salts. Biochem. ]. 1997, 321
(2), 389-39s.

(257) Smit, J. J. M.; Schinkel, A. H.; Elferink, R. P. J. O.; Groen, A.
K.; Wagenaar, E.; Vandeemter, L.; Mol, C. A. A. M,; Ottenhoff, R;
Vanderlugt, N. M. T.; Vanroon, M. A;; 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, 451—462.

(258) Smith, A. J.; de Vree, ]J. M.; Ottenhoff, R.; Oude Elferink, R.
P.; Schinkel, A. H,; Borst, P. Hepatocyte-specific expression of the
human MDR3 P-glycoprotein gene restores the biliary phosphati-
dylcholine excretion absent in Mdr2 (—/—) mice. Hepatology 1998,
28, 530—536.

(259) Kluth, M,; Stindt, J.; Droge, C.; Linnemann, D.; Kubitz, R;
Schmitt, L. A mutation within the extended X loop abolished
substrate-induced ATPase activity of the human liver ATP-binding
cassette (ABC) transporter MDR3. J. Biol. Chem. 2015, 290, 4896—
4907.

(260) van Helvoort, A. v.; Smith, A. J.; Sprong, H.; Fritzsche, L;
Schinkel, A. H.; Borst, P.; van Meer, G. v. MDRI P-Glycoprotein Is a
Lipid Translocase of Broad Specificity, While MDR3 P-Glycoprotein
Specifically Translocates Phosphatidylcholine. Cell 1996, 87, S07—
S17.

(261) Ishigami, M.; Tominaga, Y.; Nagao, K,; Kimura, Y.; Matsuo,
M,; Kioka, N,; Ueda, K. ATPase activity of nucleotide binding
domains of human MDR3 in the context of MDRI1. Biochim. Biophys.
Acta. Mol Cell Riol Tinids 2013. 1831. A83—A90

(262) Smit, J. J. M.; Schinkel, A. H.; Elferink, R. P. J. O.; Groen, A.
K.; Wagenaar, E.; van Deemter, L.; Mol, C. A. A. M,; Ottenhoff, R;;
van der Lugt, N. M. T.; van Roon, M. A; 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, 451—462.

(263) Davit-Spraul, A.; Gonzales, E.; Baussan, C.; Jacquemin, E. The
spectrum of liver diseases related to ABCB4 gene mutations:
pathophysiology and clinical aspects. Semin. Liver Dis. 2010, 30,
134—146.

(264) Urbatsch, 1. L.; Wilke-Mounts, S.; Gimi, K.; Senior, A. E.
Purification and characterization of N-glycosylation mutant mouse
and human P-glycoproteins expressed in Pichia pastoris cells. Arch.
Biochem. Biophys. 2001, 388, 171—177.

(265) Gautherot, J.; Delautier, D.; Maubert, M. A.; Ait-Slimane, T;
Bolbach, G.; Delaunay, J. L.; Durand-Schneider, A. M.; Firrincieli, D;
Barbu, V.; Chignard, N.; et al. Phosphorylation of ABCB4 impacts its
function: insights from disease-causing mutations. Hepatology 2014,
60, 610—621.

(266) Olsen, J. A,; Alam, A.; Kowal, J.; Stieger, B.; Locher, K. P.
Structure of the human lipid exporter ABCB4 in a lipid environment.
Nat. Struct. Mol. Biol. 2020, 27, 62.

(267) Van der Bliek, A. M.; Baas, F.; Ten Houte de Lange, T.;
Kooiman, P. M.; Van der Velde-Koerts, T.; Borst, P. The human
mdr3 gene encodes a novel P-glycoprotein homolouge and gives rise
to alternatively spliced mRNAs in the liver. EMBO J. 1987, 6, 3325—
3331.

(268) Zaitseva, J.; Jenewein, S.; Wiedenmann, A.; Benabdelhak, H,;
Holland, 1. B.; Schmitt, L. Functional characterization and ATP-
induced dimerization of the isolated ABC-domain of the haemolysin
B transporter. Biochemistry 2005, 44, 9680—9690.

(269) Baldridge, R. D.; Graham, T. R. Identification of residues
defining phospholipid flippase substrate specificity of type IV P-type
ATPases. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, E290—298.

(270) Reichert, M. C.; Lammert, F. ABCB4 Gene Aberrations in
Human Liver Disease: An Evolving Spectrum. Semin. Liver Dis. 2018,
38, 299-307.

(271) Droge, C.; Bonus, M.; Baumann, U,; Klindt, C,; Lainka, E;
Kathemann, S.; Brinkert, F.; Grabhorn, E.; Pfister, E. D.; Wenning, D.;
et al. Sequencing of FIC1, BSEP and MDR3 in a large cohort of
patients with cholestasis revealed a high number of different genetic
variants. J. Hepatol. 2017, 67, 1253—1264.

(272) Jacquemin, E.; De Vree, J. M; Cresteil, D.; Sokal, E. M,;
Sturm, E.; Dumont, M.; Scheffer, G. L.; Paul, M.; Burdelski, M,;
Bosma, P. J; et al. The wide spectrum of multidrug resistance 3
deficiency: from neonatal cholestasis to cirrhosis of adulthood.
Gastroenterology 2001, 120, 1448—1458.

(273) Lucena, J. F.; Herrero, J. 1; Quiroga, J.; Sangro, B.; Garcia-
Foncillas, J.; Zabalegui, N.; Sola, J.; Herraiz, M.; Medina, J. F.; Prieto,
J. A multidrug resistance 3 gene mutation causing cholelithiasis,
cholestasis of pregnancy, and adulthood biliary cirrhosis. Gastro-
enterology 2003, 124, 1037—1042.

(274) Pauli-Magnus, C.; Lang, T.; Meier, Y.; Zodan-Marin, T.; Jung,
D.; Breymann, C.; Zimmermann, R.; Kenngott, S.; Beuers, U.;
Reichel, C.; et al. Sequence analysis of bile salt export pump
(ABCBI1) and multidrug resistance p-glycoprotein 3 (ABCB4,
MDR3) in patients with intrahepatic cholestasis of pregnancy.
Pharmacogenetics 2004, 14, 91—-102.

(275) Degiorgio, D.; Colombo, C.; Seia, M.; Porcaro, L.; Costantino,
L.; Zazzeron, L.; Bordo, D.; Coviello, D. A. Molecular characterization
and structural implications of 25 new ABCB4 mutations in
progressive familial intrahepatic cholestasis type 3 (PFIC3). Eur. J.
Hum. Genet. 2007, 15, 1230—1238.

(276) Morita, S. Y.; Kobayashi, A,; Takanezawa, Y.; Kioka, N.;
Handa, T.; Arai, H,; Matsuo, M.; Ueda, K. Bile salt-dependent efflux
of cellular phospholipids mediated by ATP binding cassette protein
B4. Hepatology 2007, 46, 188—199.

(277) Poupon, R; Rosmorduc, O.; Boelle, P. Y.; Chretien, Y.;
Cornechat. C.: Chazonilleres. O.: Honsset. (.2 Rarhn. V. Genatvne-

-42 -



Introduction -

Structure and function of hepatobiliary ABC transporter

phenotype relationships in the low-phospholipid-associated choleli-
thiasis syndrome: a study of 156 consecutive patients. Hepatology
2013, 58, 1105—1110.

(278) Andress, E. J.; Nicolaou, M.; Romero, M. R.; Naik, S.; Dixon,
P. H.; Williamson, C.; Linton, K. J. Molecular mechanistic explanation
for the spectrum of cholestatic disease caused by the S320F variant of
ABCB4. Hepatology 2014, 59, 1921—-1931.

(279) Delaunay, J. L.; Durand-Schneider, A. M.; Dossier, C.;
Falguieres, T.; Gautherot, J; Davit-Spraul, A,; Ait-Slimane, T,;
Housset, C.; Jacquemin, E.; Maurice, M. A functional classification
of ABCB4 variations causing progressive familial intrahepatic
cholestasis type 3. Hepatology 2016, 63, 1620—1631.

(280) Park, H. J; Kim, T. H.; Kim, S. W.; Noh, S. H,; Cho, K. J.;
Choi, C.; Kwon, E. Y.; Choj, Y. J; Gee, H. Y.; Choi, J. H. Functional
characterization of ABCB4 mutations found in progressive familial
intrahepatic cholestasis type 3. Sci. Rep. 2016, 6, 26872.

(281) Andress, E. J.; Nicolaou, M.; McGeoghan, F.; Linton, K. J.
ABCB4 missense mutations D243A, K435T, G535D, 1490T, R545C,
and S978P significantly impair the lipid floppase and likely predispose
to secondary pathologies in the human population. Cell. Mol. Life Sci.
2017, 74, 2513-2524.

(282) Delaunay, J. L; Bruneau, A.; Hoffmann, B.; Durand-
Schneider, A. M.; Barbu, V.; Jacquemin, E.; Maurice, M.; Housset,
C.; Callebaut, L; Ait-Slimane, T. Functional defect of variants in the
adenosine triphosphate-binding sites of ABCB4 and their rescue by
the cystic fibrosis transmembrane conductance regulator potentiator,
ivacaftor (VX-770). Hepatology 2017, 65, S60—S570.

(283) Nishimura, M.; Naito, S. Tissue-specific mRNA expression
profiles of human ATP-binding cassette and solute carrier transporter
superfamilies. Drug Metab. Pharmacokinet. 2005, 20, 452—477.

(284) Fagerberg, L.; Hallstrom, B. M.; Oksvold, P.; Kampf, C;
Djureinovic, D.; Odeberg, J; Habuka, M.; Tahmasebpoor, S;
Danielsson, A.; Edlund, K; et al. Analysis of the human tissue-
specific expression by genome-wide integration of transcriptomics and
antibody-based proteomics. Mol. Cell. Proteomics 2014, 13, 397—406.

(285) Kipp, H; Arias, I. M. Trafficking of canalicular ABC
transporters in hepatocytes. Annu. Rev. Physiol. 2002, 64, 595—608.

(286) Gupta, S.; Todd Stravitz, R.; Pandak, W. M.; Muller, M.; Reno
Vlahcevic, Z.; Hylemon, P. B. Regulation of multidrug resistance 2 P-
glycoprotein expression by bile salts in rats and in primary cultures of
rat hepatocytes. Hepatology 2000, 32, 341—347.

(287) Liu, Y.; Binz, J.; Numerick, M. J.; Dennis, S.; Luo, G.; Desai,
B.; MacKenzie, K. 1; Mansfield, T. A.; Kliewer, S. A.; Goodwin, B.;
et al. Hepatoprotection by the farnesoid X receptor agonist GW4064
in rat models of intra- and extrahepatic cholestasis. J. Clin. Invest.
2003, 112, 1678—1687.

(288) Huang, L.; Zhao, A; Lew, J.-L.; Zhang, T.; Hrywna, Y,;
Thompson, J. R; de Pedro, N.; Royo, L; Blevins, R. A,; Pelaez, F,;
Wright, S. D.; Cui, J. Farnesoid X receptor activates transcription of
the phospholipid pump MDR3. J. Biol. Chem. 2003, 278, 51085—
51090.

(289) Nishioka, T.; Hyogo, H.; Numata, Y.; Yamaguchi, A.; Kobuke,
T.; Komichi, D.; Nonaka, M.; Inoue, M.; Nabeshima, Y.; Ogi, M,;
et al. A nuclear receptor-mediated choleretic action of fibrates is
associated with enhanced canalicular membrane fluidity and trans-
porter activity mediating bile acid-independent bile secretion. J.
Atheroscler. Thromb. 2008, 12, 211-217.

(290) Kok, T.; Bloks, V. W.; Wolters, H.; Havinga, R.; Jansen, P. L.;
Staels, B.; Kuipers, F. Peroxisome proliferator-activated receptor alpha
(PPARalpha)-mediated regulation of multidrug resistance 2 (Mdr2)
expression and function in mice. Biochem. J. 2003, 369, 539—547.

(291) Roglans, N.; Vazquez-Carrera, M.; Alegret, M.; Novell, F.;
Zambon, D.; Ros, E,; Laguna, J. C,; Sanchez, R. M. Fibrates modify
the expression of key factors involved in bile-acid synthesis and
biliary-lipid secretion in gallstone patients. Eur. J. Clin. Pharmacol.
2004, 59, 855—861.

(292) Shoda, J.; Inada, Y.; Tsuji, A.; Kusama, H.; Ueda, T.; Ikegami,
T.; Suzuki, H,; Sugiyama, Y.; Cohen, D. E.; Tanaka, N. Bezafibrate
stimnlates canalicular lacalization of NBD-laheled PC in Hen(?. cells

by PPARalpha-mediated redistribution of ABCB4. J. Lipid Res. 2004,
4S5, 1813—1828.

(293) Guyot, C.; Stieger, B. Interaction of bile salts with rat
canalicular membrane vesicles: evidence for bile salt resistant
microdomains. J. Hepatol. 2011, S5, 1368—1376.

(294) Tazuke, Y.; Kiristioglu, 1; Heidelberger, K. P.; Eisenbraun, M.
D.; Teitelbaum, D. H. Hepatic P-glycoprotein changes with total
parenteral nutrition administration. JPEN, ]. Parenter. Enteral Nutr.
2004, 28, 1-6.

(295) de Vree, ] M. L; Romijn, J. A; Mok, K. S; Mathus-Vliegen, L.
M,; Stoutenbeek, C. P; Ostrow, J D.; Tytgat, G. N.; Sauerwein, H. P;
Elferink, R. P. O.; Groen, A. K Lack of enteral nutrition during critical
illness is associated with profound decrements in biliary lipid
concentrations. Am. J. Clin. Nutr. 1999, 70, 70—77.

(296) Ortiz, D. F.; Moseley, J.; Calderon, G.; Swift, A. L; Li, S;
Arias, I. M. 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. J. Biol. Chem. 2004, 279, 32761—
32770.

(297) Chan, W.; Calderon, G.; Swift, A. L.; Moseley, J.; Li, S;
Hosoya, H.; Arias, I. M,; Ortiz, D. F. Myosin II Regulatory Light
Chain Is Required for Trafficking of Bile Salt Export Protein to the
Apical Membrane in Madin-Darby Canine Kidney Cells. J. Biol. Chem.
2005, 280, 23741—-23747.

(298) Ikebuchi, Y.; Takada, T.; Ito, K; Yoshikado, T.; Anzai, N.;
Kanai, Y.; Suzuki, H. Receptor for activated C-kinase 1 regulates the
cellular localization and function of ABCB4. Hepatol. Res. 2009, 39,
1091-1107.

(299) Kocher, O.; Comella, N.; Gilchrist, A.; Pal, R.; Tognazzi, K.;
Brown, L. F.; Knoll, J. H. PDZK]1, a novel PDZ domain-containing
protein up-regulated in carcinomas and mapped to chromosome
1921, interacts with cMOAT (MRP2), the multidrug resistance-
associated protein. Lab Invest. 1999, 79, 1161-1170.

(300) Swiatecka-Urban, A.; Duhaime, M.; Coutermarsh, B.; Karlson,
K. H; Collawn, J; Milewski, M.; Cutting, G. R.; Guggino, W. B,;
Langford, G.; Stanton, B. A. PDZ domain interaction controls the
endocytic recycling of the cystic fibrosis transmembrane conductance
regulator. J. Biol. Chem. 2002, 277, 40099—40105.

(301) Hegedus, T.; Sessler, T.; Scott, R;; Thelin, W.; Bakos, E.;
Varadi, A,; Szabo, K; Homolya, L.; Milgram, S. L.; Sarkadi, B. C-
terminal phosphorylation of MRP2 modulates its interaction with
PDZ proteins. Biochem. Biophys. Res. Commun. 2003, 302, 454—461.

(302) Hofmann, A. F. Chemistry and enterohepatic circulation of
bile acids. Hepatology 1984, 4, 4S—14S.

(303) Hofmann, A. F.; Hagey, L. R Bile acids: chemistry,
pathochemistry, biology, pathobiology, and therapeutics. Cell. Mol.
Life Sci. 2008, 65, 2461—2483.

(304) Meier, P. J; Stieger, B. Bile salt transporters. Annu. Rev.
Physiol. 2002, 64, 635—661.

(30S) Trauner, M.; Boyer, J. L. Bile salt transporters: molecular
characterization, function, and regulation. Physiol. Rev. 2003, 83, 633—
671.

(306) Kullak-Ublick, G. A,; Stieger, B.; Meier, P. J. Enterohepatic
bile salt transporters in normal physiology and liver disease.
Gastroenterology 2004, 126, 322—342.

(307) Alrefai, W. A,; Gill, R. K. Bile acid transporters: structure,
function, regulation and pathophysiological implications. Pharm. Res.
2007, 24, 1803—1823.

(308) Kosters, A.; Karpen, S. J. Bile acid transporters in health and
disease. Xenobiotica 2008, 38, 1043—1071.

(309) Gerloff, T.; Stieger, B.; Hagenbuch, B.; Madon, J.; Landmann,
L.; Roth, J.; Hofmann, A. F.; Meier, P. J. The Sister of P-glycoprotein
Represents the Canalicular Bile Salt Export Pump of Mammalian
Liver. J. Biol. Chem. 1998, 273, 10046—10050.

(310) Stieger, B.; Meier, Y.; Meier, P. J. The bile salt export pump.
Pfluegers Arch. 2007, 453, 611—620.

(311) Stieger, B. Recent insights into the function and regulation of
the bile salt export pump (ABCBI11). Curr. Opin. Lipidol. 2009, 20,
176—181

-43 -



Introduction -

Structure and function of hepatobiliary ABC transporter

(312) Childs, S.; Yeh, R. L.; Georges, E.; Ling, V. Identification of a
sister gene to P-glycoprotein. Cancer Res. 1995, S5, 2029—2034.

(313) Strautnieks, S. S.; Bull, L. N.; Knisely, A. S.; Kocoshis, S. A.;
Dahl, N; Arnell, H.; Sokal, E.; Dahan, K; Childs, S.; Ling, V.; et al. A
gene encoding a liver-specific ABC transporter is mutated in
progressive familial intrahepatic cholestasis. Nat. Genet. 1998, 20,
233-238.

(314) Jansen, P. L.; Strautnieks, S. S.; Jacquemin, E.; Hadchouel, M,;
Sokal, E. M.; Hooiveld, G. J; Koning, J. H,; De Jager-Krikken, A,;
Kuipers, F.; Stellaard, F.; et al. Hepatocanalicular bile salt export
pump deficiency in patients with progressive familial intrahepatic
cholestasis. Gastroenterology 1999, 117, 1370—1379.

(315) Noé, J.; Stieger, B.; Meier, P. J. Functional expression of the
canalicular bile salt export pump of human liver. Gastroenterology
2002, 123, 1659—1666.

(316) Hayashi, H.; Takada, T.; Suzuki, H.; Onuki, R.; Hofmann, A.
F; Sugiyama, Y. Transport by vesicles of glycine- and taurine-
conjugated bile salts and taurolithocholate 3-sulfate: a comparison of
human BSEP with rat Bsep. Biochim. Biophys. Acta, Mol. Cell Biol.
Lipids 20085, 1738, 54—62.

(317) Childs, S.; Yeh, R. L,; Hui, D.; Ling, V. Taxol resistance
mediated by transfection of the liver-specific sister gene of P-
glycoprotein. Cancer Res. 1998, 58, 4160—4167.

(318) Hirano, M.; Maeda, K.; Hayashi, H.; Kusuhara, H.; Sugiyama,
Y. Bile salt export pump (BSEP/ABCBI1) can transport a nonbile
acid substrate, pravastatin. J. Pharmacol. Exp. Ther. 2005, 314, 876—
882.

(319) Lecureur, V.; Sun, D ; Hargrove, P.; Schuetz, E. G.; Kim, R. B;
Lan, L. B.; Schuetz, J. D. Cloning and expression of murine sister of P-
glycoprotein reveals a more discriminating transporter than MDR1/P-
glycoprotein. Mol. Pharmacol. 2000, 57, 24—35.

(320) Albrecht, C.; Elliott, J. L; Sardini, A.; Litman, T.; Stieger, B.;
Meier, P. J.; Higgins, C. F. Functional analysis of candidate ABC
transporter proteins for sitosterol transport. Biochim. Biophys. Acta,
Biomembr. 2002, 1567, 133—142.

(321) Stindt, J.; Ellinger, P.; Stross, C.; Keitel, V.; Haussinger, D.;
Smits, S. H.; Kubitz, R.; Schmitt, L. Heterologous overexpression and
mutagenesis of the human bile salt export pump (ABCB11) using
DREAM (Directed REcombination-Assisted Mutagenesis). PLoS One
2011, 6, No. €20562.

(322) Ellinger, P.; Kluth, M,; Stindt, J.; Smits, S. H.; Schmitt, L.
Detergent screening and purification of the human liver ABC
transporters BSEP (ABCBI11) and MDR3 (ABCB4) expressed in
the yeast Pichia pastoris. PLoS One 2013, 8, No. e60620.

(323) Przybylla, S.; Stindt, J.; Kleinschrodt, D.; Schulte Am Esch, J.;
Haussinger, D.; Keitel, V.; Smits, S. H.; Schmitt, L. Analysis of the Bile
Salt Export Pump (ABCB11) Interactome Employing Complemen-
tary Approaches. PLoS One 2016, 11, No. e0159778.

(324) Ellinger, P.; Stindt, J.; Droge, C.; Sattler, K.; Stross, C.; Kluge,
S.; Herebian, D.; Smits, S. H. J.; Burdelski, M.; Schulz-Jurgensen, S.;
et al. Partial external biliary diversion in bile salt export pump
deficiency: Association between outcome and mutation. World J.
Gastroenterol. 2017, 23, 5295—5303.

(325) Kis, E; Ioja, E,; Nagy, T.; Szente, L.; Heredi-Szabo, K;
Krajcsi, P. Effect of membrane cholesterol on BSEP/Bsep activity:
species specificity studies for substrates and inhibitors. Drug Metab.
Dispos. 2009, 37, 1878—1886.

(326) Guyot, C; Hofstetter, L.; Stieger, B. Differential effects of
membrane cholesterol content on the transport activity of multidrug
resistance-associated protein 2 (ABCC2) and of the bile salt export
pump (ABCBI11). Mol. Pharmacol. 2014, 85, 909—920.

(327) Elferink, M. G.; Olinga, P.; Draaisma, A. L.; Merema, M. T;
Faber, K. N,; Slooff, M. J.; Meijer, D. K; Groothuis, G. M. LPS-
induced downregulation of MRP2 and BSEP in human liver is due to
a posttranscriptional process. Am. J. Physiol. Gastrointest. Liver Physiol.
2004, 287, G1008—1016.

(328) Wang, L.; Hou, W. T.; Chen, L,; Jiang, Y. L.; Xu, D.; Sun, L;
Zhou, C. Z.; Chen, Y. Cryo-EM structure of human bile salts exporter
ABCRI1. (el Res 2020. 30. A23—A2S

(329) Srinivasan, V.; Pierik, A. J; Lill, R. Crystal structures of
nucleotide-free and glutathione-bound mitochondrial ABC trans-
porter Atm1. Science 2014, 343, 1137—1140.

(330) Lee, J. Y,; Yang, ]. G.; Zhitnitsky, D.; Lewinson, O.; Rees, D.
C. Structural basis for heavy metal detoxification by an Atml-type
ABC exporter. Science 2014, 343, 1133—1136.

(331) Shintre, C. A,; Pike, A. C; Li, Q; Kim, J. L; Barr, A. J;
Goubin, S.; Shrestha, L; Yang, J.; Berridge, G.; Ross, J; et al
Structures of ABCB10, a human ATP-binding cassette transporter in
apo- and nucleotide-bound states. Proc. Natl. Acad. Sci. U. S. A. 2013,
110, 9710-9715.

(332) Jin, M. S; Oldham, M. L.; Zhang, Q; Chen, J. Crystal
structure of the multidrug transporter P-glycoprotein from Caeno-
rhabditis elegans. Nature 2012, 490, S66—569.

(333) Byrne, J. A; Strautnieks, S. S.; Mieli-Vergani, G.; Higgins, C.
F.; Linton, K. J.; Thompson, R. J. The human bile salt export pump:
characterization of substrate specificity and identification of inhibitors.
Gastroenterology 2002, 123, 1649—1658.

(334) Geier, A.; Wagner, M.; Dietrich, C. G.; Trauner, M. Principles
of hepatic organic anion transporter regulation during cholestasis,
inflammation and liver regeneration. Biochim. Biophys. Acta, Mol. Cell
Res. 2007, 1773, 283—308.

(335) Eloranta, J. J.; Kullak-Ublick, G. A. The role of FXR in
disorders of bile acid homeostasis. Physiology 2008, 23, 286—295.

(336) Lefebvre, P.; Cariou, B.; Lien, F.; Kuipers, F.; Staels, B. Role of
bile acids and bile acid receptors in metabolic regulation. Physiol. Rev.
2009, 89, 147—191.

(337) Eloranta, J. J.; Kullak-Ublick, G. A. Coordinate transcriptional
regulation of bile acid homeostasis and drug metabolism. Arch.
Biochem. Biophys. 2008, 433, 397—412.

(338) Hoeke, M. O.; Plass, J. R;; Heegsma, J.; Geuken, M.; van
Rijsbergen, D.; Baller, J. F.; Kuipers, F.; Moshage, H.; Jansen, P. L,;
Faber, K. N. Low retinol levels differentially modulate bile salt-
induced expression of human and mouse hepatic bile salt transporters.
Hepatology 2009, 49, 151-159.

(339) Honjo, Y.; Sasaki, S.; Kobayashi, Y.; Misawa, H.; Nakamura,
H. 1,25-dihydroxyvitamin D3 and its receptor inhibit the chenodeox-
ycholic acid-dependent transactivation by farnesoid X receptor. J.
Endocrinol. 2006, 188, 635—643.

(340) Lew, J.-L.; Zhao, A.; Yu, J.; Huang, L.; de Pedro, N.; Pelaez,
F.; Wright, S. D; Cui, J. The farnesoid X receptor controls gene
expression in a ligand- and promoter-selective fashion. J. Biol. Chem.
2004, 279, 8856—8861.

(341) Marschall, H.-U; Wagner, M.; Zollner, G.; Fickert, P.;
Diczfalusy, U.; Gumhold, J.; Silbert, D.; Fuchsbichler, A.; Benthin, L.;
Grundstrom, R.; Gustafsson, U.; Sahlin, S.; Einarsson, C.; Trauner, M.
Complementary stimulation of hepatobiliary transport and detox-
ification systems by rifampicin and ursodeoxycholic acid in humans.
Gastroenterology 2005, 129, 476—48S.

(342) Frankenberg, T.; Miloh, T.; Chen, F. Y.; Ananthanarayanan,
M,; Sun, A. Q.; Balasubramaniyan, N.; Arias, L; Setchell, K. D.; Suchy,
F. J.; Shneider, B. L. The membrane protein ATPase class I type 8B
member 1 signals through protein kinase C zeta to activate the
farnesoid X receptor. Hepatology 2008, 48, 1896—1905.

(343) Kubitz, R.; Sutfels, G.; Kuhlkamp, T.; Kolling, R.; Haussinger,
D. Trafficking of the bile salt export pump from the Golgi to the
canalicular membrane is regulated by the p38 MAP kinase.
Gastroenterology 2004, 126, 541—553.

(344) Haussinger, D.; Schmitt, M.; Weiergraber, O.; Kubitz, R.
Short-term regulation of canalicular transport. Semin. Liver Dis. 2000,
20, 307-321.

(34S5) Langmann, T.; Mauerer, R.; Zahn, A.; Moehle, C.; Probst, M.;
Stremmel, W.; Schmitz, G. Real-time reverse transcription-PCR
expression profiling of the complete human ATP-binding cassette
transporter superfamily in various tissues. Clin. Chem. 2003, 49, 230—
238.

(346) Green, R. M,; Hoda, F.; Ward, K. L. Molecular cloning and
characterization of the murine bile salt export pump. Gene 2000, 241,
117—-123

-44 -



Introduction -

Structure and function of hepatobiliary ABC transporter

(347) Tietz, P.; Jefferson, J.; Pagano, R.; Larusso, N. F. Membrane
microdomains in hepatocytes: potential target areas for proteins
involved in canalicular bile secretion. J. Lipid Res. 2008, 46, 1426—
1432.

(348) Ismair, M. G.; Hausler, S.; Stuermer, C. A.; Guyot, C.; Meier,
P. J,; Roth, J; Stieger, B. ABC-transporters are localized in caveolin-1-
positive and reggie-1-negative and reggie-2-negative microdomains of
the canalicular membrane in rat hepatocytes. Hepatology 2009, 49,
1673—1682.

(349) Doyle, L. A;; Yang, W.; Abruzzo, L. V.; Krogmann, T.; Gao,
Y.; Rishi, A. K;; Ross, D. D. A multidrug resistance transporter from
human MCF-7 breast cancer cells. Proc. Natl. Acad. Sci. U. S. A. 1998,
95, 15665—15670.

(350) Miyake, K; Mickley, L.; Litman, T.; Zhan, Z.; Robey, R.;
Cristensen, B.; Brangi, M.; Greenberger, L.; Dean, M.; Fojo, T.; et al.
Molecular cloning of ¢cDNAs which are highly overexpressed in
mitoxantrone-resistant cells: demonstration of homology to ABC
transport genes. Cancer Res. 1999, 59, 8—13.

(351) Ozvegy, C; Litman, T.; Szakacs, G; Nagy, Z,; Bates, S.;
Varadi, A.; Sarkadi, B. Functional characterization of the human
multidrug transporter, ABCG2, expressed in insect cells. Biochem.
Biophys. Res. Commun. 2001, 285, 111—-117.

(352) Sarkadi, B.; Muller, M.; Hollo, Z. The multidrug transporters—
proteins of an ancient immune system. Immunol. Lett. 1996, 54, 215—
219.

(353) van Herwaarden, A. E.; Schinkel, A. H. The function of breast
cancer resistance protein in epithelial barriers, stem cells and milk
secretion of drugs and xenotoxins. Trends Pharmacol. Sci. 2006, 27,
10—16.

(354) Homolya, L.; Orban, T. I; Csanady, L.; Sarkadi, B.
Mitoxantrone is expelled by the ABCG2 multidrug transporter
directly from the plasma membrane. Biochim. Biophys. Acta, Biomembr.
2011, 1808, 154—163.

(355) Durmus, S.; Hendrikx, J. J; Schinkel, A. H. Apical ABC
transporters and cancer chemotherapeutic drug disposition. Adv.
Cancer Res. 2015, 125, 1—41.

(356) Miller, D. S. Regulation of ABC transporters at the blood-
brain barrier. Clin. Pharmacol. Ther. 2015, 97, 395—403.

(357) Erdei, Z.; Schamberger, A.; Torok, G.; Szebenyi, K; Varady,
G.; Orban, T. I; Homolya, L.; Sarkadi, B.; Apati, A. Generation of
multidrug resistant human tissues by overexpression of the ABCG2
multidrug transporter in embryonic stem cells. PLoS One 2018, 13,
No. e019492S.

(358) Zhou, S.; Schuetz, J. D.; Bunting, K. D.; Colapietro, A. M.;
Sampath, J.; Morris, J. J.; Lagutina, L; Grosveld, G. C,; Osawa, M,;
Nakauchi, H.; et al. The ABC transporter Bcrpl /ABCG2 is expressed
in a wide variety of stem cells and is a molecular determinant of the
side-population phenotype. Nat. Med. 2001, 7, 1028—1034.

(359) Taylor, N. M. L; Manolaridis, 1; Jackson, S. M.; Kowal, J.;
Stahlberg, H,; Locher, K. P. Structure of the human multidrug
transporter ABCG2. Nature 2017, 546, 504—509.

(360) Maliepaard, M.; Scheffer, G. L.; Faneyte, 1. F.; van Gastelen,
M. A,; Pijnenborg, A. C,; Schinkel, A. H; van De Vijver, M. J;
Scheper, R. J.; Schellens, J. H. Subcellular localization and distribution
of the breast cancer resistance protein transporter in normal human
tissues. Cancer Res. 2001, 61, 3458—3464.

(361) Jigorel, E; Le Vee, M.; Boursier-Neyret, C.; Parmentier, Y.;
Fardel, O. Differential regulation of sinusoidal and canalicular hepatic
drug transporter expression by xenobiotics activating drug-sensing
receptors in primary human hepatocytes. Drug Metab. Dispos. 2006,
34, 1756—1763.

(362) Jonker, J. W.; Stedman, C. A; Liddle, C; Downes, M.
Hepatobiliary ABC transporters: physiology, regulation and implica-
tions for disease. Front. Biosci, Landmark Ed. 2009, 14, 4904—4920.

(363) Benoki, S.; Yoshinari, K.; Chikada, T.; Imai, J.; Yamazoe, Y.
Transactivation of ABCG2 through a novel cis-element in the distal
promoter by constitutive androstane receptor but not pregnane X
receptor in human hepatocytes. Arch. Biochem. Biophys. 2012, 517,
123-120

(364) Ishikawa, T.; Aw, W.; Kaneko, K. Metabolic Interactions of
Purine Derivatives with Human ABC Transporter ABCG2: Genetic
Testing to Assess Gout Risk. Pharmaceuticals 2013, 6, 1347—1360.

(365) Woodward, O. M.; Kottgen, A.; Coresh, J.; Boerwinkle, E.;
Guggino, W. B.; Kottgen, M. Identification of a urate transporter,
ABCG2, with a common functional polymorphism causing gout. Proc.
Natl. Acad. Sci. U. S. A. 2009, 106, 10338—10342.

(366) Dehghan, A.; Kottgen, A.; Yang, Q.; Hwang, S. J.; Kao, W. L;
Rivadeneira, F.; Boerwinkle, E.; Levy, D.; Hofman, A,; Astor, B. C,;
et al. Association of three genetic loci with uric acid concentration and
risk of gout: a genome-wide association study. Lancet 2008, 372,
1953—-1961.

(367) Ichida, K.; Matsuo, H.; Takada, T.; Nakayama, A.; Murakami,
K.; Shimizu, T.; Yamanashi, Y.; Kasuga, H.; Nakashima, H,;
Nakamura, T.; et al. Decreased extra-renal urate excretion is a
common cause of hyperuricemia. Nat. Commun. 2012, 3, 764.

(368) Suzuki, M.; Suzuki, H.; Sugimoto, Y.; Sugiyama, Y. ABCG2
transports sulfated conjugates of steroids and xenobiotics. J. Biol.
Chem. 2003, 278, 22644—22649.

(369) Storch, C. H.; Ehehalt, R; Haefeli W. E.; Weiss, J.
Localization of the human breast cancer resistance protein (BCRP/
ABCG2) in lipid rafts/caveolae and modulation of its activity by
cholesterol in vitro. J. Pharmacol. Exp. Ther. 2007, 323, 257—264.

(370) Simons, K.; Gerl, M. J. Revitalizing membrane rafts: new tools
and insights. Nat. Rev. Mol. Cell Biol. 2010, 11, 688—699.

(371) Telbisz, A.; Ozvegy-Laczka, C.; Hegedus, T.; Varadi, A;
Sarkadi, B. Effects of the lipid environment, cholesterol and bile acids
on the function of the purified and reconstituted human ABCG2
protein. Biochem. J. 2013, 450, 387—395.

(372) Janvilisri, T.; Venter, H.; Shahi, S.; Reuter, G.; Balakrishnan,
L.; van Veen, H. W. Sterol transport by the human breast cancer
resistance protein (ABCG2) expressed in Lactococcus lactis. J. Biol.
Chem. 2003, 278, 20645—20651.

(373) Ee, P. L.; Kamalakaran, S.; Tonetti, D.; He, X;; Ross, D. D,;
Beck, W. T. Identification of a novel estrogen response element in the
breast cancer resistance protein (ABCG2) gene. Cancer Res. 2004, 64,
1247—-1251.

(374) Telbisz, A; Hegedus, C.; Varadi, A; Sarkadi, B.; Ozvegy-
Laczka, C. Regulation of the function of the human ABCG2
multidrug transporter by cholesterol and bile acids: effects of
mutations in potential substrate and steroid binding sites. Drug
Metab. Dispos. 2014, 42, 575—58S.

(375) Blazquez, A. G.; Briz, O.; Romero, M. R.; Rosales, R.; Monte,
M. J.; Vaquero, ].; Macias, R. I; Cassio, D.; Marin, J. J.
Characterization of the role of ABCG2 as a bile acid transporter in
liver and placenta. Mol. Pharmacol. 2012, 81, 273—283.

(376) Khunweeraphong, N.; Stockner, T.; Kuchler, K. The structure
of the human ABC transporter ABCG2 reveals a novel mechanism for
drug extrusion. Sci. Rep. 2017, 7, 13767.

(377) Locher, K. P,; Lee, A. T.; Rees, D. C. The E. coli BtuCD
structure: a framework for ABC transporter architecture and
mechanism. Science 2002, 296, 1091—1098.

(378) Woo, J. S.; Zeltina, A.; Goetz, B. A.; Locher, K. P. X-ray
structure of the Yersinia pestis heme transporter HmuUV. Nat. Struct.
Mol. Biol. 2012, 19, 1310—1315.

(379) Manolaridis, I; Jackson, S. M.; Taylor, N. M. I; Kowal, J;
Stahlberg, H.; Locher, K. P. Cryo-EM structures of a human ABCG2
mutant trapped in ATP-bound and substrate-bound states. Nature
2018, 563, 426—430.

(380) Ernst, R; Kueppers, P.; Klein, C. M.; Schwarzmueller, T.;
Kuchler, K.; Schmitt, L. A mutation of the H-loop selectively affects
rhodamine transport by the yeast multidrug ABC transporter PdrS.
Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 5069—5074.

(381) Heyes, N.; Kapoor, P.; Kerr, I. D. Polymorphisms of the
Multidrug Pump ABCG2: A Systematic Review of Their Effect on
Protein Expression, Function, and Drug Pharmacokinetics. Drug
Metab. Dispos. 2018, 46, 1886—1899.

(382) Basseville, A.; Bates, S. E. Gout, genetics and ABC
tranenartere F100N Rinl Ren 2011 2 22

-45 -



Introduction -

Structure and function of hepatobiliary ABC transporter

(383) Ozvegy, C.; Varadi, A; Sarkadi, B. Characterization of drug
transport, ATP hydrolysis, and nucleotide trapping by the human
ABCG2 multidrug transporter. Modulation of substrate specificity by
a point mutation. J. Biol. Chem. 2002, 277, 47980—47990.

(384) Zambo, B.; Bartos, Z.; Mozner, O.; Szabo, E.; Varady, G.;
Poor, G.; Palinkas, M.; Andrikovics, H.; Hegedus, T.; Homolya, L.;
Sarkadi, B. Clinically relevant mutations in the ABCG2 transporter
uncovered by genetic analysis linked to erythrocyte membrane protein
expression. Sci. Rep. 2018, 8, 7487.

(385) Kim, H. S.; Sunwoo, Y. E; Ryu, J. Y.; Kang, H. J.; Jung, H. E;
Song, I. S.; Kim, E. Y.; Shim, J. C.; Shon, J. H.; Shin, J. G. The effect
of ABCG2 V12M, Q141K and QI26X, known functional variants in
vitro, on the disposition of lamivudine. Br. J. Clin. Pharmacol. 2007,
64, 645—654.

(386) Zelinski, T.; Coghlan, G.; Liu, X. Q; Reid, M. E. ABCG2 null
alleles define the Jr(a-) blood group phenotype. Nat. Genet. 2012, 44,
131-132.

(387) Steck, T. L.; Lange, Y. Transverse distribution of plasma
membrane bilayer cholesterol: Picking sides. Traffic 2018, 19, 750—
760.

(388) Tall, A. R;; Yvan-Charvet, L.; Terasaka, N.; Pagler, T.; Wang,
N. HDL, ABC transporters, and cholesterol efflux: implications for
the treatment of atherosclerosis. Cell Metab. 2008, 7, 365—375.

(389) Xavier, B. M; Jennings, W. J.; Zein, A. A.; Wang, ].; Lee, J. Y.
Structural snapshot of the cholesterol-transport ATP-binding cassette
proteins (1). Biochem. Cell Biol. 2019, 97, 224—233.

(390) Sano, O.; Ito, S.; Kato, R.; Shimizu, Y.; Kobayashi, A.; Kimura,
Y.; Kioka, N.; Hanada, K.; Ueda, K.;; Matsuo, M. ABCA1, ABCG],
and ABCG# are distributed to distinct membrane meso-domains and
disturb detergent-resistant domains on the plasma membrane. PLoS
One 2014, 9, No. €109886.

(391) Pandzic, E.; Gelissen, 1. C.; Whan, R,; Barter, P. J.; Sviridov,
D.; Gaus, K; Rye, K. A;; Cochran, B. J. The ATP binding cassette
transporter, ABCG1, localizes to cortical actin filaments. Sci. Rep.
2017, 7, 42025.

(392) Patel, S. B.; Honda, A.; Salen, G. Sitosterolemia: exclusion of
genes involved in reduced cholesterol biosynthesis. J. Lipid Res. 1998,
39, 1055—1061.

(393) Yu, L; Hammer, R. E; Li-Hawkins, J.; Von Bergmann, K,;
Lutjohann, D.; Cohen, J. C.; Hobbs, H. H. Disruption of AbcgS and
Abcg8 in mice reveals their crucial role in biliary cholesterol secretion.
Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 16237—16242.

(394) Patel, S. B; Salen, G.; Hidaka, H,; Kwiterovich, P. O.;
Stalenhoef, A. F.; Miettinen, T. A.; Grundy, S. M.; Lee, M. H,;
Rubenstein, J. S.; Polymeropoulos, M. H.; et al. Mapping a gene
involved in regulating dietary cholesterol absorption. The sitoster-
olemia locus is found at chromosome 2p21. J. Clin. Invest. 1998, 102,
1041—1044.

(395) Klett, E. L; Lu, K; Kosters, A; Vink, E.; Lee, M. H,;
Altenburg, M.; Shefer, S.; Batta, A. K;; Yu, H.; Chen, J.; et al. A mouse
model of sitosterolemia: absence of Abcg8/sterolin-2 results in failure
to secrete biliary cholesterol. BMC Med. 2004, 2, S.

(396) Yu, L.; Li-Hawkins, J.; Hammer, R. E.; Berge, K. E.; Horton, J.
D.; Cohen, J. C; Hobbs, H. H. Overexpression of ABCGS and
ABCG8 promotes biliary cholesterol secretion and reduces fractional
absorption of dietary cholesterol. J. Clin. Invest. 2002, 110, 671—680.

(397) Basso, F.; Freeman, L. A; Ko, C; Joyce, C.; Amar, M. J;
Shamburek, R. D.; Tansey, T.; Thomas, F.; Wu, J; Paigen, B.; et al.
Hepatic ABCGS/G8 overexpression reduces apoB-lipoproteins and
atherosclerosis when cholesterol absorption is inhibited. J. Lipid Res.
2007, 48, 114—126.

(398) Simmonds, W. J.; Hofmann, A. F.; Theodor, E. Absorption of
cholesterol from a micellar solution: intestinal perfusion studies in
man. J. Clin. Invest. 1967, 46, 874—890.

(399) Kruit, J. K.; Plosch, T.; Havinga, R.; Boverhof, R.;; Groot, P.
H.; Groen, A. K.; Kuipers, F. Increased fecal neutral sterol loss upon
liver X receptor activation is independent of biliary sterol secretion in
mice. Gastroenteroloov 200S. 128. 147—156.

(400) Tachibana, S.; Hirano, M.; Hirata, T.; Matsuo, M.; Ikeda, L;
Ueda, K; Sato, R. Cholesterol and plant sterol efflux from cultured
intestinal epithelial cells is mediated by ATP-binding cassette
transporters. Biosci,, Biotechnol,, Biochem. 2007, 71, 1886—1895.

(401) Vrins, C.; Vink, E.; Vandenberghe, K. E.; Frijters, R.; Seppen,
J.; Groen, A. K. The sterol transporting heterodimer ABCGS5/ABCG8
requires bile salts to mediate cholesterol efflux. FEBS Lett. 2007, 581,
4616—4620.

(402) Johnson, B. J. H; Lee, J.-Y.; Pickert, A.; Urbatsch, I. L. Bile
Acids Stimulate ATP Hydrolysis in the Purified Cholesterol
Transporter ABCGS/G8. Biochemistry 2010, 49, 3403—3411.

(403) Small, D. M. Role of ABC transporters in secretion of
cholesterol from liver into bile. Proc. Natl. Acad. Sci. U. S. A. 2003,
100, 4.

(404) Wittenburg, H.; Carey, M. C. Biliary cholesterol secretion by
the twinned sterol half-transporters ABCGS and ABCGS. J. Clin.
Invest. 2002, 110, 605—609.

(405) Groen, A. K; Oude Elferink, R. P. Lipid transport into bile
and role in bile formation. Curr. Drug Targets: Immune, Endocr. Metab.
Disord. 2005, 5, 131—135.

(406) Kosters, A.; Kunne, C.; Looije, N.; Patel, S. B.; Oude Elferink,
R. P.; Groen, A. K. The mechanism of ABCGS/ABCGS in biliary
cholesterol secretion in mice. J. Lipid Res. 2006, 47, 1959—1966.

(407) Lee, J. Y.; Kinch, L. N;; Borek, D. M,; Wang, J.; Wang, J;
Urbatsch, I. L.; Xie, X. S.; Grishin, N. V.; Cohen, J. C.; Otwinowski,
Z.; et al. Crystal structure of the human sterol transporter ABCGS/
ABCGS. Nature 2016, 533, 561—564.

(408) Locher, K. P. Mechanistic diversity in ATP-binding cassette
(ABC) transporters. Nat. Struct. Mol. Biol. 2016, 23, 487—493.

(409) Lin, D. Y; Huang, S.; Chen, J. Crystal structures of a
polypeptide processing and secretion transporter. Nature 2015, 523,
425-430.

(410) Ward, A. B.; Szewczyk, P.; Grimard, V.; Lee, C. W.; Martinez,
L; Doshi, R; Caya, A; Villaluz, M; Pardon, E.; Cregger, C.; et al.
Structures of P-glycoprotein reveal its conformational flexibility and
an epitope on the nucleotide-binding domain. Proc. Natl. Acad. Sci. U.
S. A. 2013, 110, 13386—13391.

(411) Hvorup, R. N.; Goetz, B. A,; Niederer, M.; Hollenstein, K;
Perozo, E.; Locher, K. P. Asymmetry in the structure of the ABC
transporter-binding protein complex BtuCD-BtuF. Science 2007, 317,
1387-1390.

(412) Wang, F,; Li, G.; Gu, H. M,; Zhang, D. W. Characterization of
the role of a highly conserved sequence in ATP binding cassette
transporter G (ABCG) family in ABCGI stability, oligomerization,
and trafficking. Biochemistry 2013, 52, 9497—9509.

(413) Karpowich, N.; Martsinkevich, O.; Millen, L.; Yuan, Y. R;; Dai,
P. L.; MacVey, K.; Thomas, P. J.; Hunt, J. F. Crystal structures of the
MJ1267 ATP binding cassette reveal an induced-fit effect at the
ATPase active site of an ABC transporter. Structure 2001, 9, 571—586.

(414) Yuan, Y. R; Blecker, S.; Martsinkevich, O.; Millen, L.;
Thomas, P. J.; Hunt, J. F. The crystal structure of the MJ0796 ATP-
binding cassette. Implications for the structural consequences of ATP
hydrolysis in the active site of an ABC transporter. J. Biol. Chem. 2001,
276, 32313—32321.

(415) Zhang, D. W.; Graf, G. A.; Gerard, R. D.; Cohen, J. C.; Hobbs,
H. H. Functional asymmetry of nucleotide-binding domains in
ABCGS and ABCGS. J. Biol. Chem. 2006, 281, 4507—4516.

(416) Wang, J.; Grishin, N.; Kinch, L.; Cohen, J. C.; Hobbs, H. H.;
Xie, X. S. Sequences in the nonconsensus nucleotide-binding domain
of ABCGS/ABCGS required for sterol transport. J. Biol. Chem. 2011,
286, 7308—7314.

(417) Sumi, K.; Tanaka, T.; Uchida, A.; Magoori, K,; Urashima, Y.;
Ohashi, R.; Ohguchi, H.; Okamura, M.; Kudo, H.; Daigo, K;; et al.
Cooperative interaction between hepatocyte nuclear factor 4 alpha
and GATA transcription factors regulates ATP-binding cassette sterol
transporters ABCGS and ABCGS8. Mol. Cell. Biol. 2007, 27, 4248—
4260.

(418) Freeman, L. A.; Kennedy, A.; W, J.; Bark, S.; Remaley, A. T ;
Santamarina-Foio. S.: Brewer. H. B.. Tr. The orphan nuclear receotor

-46 -



Introduction -

Structure and function of hepatobiliary ABC transporter

LRH-1 activates the ABCGS/ABCGS intergenic promoter. J. Lipid
Res. 2004, 45, 1197—1206.

(419) Imai, S; Kikuchi, R; Kusuhara, H; Yagi, S.; Shiota, K;
Sugiyama, Y. Analysis of DNA methylation and histone modification
profiles of liver-specific transporters. Mol. Pharmacol. 2009, 75, 568—
576.

(420) Wang, J.; Einarsson, C.; Murphy, C.; Parini, P.; Bjorkhem, I;
Gafvels, M.; Eggertsen, G. Studies on LXR- and FXR-mediated effects
on cholesterol homeostasis in normal and cholic acid-depleted mice. J.
Lipid Res. 2006, 47, 421—430.

(421) Balasubramaniyan, N.; Ananthanarayanan, M.; Suchy, F. J.
Nuclear factor-kappaB regulates the expression of multiple genes
encoding liver transport proteins. Am. . Physiol. Gastrointest. Liver
Physiol. 2016, 310, G618—628.

(422) Biddinger, S. B,; Haas, J. T.; Yu, B. B; Bezy, O,; Jing, E;
Zhang, W.,; Unterman, T. G.; Carey, M. C; Kahn, C. R. Hepatic
insulin resistance directly promotes formation of cholesterol gall-
stones. Nat. Med. 2008, 14, 778—782.

(423) Graf, G. A;; Li, W. P;; Gerard, R. D.; Gelissen, L; White, A.;
Cohen, J. C; Hobbs, H. H. Coexpression of ATP-binding cassette
proteins ABCGS and ABCGS8 permits their transport to the apical
surface. J. Clin. Invest. 2002, 110, 659—669.

(424) Hirata, T.; Okabe, M.; Kobayashi, A.; Ueda, K.; Matsuo, M.
Molecular mechanisms of subcellular localization of ABCGS and
ABCGS. Biosci., Biotechnol., Biochem. 2009, 73, 619—626.

(425) Back, S. S.; Kim, J.; Choi, D.; Lee, E. S.; Choi, S. Y.; Han, K.
Cooperative transcriptional activation of ATP-binding cassette sterol
transporters ABCGS and ABCGS8 genes by nuclear receptors
including Liver-X-Receptor. BMB Rep. 2013, 46, 322—327.

(426) Yamazaki, Y.; Yasui, K.; Hashizume, T.; Suto, A.; Mori, A.;
Murata, Y.; Yamaguchi, M.; Ikari, A.; Sugatani, J. Involvement of a
cyclic adenosine monophosphate-dependent signal in the diet-
induced canalicular trafficking of adenosine triphosphate-binding
cassette transporter g5/g8. Hepatology 2015, 62, 1215—1226.

(427) Fisher, M. M.; Yousef, I. M. Sex differences in the bile acid
composition of human bile: studies in patients with and without
gallstones. Can. Med. Assoc. J. 1973, 109, 190—193.

(428) Trauner, M.; Fickert, P.; Halilbasic, E.; Moustafa, T. Lessons
from the toxic bile concept for the pathogenesis and treatment of
cholestatic liver diseases. Wien. Med. Wochenschr. 2008, 158, 542—
548.

(429) Gyimesi, G.; Borsodi, D.; Saranko, H.; Tordai, H.; Sarkadi, B.;
Hegedus, T. ABCMdb: a database for the comparative analysis of
protein mutations in ABC transporters, and a potential framework for
a general application. Hum. Mutat. 2012, 33, 1547—1556.

(430) Pauli-Magnus, C.; Kerb, R.; Fattinger, K.; Lang, T.; Anwald,
B.; Kullak-Ublick, G. A.; Beuers, U.; Meier, P. J. BSEP and MDR3
haplotype structure in healthy Caucasians, primary biliary cirrhosis
and primary sclerosing cholangitis. Hepatology 2004, 39, 779—791.

(431) van Mil, S. W.; van der Woerd, W. L.; van der Brugge, G;
Sturm, E.; Jansen, P. L,; Bull, L. N.; van den Berg, I. E.; Berger, R;
Houwen, R. H, Klomp, L. W. Benign recurrent intrahepatic
cholestasis type 2 is caused by mutations in ABCB11. Gastroenterology
2004, 127, 379—-384.

(432) Kubitz, R; Keitel, V.; Scheuring, S.; Kohrer, K.; Haussinger,
D. Benign recurrent intrahepatic cholestasis associated with mutations
of the bile salt export pump. J. Clin. Gastroenterol. 2006, 40, 171—175.

(433) Lang, T.; Haberl, M.; Jung, D.; Drescher, A.; Schlagenhaufer,
R,; Keil, A.;; Mornhinweg, E.; Stieger, B.; Kullak-Ublick, G. A.; Kerb,
R. Genetic variability, haplotype structures, and ethnic diversity of
hepatic transporters MDR3 (ABCB4) and bile salt export pump
(ABCBI11). Drug Metab. Dispos. 2006, 34, 1582—1599.

(434) Strautnieks, S. S.; Byrne, J. A.; Pawlikowska, L.; Cebecauerova,
D.; Rayner, A.; Dutton, L.; Meier, Y.; Antoniou, A.; Stieger, B.; Arnell,
H.; et al. Severe bile salt export pump deficiency: 82 different
ABCBI1 mutations in 109 families. Gastroenterology 2008, 134,
1203—1214.

(43S) Byrne, J. A.; Strautnieks, S. S.; IThrke, G.; Pagani, F.; Knisely, A.
S.; Linton, K. T.; Mieli-Vergani, G.; Thompson, R. 1. 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, 553—567.

(436) Ho, R. H,; Leake, B. F,; Kilkenny, D. M,; Meyer Zu
Schwabedissen, H. E.; Glaeser, H.; Kroetz, D. L; Kim, R. B.
Polymorphic variants in the human bile salt export pump (BSEP;
ABCBI11): functional characterization and interindividual variability.
Pharmacogenet. Genomics 2010, 20, 45—57.

(437) Stieger, B. Role of the bile salt export pump, BSEP, in acquired
forms of cholestasis. Drug Metab. Rev. 2010, 42, 437—445.

(438) Kubitz, R; Droge, C.; Stindt, J.; Weissenberger, K;
Haussinger, D. The bile salt export pump (BSEP) in health and
disease. Clin. Res. Hepatol. Gastroenterol. 2012, 36, 536—553.

(439) Davit-Spraul, A,; Gonzales, E.; Baussan, C.; Jacquemin, E.
Progressive familial intrahepatic cholestasis. Orphanet. J. Rare Dis.
2009, 4, 1.

(440) Aydogdu, S.; Cakir, M.; Arikan, C.; Tumgor, G.; Yuksekkaya,
H. A; Yilmaz, F; Kilic, M. Liver transplantation for progressive
familial intrahepatic cholestasis: clinical and histopathological
findings, outcome and impact on growth. Pediatr. Transplant. 2007,
11, 634—640.

(441) Keitel, V.; Burdelski, M.; Vojnisek, Z.; Schmitt, L.; Haussinger,
D.; Kubitz, R. De novo bile salt transporter antibodies as a possible
cause of recurrent graft failure after liver transplantation: a novel
mechanism of cholestasis. Hepatology 2009, 50, 510—517.

(442) Jara, P.; Hierro, L.; Martinez-Fernandez, P.; Alvarez-Doforno,
R; Yanez, F.; Diaz, M. C.; Camarena, C.; Vega, A. D. 1; Frauca, E.;
Munoz-Bartolo, G.; Lopez-Santamaria, M.; Larrauri, J.; Alvarez, L.
Recurrence of bile salt export pump deficiency after liver trans-
plantation. N. Engl. J. Med. 2009, 361, 1359—1367.

(443) Moreira, R. K; Salomao, M.; Verna, E. C.; Brown, R. S, Jr,;
Lefkowitch, ]. H. The Hepatitis Aggressiveness Score (HAS): a novel
classification system for post-liver transplantation recurrent hepatitis
C. Am. J. Surg. Pathol. 2013, 37, 104—113.

(444) Verna, E. C.; Abdelmessih, R.; Salomao, M. A.; Lefkowitch, J.;
Moreira, R. K,; Brown, R. S,, Jr. Cholestatic hepatitis C following liver
transplantation: an outcome-based histological definition, clinical
predictors, and prognosis. Liver Transpl. 2013, 19, 78—88.

(445) Prusinskas, B.; Kathemann, S.; Pilic, D.; Hegen, B.; Kuster, P.;
Keitel, V.; Haussinger, D.; Buscher, R.; Baba, H. A.; Hoyer, P. F,; et al.
Cholestasis After Pediatric Liver Transplantation-Recurrence of a
Progressive Familial Intrahepatic Cholestasis Phenotype as a Rare
Differential Diagnosis: A Case Report. Transplant. Proc. 2017, 49,
1628—-1633.

(446) Stindt, J; Kluge, S; Droge, C.; Keitel, V.; Stross, C;
Baumann, U.; Brinkert, F.; Dhawan, A,; Engelmann, G.; Ganschow,
R; et al. Bile salt export pump-reactive antibodies form a polyclonal,
multi-inhibitory response in antibody-induced bile salt export pump
deficiency. Hepatology 2016, 63, 524—537.

(447) Maggiore, G.; Gonzales, E.; Sciveres, M.; Redon, M. J;
Grosse, B.; Stieger, B.; Davit-Spraul, A.; Fabre, M.; Jacquemin, E.
Relapsing features of bile salt export pump deficiency after liver
transplantation in two patients with progressive familial intrahepatic
cholestasis type 2. J. Hepatol. 2010, 53, 981—986.

(448) Siebold, L; Dick, A. A; Thompson, R; Maggiore, G;
Jacquemin, E.; Jaffe, R; Strautnieks, S.; Grammatikopoulos, T.;
Horslen, S.; Whitington, P. F.; et al. Recurrent low gamma-glutamyl
transpeptidase cholestasis following liver transplantation for bile salt
export pump (BSEP) disease (posttransplant recurrent BSEP
disease). Liver Transpl. 2010, 16, 856—863.

(449) Lin, H. C.; Alvarez, L.; Laroche, G.; Melin-Aldana, H.; Pfeifer,
K.; Schwarz, K,; Whitington, P. F.; Alonso, E. M.; Ekong, U. D.
Rituximab as therapy for the recurrence of bile salt export pump
deficiency after liver transplantation. Liver Transpl. 2013, 19, 1403—
1410.

(450) Masahata, K.; Uehara, S.; Ibuka, S.; Nakahata, K.; Hasegawa,
Y,; Kondou, H.; Kubitz, R; Ueno, T. Recurrence of Progressive
Familial Intrahepatic Cholestasis Type 2 Phenotype After Living-

-47 -



Introduction -

Structure and function of hepatobiliary ABC transporter

donor Liver Transplantation: A Case Report. Transplant. Proc. 2016,
48, 3156—3162.

(451) Kubitz, R.; Droge, C.; Kluge, S.; Stross, C.; Walter, N.; Keitel,
V.; Haussinger, D.; Stindt, J. Autoimmune BSEP disease: disease
recurrence after liver transplantation for progressive familial intra-
hepatic cholestasis. Clin. Rev. Allergy Immunol. 20185, 48, 273—284.

(452) Telbisz, A.; Homolya, L. Recent advances in the exploration of
the bile salt export pump (BSEP/ABCBI11) function. Expert Opin.
Ther. Targets 2016, 20, 501—514.

(453) Amer, S.; Hajira, A. A Comprehensive Review of Progressive
Familial Intrahepatic Cholestasis (PFIC): Genetic Disorders of
Hepatocanalicular Transporters. Gastroenterol. Res. 2014, 7, 39—43.

(454) Knisely, A. S.; Strautnieks, S. S.; Meier, Y.; Stieger, B.; Byrne,
J. A; Portmann, B. C; Bull, L. N.; Pawlikowska, L.; Bilezikci, B.;
Ozcay, F,; et al. Hepatocellular carcinoma in ten children under five
years of age with bile salt export pump deficiency. Hepatology 2006,
44, 478—486.

(45S) Scheimann, A. O.; Strautnieks, S. S.; Knisely, A. S.; Byrne, J.
A.; Thompson, R. ]J; Finegold, M. ]J. Mutations in bile salt export
pump (ABCBI1) in two children with progressive familial intra-
hepatic cholestasis and cholangiocarcinoma. J. Pediatr. 2007, 150,
556—559.

(456) Stieger, B.; Zhang, J.; O'Neill, B; Sjovall, J.; Meier, P. J.
Differential interaction of bile acids from patients with inborn errors
of bile acid synthesis with hepatocellular bile acid transporters. Eur. J.
Biochem. 1997, 244, 39—44.

(457) Chatterjee, S.; Annaert, P. Drug-induced Cholestasis:
Mechanisms, Models, and Markers. Curr. Drug Metab. 2018, 19,
808—818.

(458) Jetter, A.; Kullak-Ublick, G. A. Drugs and hepatic transporters:
A review. Pharmacol. Res. 2020, 154, 104234.

(459) Gudbjartsson, D. F.; Helgason, H.; Gudjonsson, S. A.; Zink,
E; Oddson, A; Gylfason, A.; Besenbacher, S.; Magnusson, G;
Halldorsson, B. V.; Hjartarson, E.; et al. Large-scale whole-genome
sequencing of the Icelandic population. Nat. Genet. 2015, 47, 435—
U420.

(460) Trauner, M,; Fickert, P.; Wagner, M. MDR3 (ABCB4)
defects: a paradigm for the genetics of adult cholestatic syndromes.
Semin. Liver Dis. 2007, 27, 77—98.

(461) Chappell, L. C; Gurung, V.; Seed, P. T.; Chambers, ];
Williamson, C.; Thornton, J. G.; et al. Ursodeoxycholic acid versus
placebo, and early term delivery versus expectant management, in
women with intrahepatic cholestasis of pregnancy: semifactorial
randomised clinical trial. BMJ 2012, 344, No. e3799.

(462) Bacq, Y.; le Besco, M.; Lecuyer, A. 1; Gendrot, C.; Potin, J.;
Andres, C. R; Aubourg, A. Ursodeoxycholic acid therapy in
intrahepatic cholestasis of pregnancy: Results in real-world conditions
and factors predictive of response to treatment. Dig. Liver Dis. 2017,
49, 63—69.

(463) Wikstrom Shemer, E. A.; Stephansson, O.; Thuresson, M,;
Thorsell, M.; Ludvigsson, J. F.; Marschall, H. U. Intrahepatic
cholestasis of pregnancy and cancer, immune-mediated and
cardiovascular diseases: A population-based cohort study. J. Hepatol.
2015, 63, 456—461.

(464) Poupon, R; Barbu, V.; Chamouard, P.; Wendum, D,
Rosmorduc, O.; Housset, C. Combined features of low phospholi-
pid-associated cholelithiasis and progressive familial intrahepatic
cholestasis 3. Liver Int. 2010, 30, 327—331.

(465) Aleo, M. D.; Shah, F.; He, K.; Bonin, P. D.; Rodrigues, A. D.
Evaluating the Role of Multidrug Resistance Protein 3 (MDR3)
Inhibition in Predicting Drug-Induced Liver Injury Using 125
Pharmaceuticals. Chem. Res. Toxicol. 2017, 30, 1219—1229.

(466) Dzagania, T.; Engelmann, G.; Haussinger, D.; Schmitt, L.;
Flechtenmacher, C.; Rtskhiladze, L; Kubitz, R. The histidine-loop is
essential for transport activity of human MDR3. A novel mutation of
MDR3 in a patient with progressive familial intrahepatic cholestasis
tvoe 3. Gene 2012. 506. 141—145.

(467) Beuers, U, Trauner, M; Jansen, P.; Poupon, R. New
paradigms in the treatment of hepatic cholestasis: from UDCA to
EXR. J. Hepatol. 2015, 62, S25—37.

(468) Dixon, P. H; Williamson, C. The pathophysiology of
intrahepatic cholestasis of pregnancy. Clin. Res. Hepatol. Gastroenterol.
2016, 40, 141-153.

(469) Alghamdi, S.; Fleckenstein, J. Liver Dis. Pregnancy Transplant.
Curr. Gastroenterol. Rep. 2019, 21, 43.

(470) Ch'ng, C. L; Morgan, M.; Hainsworth, L; Kingham, J. G.
Prospective study of liver dysfunction in pregnancy in Southwest
Wales. Gut 2002, 51, 876—880.

(471) Westbrook, R. H.; Dusheiko, G.; Williamson, C. Pregnancy
and liver disease. J. Hepatol. 2016, 64, 933—945.

(472) Hay, ]. E. Liver disease in pregnancy. Hepatology 2008, 47,
1067—1076.

(473) Heller, M. T.; Tublin, M. E.; Hosseinzadeh, K.; Fargiano, A.
Imaging of hepatobiliary disorders complicating pregnancy. AJR, Am.
J. Roentgenol. 2011, 197, W528—536.

(474) Tran, T. T.; Ahn, J.; Reau, N. S. ACG Clinical Guideline:
Liver Disease and Pregnancy. Am. J. Gastroenterol. 2016, 111, 176—
194 quiz 196.

(475) Ludvigsson, J. F.; Marschall, H. U.; Hagstrom, H.; Hoijer, J.;
Stephansson, O. Pregnancy outcome in women undergoing liver
biopsy during pregnancy: A nationwide population-based cohort
study. Hepatology 2018, 68, 625—633.

(476) European Association for the Study of the, L. EASL Clinical
Practice Guidelines: management of cholestatic liver diseases. J.
Hepatol. 2009, §1, 237—267.

(477) Belay, T.; Woldegiorgis, H.; Gress, T.; Rayyan, Y. Intrahepatic
cholestasis of pregnancy with concomitant hepatitis C virus infection,
Joan C. Edwards SOM, Marshall University. Eur. J. Gastroenterol.
Hepatol. 2015, 27, 372—374.

(478) Wijarnpreecha, K.; Thongprayoon, C.; Sanguankeo, A.; Upala,
S.; Ungprasert, P.; Cheungpasitporn, W. Hepatitis C infection and
intrahepatic cholestasis of pregnancy: A systematic review and meta-
analysis. Clin. Res. Hepatol. Gastroenterol. 2017, 41, 39—4S.

(479) Eloranta, M. L.; Hakli T.; Hiltunen, M, Helisalmi, S.;
Punnonen, K., Heinonen, S. Association of single nucleotide
polymorphisms of the bile salt export pump gene with intrahepatic
cholestasis of pregnancy. Scand. J. Gastroenterol. 2003, 38, 648—652.

(480) Mullenbach, R.; Bennett, A.; Tetlow, N.; Patel, N.; Hamilton,
G.; Cheng, F,; Chambers, J.; Howard, R.; Taylor-Robinson, S. D,;
Williamson, C. ATP8B1 mutations in British cases with intrahepatic
cholestasis of pregnancy. Gut 2005, 54, 829—834.

(481) Van Mil, S. W.; Milona, A,; Dixon, P. H.; Mullenbach, R;;
Geenes, V. L,; Chambers, J.; Shevchuk, V.; Moore, G. E.; Lammert,
F; Glantz, A. G.; et al. Functional variants of the central bile acid
sensor FXR identified in intrahepatic cholestasis of pregnancy.
Gastroenterology 2007, 133, 507—-516.

(482) Sookoian, S.; Castano, G.; Pirola, C. J. Role of ABCC2
common variants in intrahepatic cholestasis of pregnancy. World J.
Gastroenterol. 2008, 14, 2126—2127.

(483) Dixon, P. H.; Wadsworth, C. A,; Chambers, J.; Donnelly, J;
Cooley, S.; Buckley, R.; Mannino, R.; Jarvis, S.; Syngelaki, A.; Geenes,
V.; et al. A comprehensive analysis of common genetic variation
around six candidate loci for intrahepatic cholestasis of pregnancy.
Am. ]. Gastroenterol. 2014, 109, 76—84.

(484) Wood, A. M; Livingston, E. G.; Hughes, B. L.; Kuller, J. A.
Intrahepatic Cholestasis of Pregnancy: A Review of Diagnosis and
Management. Obstet. Gynecol. Surv. 2018, 73, 103—109.

(485) Dixon, P. H.; van Mil, S. W.; Chambers, J.; Strautnieks, S.;
Thompson, R. J.; Lammert, F; Kubitz, R.; Keitel, V.; Glantz, A,;
Mattsson, L. A,; et al. Contribution of variant alleles of ABCBI11 to
susceptibility to intrahepatic cholestasis of pregnancy. Gut 2009, S8,
537—-544.

(486) Oude Elferink, R. P.; Paulusma, C. C. Function and
pathophysiological importance of ABCB4 (MDR3 P-glycoprotein).
Pfluevers Arch. 2007. 453. 601—610.

-48 -



Introduction -

Structure and function of hepatobiliary ABC transporter

(487) Floreani, A.; Carderi, L; Paternoster, D.; Soardo, G.; Azzaroli,
F.; Esposito, W.; Montagnani, M.; Marchesoni, D.; Variola, A,; Rosa
Rizzotto, E.; et al. Hepatobiliary phospholipid transporter ABCB4,
MDR3 gene variants in a large cohort of Italian women with
intrahepatic cholestasis of pregnancy. Dig. Liver Dis. 2008, 40, 366—
370.

(488) Zhang, Y.; Li, F.,; Wang, Y.; Pitre, A,; Fang, Z. Z.; Frank, M.
W.; Calabrese, C.; Krausz, K. W.; Neale, G.; Frase, S.; et al. Maternal
bile acid transporter deficiency promotes neonatal demise. Nat.
Commun. 20185, 6, 8186.

(489) Bacq, Y.; Sentilhes, L.; Reyes, H. B.; Glantz, A.; Kondrackiene,
J.; Binder, T.; Nicastri, P. L.; Locatelli, A.; Floreani, A.; Hernandez, L;
et al. Efficacy of ursodeoxycholic acid in treating intrahepatic
cholestasis of pregnancy: a meta-analysis. Gastroenterology 2012,
143, 1492—1501.

(490) Joutsiniemi, T.; Timonen, S.; Leino, R.; Palo, P.; Ekblad, U.
Ursodeoxycholic acid in the treatment of intrahepatic cholestasis of
pregnancy: a randomized controlled trial. Arch. Gynecol. Obstet. 2014,
289, 541-547.

(491) Meng, L. J.; Reyes, H.; Palma, J.; Hernandez, 1; Ribalta, J.;
Sjovall, J. Effects of ursodeoxycholic acid on conjugated bile acids and
progesterone metabolites in serum and urine of patients with
intrahepatic cholestasis of pregnancy. J. Hepatol. 1997, 27, 1029—
1040.

(492) Brites, D. Intrahepatic cholestasis of pregnancy: changes in
maternal-fetal bile acid balance and improvement by ursodeoxycholic
acid. Ann. Hepatol. 2002, 1, 20—28.

(493) Ma, K;; Berger, D.; Reau, N. Liver Diseases During Pregnancy.
Clin. Liver Dis. 2019, 23, 345—361.

(494) Vitale, G.; Gitto, S.; Vukotic, R.; Raimondi, F.; Andreone, P.
Familial intrahepatic cholestasis: New and wide perspectives. Dig.
Liver Dis. 2019, 51, 922—933.

(495) Keitel, V.; Droge, C.; Stepanow, S.; Fehm, T.; Mayatepek, E.;
Kohrer, K.; Haussinger, D. Intrahepatic cholestasis of pregnancy

(498) Tada, H.; Nohara, A.; Inazu, A.; Sakuma, N.; Mabuchi, H,;
Kawashiri, M. A. Sitosterolemia, Hypercholesterolemia, and Coronary
Artery Disease. J. Atheroscler. Thromb. 2018, 25, 783—789.

(499) Wang, Y.; Jiang, Z. Y.; Fei, J; Xin, L; Cai, Q.; Jiang, Z. H;
Zhu, Z. G.; Han, T. Q;; Zhang, S. D. ATP binding cassette G8 T400K
polymorphism may affect the risk of gallstone disease among Chinese
males. Clin. Chim. Acta 2007, 384, 80—83.

(500) Rudkowska, L; Jones, P. J. Polymorphisms in ABCGS/G8
transporters linked to hypercholesterolemia and gallstone disease.
Nutr. Rev. 2008, 66, 343—348.

(501) Berge, K. E,; von Bergmann, K.; Lutjohann, D.; Guerra, R;;
Grundy, S. M,; Hobbs, H. H.; Cohen, J. C. Heritability of plasma
noncholesterol sterols and relationship to DNA sequence poly-
morphism in ABCGS and ABCGS. J. Lipid Res. 2002, 43, 486—494.

(502) Kuo, K. K;; Shin, S. J.; Chen, Z. C; Yang, Y. H;; Yang, J. F;
Hsiao, P. J. Significant association of ABCGS 604Q_and ABCGS
DI9H polymorphisms with gallstone disease. Br. J. Surg. 2008, 95,
1005—1011.

(503) Gylling, H.; Hallikainen, M.; Pihlajamaki, J.; Agren, J.; Laakso,
M.; Rajaratnam, R. A.; Rauramaa, R.; Miettinen, T. A. Polymorphisms
in the ABCGS and ABCGS8 genes associate with cholesterol
absorption and insulin sensitivity. J. Lipid Res. 2004, 45, 1660—166S.

(504) Salen, G.; Patel, S.; Batta, A. K. Sitosterolemia. Cardiovasc.
Drug Rev. 2002, 20, 255-270.

(505) Salen, G.; Ahrens, E. H,, Jr; Grundy, S. M. Metabolism of
beta-sitosterol in man. J. Clin. Invest. 1970, 49, 952—967.

(506) Bhattacharyya, A. K.; Connor, W. E. Beta-sitosterolemia and
xanthomatosis. A newly described lipid storage disease in two sisters.
I. Clin. Invest. 1974. 53. 1033—1043.

(507) Chase, T. H.; Lyons, B. L.; Bronson, R. T.; Foreman, O.;
Donahue, L. R.; Burzenski, L. M.; Gott, B.; Lane, P.; Harris, B,;
Ceglarek, U.,; et al. The mouse mutation "thrombocytopenia and
cardiomyopathy” (trac) disrupts AbcgS: a spontaneous single gene
model for human hereditary phytosterolemia/sitosterolemia. Blood
2010, 115, 1267—1276.

(508) Kanaji, T.; Kanaji, S; Montgomery, R. R; Patel, S. B;
Newman, P. J. Platelet hyperreactivity explains the bleeding
abnormality and macrothrombocytopenia in a murine model of
sitosterolemia. Blood 2013, 122, 2732—2742.

(509) Wang, J.; Mitsche, M. A.; Lutjohann, D.; Cohen, J. C.; Xie, X.
S.; Hobbs, H. H. Relative roles of ABCGS/ABCGS8 in liver and
intestine. J. Lipid Res. 2015, 56, 319—330.

(510) Jakulj, L.; van Dijk, T. H; de Boer, J. F; Kootte, R. S,;
Schonewille, M.; Paalvast, Y.; Boer, T.; Bloks, V. W.; Boverhof, R;;
Nieuwdorp, M.; et al. Transintestinal Cholesterol Transport Is Active
in Mice and Humans and Controls Ezetimibe-Induced Fecal Neutral
Sterol Excretion. Cell Metab. 2016, 24, 783—794.

(511) Everhart, J. E.; Ruhl, C. E. Burden of digestive diseases in the
United States Part III: Liver, biliary tract, and pancreas. Gastro-
enterology 2009, 136, 1134—1144.

(512) Shaffer, E. A. Epidemiology and risk factors for gallstone
disease: has the paradigm changed in the 21st century? Curr.
Gastroenterol. Rep. 2008, 7, 132—140.

(513) Di Ciaula, A;; Wang, D. Q.; Portincasa, P. An update on the
pathogenesis of cholesterol gallstone disease. Curr. Opin. Gastro-
enterol. 2018, 34, 71—80.

(514) Grundy, S. M. Cholesterol gallstones: a fellow traveler with
metabolic syndrome? Am. J. Clin. Nutr. 2004, 80, 1-2.

(515) Compagnucci, A. B; Perroud, H. A; Batalles, S. M,;
Villavicencio, R.; Brasca, A.; Berli, D.; Pezzotto, S. M. A nested
case-control study on dietary fat consumption and the risk for
gallstone disease. J. Hum. Nutr. Diet. 2016, 29, 338—344.

(€14 Mie i L: N4 IT . TTessnee 00 A ITLT AA . Aeenfe T . Dol €

Energy transduction and alternating access of the mammalian ABC
transporter P-glycoprotein. Nature 2017, 543, 738—741.

(518) Yang, M.; Livnat Levanon, N.; Acar, B; Aykac Fas, B;
Masrati, G.; Rose, J.; Ben-Tal, N.; Haliloglu, T.; Zhao, Y.; Lewinson,
O. Single-molecule probing of the conformational homogeneity of the
ABC transporter BtuCD. Nat. Chem. Biol. 2018, 14, 715—722.

(519) Wang, J.; Molday, L. L; Hii, T,; Coleman, J. A;; Wen, T,;
Andersen, ]. P.,; Molday, R. S. Proteomic Analysis and Functional
Characterization of P4-ATPase Phospholipid Flippases from Murine
Tissues. Sci. Rep. 2018, 8, 1079S.

(520) Sita, G.; Hrelia, P.; Tarozzi, A.; Morroni, F. P-glycoprotein
(ABCBI1) and Oxidative Stress: Focus on Alzheimer’s Disease. Oxid.
Med. Cell. Longevity 2017, 2017, 7905486.

(521) Ambudkar, S. V.; Sauna, Z. E.; Gottesman, M. M.; Szakacs, G.
A novel way to spread drug resistance in tumor cells: functional
intercellular transfer of P-glycoprotein (ABCB1). Trends Pharmacol.
Sci. 2005, 26, 385—387.

(522) Szewczyk, P.; Tao, H.; McGrath, A. P.; Villaluz, M.; Rees, S.
D; Lee, S. C; Doshi, R; Urbatsch, I. L; Zhang, Q; Chang, G.
Snapshots of ligand entry, malleable binding and induced helical
movement in P-glycoprotein. Acta Crystallogr, Sect. D: Biol.
Crystallogr. 2018, 71, 732—741.

(523) Esser, L.; Zhou, F.; Pluchino, K. M.; Shiloach, J.; Ma, J.; Tang,
W. K,; Gutierrez, C.; Zhang, A,; Shukla, S.; Madigan, J. P; et al.
Structures of the Multidrug Transporter P-glycoprotein Reveal
Asymmetric ATP Binding and the Mechanism of Polyspecificity. J.
Biol. Chem. 2017, 292, 446—461.

(524) Kubitz, R; Bode, J.; Erhardt, A.; Graf, D.; Kircheis, G.; Muller-
Stover. L: Reinehr. R.: Reuter. S.: Richter. T.: Sacir. A.: et al

-49 -



Introduction -

Structure and function of hepatobiliary ABC transporter

Cholestatic liver diseases from child to adult: the diversity of MDR3
disease. Z. Gastroenterol. 2011, 49, 728—736.

(525) Morotti, R. A.; Suchy, F. J.; Magid, M. S. Progressive familial
intrahepatic cholestasis (PFIC) type 1, 2, and 3: a review of the liver
pathology findings. Semin. Liver Dis. 2011, 31, 3—10.

(526) Morita, S. Y.; Terada, T. Molecular mechanisms for biliary
phospholipid and drug efflux mediated by ABCB4 and bile salts.
BioMed Res. Int. 2014, 2014, 954781.

(527) Gordo-Gilart, R.; Andueza, S.; Hierro, L.; Martinez-
Fernandez, P.; D’Agostino, D.; Jara, P.; Alvarez, L. Functional analysis
of ABCB4 mutations relates clinical outcomes of progressive familial
intrahepatic cholestasis type 3 to the degree of MDR3 floppase
activity. Gut 2018, 64, 147—155.

(528) Degiorgio, D.; Crosignani, A.; Colombo, C.; Bordo, D.; Zuin,
M.,; Vassallo, E.; Syren, M. L,; Coviello, D. A.; Battezzati, P. M.
ABCB4 mutations in adult patients with cholestatic liver disease:
impact and phenotypic expression. J. Gastroenterol. 2016, S1, 271—
280.

(529) Mahdi, Z. M.; Synal-Hermanns, U.; Yoker, A.; Locher, K. P.;
Stieger, B. Role of Multidrug Resistance Protein 3 in Antifungal-
Induced Cholestasis. Mol. Pharmacol. 2016, 90, 23.

(530) van der Woerd, W. L.; Houwen, R. H,; van de Graaf, S. F.
Current and future therapies for inherited cholestatic liver diseases.
World ]. Gastroenterol. 2017, 23, 763—775.

(531) Orlando, B. J,; Liao, M. ABCG2 transports anticancer drugs
via a closed-to-open switch. Nat. Commun. 2020, 11, 2264.

(532) Jackson, S. M.; Manolaridis, I.; Kowal, J.; Zechner, M.; Taylor,
N. M. L; Bause, M.; Bauer, S.; Bartholomaeus, R.; Bernhardt, G,;
Koenig, B.; et al. Structural basis of small-molecule inhibition of
human multidrug transporter ABCG2. Nat. Struct. Mol. Biol. 2018, 25,
333—340.

(533) Jakulj, L.; Vissers, M. N.; Tanck, M. W.; Hutten, B. A;
Stellaard, F.; Kastelein, J. J.; Dallinga-Thie, G. M. ABCG5/G8
polymorphisms and markers of cholesterol metabolism: systematic
review and meta-analysis. J. Lipid Res. 2010, 51, 3016—3023.

(534) Rios, J.; Stein, E.; Shendure, J.; Hobbs, H. H.; Cohen, J. C.
Identification by whole-genome resequencing of gene defect
responsible for severe hypercholesterolemia. Hum. Mol. Genet. 2010,
19, 4313—4318.

(535) von Kampen, O.; Buch, S.; Nothnagel, M.; Azocar, L.; Molina,
H.; Brosch, M.; Erhart, W.; von Schonfels, W.; Egberts, J.; Seeger, M.;
et al. Genetic and functional identification of the likely causative
variant for cholesterol gallstone disease at the ABCGS/8 lithogenic
locus. Hepatology 2013, 57, 2407—2417.

(536) Romero, M. F.; Chen, A. P.; Parker, M. D.; Boron, W. F. The
SLC4 family of bicarbonate (HCO(3)(—)) transporters. Mol. Aspects
Med. 2013, 34, 159—182.

(537) Enomoto, A.; Takeda, M, Shimoda, M.; Narikawa, S.;
Kobayashi, Y.; Kobayashi, Y.; Yamamoto, T.; Sekine, T.; Cha, S. H.;
Niwa, T.; et al. Interaction of human organic anion transporters 2 and
4 with organic anion transport inhibitors. J. Pharmacol. Exp. Ther.
2002, 301, 797—802.

(538) Kimura, H.; Takeda, M.; Narikawa, S.; Enomoto, A.; Ichida,
K.; Endou, H. Human organic anion transporters and human organic
cation transporters mediate renal transport of prostaglandins. J.
Pharmacol. Exp. Ther. 2002, 301, 293—298.

(539) Motohashi, H.; Inui, K. Multidrug and toxin extrusion family
SLC47: physiological, pharmacokinetic and toxicokinetic importance
of MATE1 and MATE2-K. Mol. Aspects Med. 2013, 34, 661—668.

(540) He, X,; Szewczyk, P.; Karyakin, A,; Evin, M,; Hong, W. X,;
Zhang, Q; Chang, G. Structure of a cation-bound multidrug and toxic
compound extrusion transporter. Nature 2010, 467, 991—994.

(541) Hiasa, M.; Matsumoto, T.; Komatsu, T.; Moriyama, Y. Wide
variety of locations for rodent MATEI, a transporter protein that
mediates the final excretion step for toxic organic cations. Am. J.
Physiol. Cell. Physiol. 2006, 291, C678—686.

(542) Muller, J.; Lips, K. S.; Metzner, L.; Neubert, R. H.; Koepsell,

H . Rrandech M Drna enocificity and intactinal moamhrana lacal

ization of human organic cation transporters (OCT). Biochem.
Pharmacol. 2008, 70, 1851—1860.

(543) Claro da Silva, T.; Polli, J. E.; Swaan, P. W. The solute carrier
family 10 (SLC10): beyond bile acid transport. Mol. Aspects Med.
2013, 34, 252—269.

(544) Hu, N. J; Iwata, S,; Cameron, A. D.; Drew, D. Crystal
structure of a bacterial homologue of the bile acid sodium symporter
ASBT. Nature 2011, 478, 408—411.

(545) Wong, M. H,; Oelkers, P.; Dawson, P. A. Identification of a
mutation in the ileal sodium-dependent bile acid transporter gene that
abolishes transport activity. J. Biol. Chem. 1995, 270, 27228—27234.

(546) Alpini, G.; Glaser, S. S.; Rodgers, R.; Phinizy, J. L.; Robertson,
W. E,; Lasater, J.; Caligiuri, A.; Tretjak, Z.; LeSage, G. D. Functional
expression of the apical Na+-dependent bile acid transporter in large
but not small rat cholangiocytes. Gastroenterology 1997, 113, 1734—
1740.

(547) Hagenbuch, B.; Stieger, B. The SLCO (former SLC21)
superfamily of transporters. Mol. Aspects Med. 2013, 34, 396—412.

(548) Young, J. D.; Yao, S. Y.; Baldwin, J. M.; Cass, C. E.; Baldwin,
S. A. The human concentrative and equilibrative nucleoside
transporter families, SLC28 and SLC29. Mol. Aspects Med. 2013,
34, 529-547.

(549) Cano-Soldado, P.; Gorraitz, E.; Errasti-Murugarren, E.;
Casado, F. J; Lostao, M. P,; Pastor-Anglada, M. Functional analysis
of the human concentrative nucleoside transporter-1 variant
hCNT1S546P provides insight into the sodium-binding pocket. Am.
J. Physiol. Cell. Physiol. 2012, 302, C257—266.

(550) Mangravite, L. M.; Xiao, G.; Giacomini, K. M. Localization of
human equilibrative nucleoside transporters, hENT1 and hENT?2, in
renal epithelial cells. Am. . Physiol. Renal. Physiol. 2003, 284, F902—
910.

(551) Shapiro, R.; Anikster, Y.; Yardeni, T.; Korem, S.; Hartman, K;
Shamir, R.; Broide, E.; Levine, A.; Bujanover, Y.; Bercovich, D.
DHPLC screening for mutations in progressive familial intrahepatic
cholestasis patients. J. Hum. Genet. 2010, 5S, 308—313.

(552) Davit-Spraul, A; Fabre, M.; Branchereau, S.; Baussan, C.;
Gonzales, E.; Stieger, B.; Bernard, O.; Jacquemin, E. ATP8B1 and
ABCBI11 analysis in 62 children with normal gamma-glutamyl
transferase progressive familial intrahepatic cholestasis (PFIC):
phenotypic differences between PFIC1 and PFIC2 and natural
history. Hepatology 2010, 51, 1645—1655.

(853) Li, L; Deheragoda, M.; Lu, Y.; Gong, J; Wang, ]J.
Hypothyroidism Associated with ATP8BI1 Deficiency. ]. Pediatr.
2015, 167, 1334—1339.

(554) Liu, L. Y,; Wang, Z. L.; Wang, X. H.; Zhu, Q. R;; Wang, J. S.
ABCBI11 gene mutations in Chinese children with progressive
intrahepatic cholestasis and low gamma glutamyltransferase. Liver
Int. 2010, 30, 809—815.

(555) Evason, K; Bove, K. E.; Finegold, M. J.; Knisely, A. S.; Rhee,
S.; Rosenthal, P.; Miethke, A. G.; Karpen, S. J.; Ferrell, L. D.; Kim, G.
E. Morphologic findings in progressive familial intrahepatic cholestasis
2 (PFIC2): correlation with genetic and immunohistochemical
studies. Am. J. Surg. Pathol. 2011, 35, 687—696.

(556) Kim, S. R,; Saito, Y.; Itoda, M.; Maekawa, K.; Kawamoto, M.;
Kamatani, N.; Ozawa, S.; Sawada, J. Genetic variations of the ABC
transporter gene ABCB11 encoding the human bile salt export pump
(BSEP) in a Japanese population. Drug Metab. Pharmacokinet. 2009,
24, 277-281.

(557) Chen, H. L;; Liu, Y. J,; Su, Y. N.; Wang, N. Y,; Wy, S. H.; Ni,
Y. H; Hsu, H. Y; Wu, T. C; Chang, M. H. Diagnosis of BSEP/
ABCBI11 mutations in Asian patients with cholestasis using
denaturing high performance liquid chromatography. J. Pediatr.
2008, 153, 825—832.

(558) Wang, L.; Soroka, C. J.; Boyer, J. L. The role of bile salt export
pump mutations in progressive familial intrahepatic cholestasis type II.
J. Clin. Invest. 2002, 110, 965—972.

(559) Wang, L; Dong, H.; Soroka, C. J; Wei, N.; Boyer, ]J. L,;

Harchetraccar M Noaradatian af tha hila et avnart numn af

-50 -



Introduction -

Structure and function of hepatobiliary ABC transporter

endoplasmic reticulum in progressive familial intrahepatic cholestasis
type IL. Hepatology 2008, 48, 1558—1569.

(560) Hayashi, H.; Takada, T.; Suzuki, H.; Akita, H.; Sugiyama, Y.
Two common PFIC2 mutations are associated with the impaired
membrane trafficking of BSEP/ABCB11. Hepatology 2005, 41, 916—
924.

(561) Hayashi, H.; Sugiyama, Y. 4-phenylbutyrate enhances the cell
surface expression and the transport capacity of wild-type and
mutated bile salt export pumps. Hepatology 2007, 45, 1506—1516.

(562) Noe, J.; Kullak-Ublick, G. A.; Jochum, W.; Stieger, B.; Kerb,
R.; Haberl, M; Mullhaupt, B.; Meier, P. J.; Pauli-Magnus, C. Impaired
expression and function of the bile salt export pump due to three
novel ABCB11 mutations in intrahepatic cholestasis. J. Hepatol. 20085,
43, 536—543.

(563) Goto, K.; Sugiyama, K.; Sugiura, T.; Ando, T.; Mizutani, F.;
Terabe, K,; Ban, K.; Togari, H. Bile salt export pump gene mutations
in two Japanese patients with progressive familial intrahepatic
cholestasis. J. Pediatr. Gastroenterol. Nutr. 2003, 36, 647—650.

(564) Hu, G.; He, P; Liu, Z; Chen, Q; Zheng, B; Zhang, Q.
Diagnosis of ABCB11 gene mutations in children with intrahepatic
cholestasis using high resolution melting analysis and direct
sequencing. Mol. Med. Rep. 2014, 10, 1264—1274.

(565) Kagawa, T.; Watanabe, N.; Mochizuki, K.; Numari, A.; Ikeno,
Y,; Itoh, J.; Tanaka, H.; Arias, . M.; Mine, T. Phenotypic differences
in PFIC2 and BRIC2 correlate with protein stability of mutant Bsep
and impaired taurocholate secretion in MDCK II cells. Am. J. Physiol.
Gastrointest. Liver Physiol. 2008, 294, G58—67.

(566) Lam, C. W.; Cheung, K. M,; Tsui, M. S.; Yan, M. S.; Lee, C.
Y,; Tong, S. F. A patient with novel ABCB11 gene mutations with
phenotypic transition between BRIC2 and PFIC2. J. Hepatol. 2006,
44, 240-242.

(567) Lisowska, A.; Kobelska-Dubiel, N.; Jankowska, L; Pawlowska,
J.; Moczko, J.; Walkowiak, J. Small intestinal bacterial overgrowth in
patients with progressive familial intrahepatic cholestasis. Acta
Biochim. Polym. 2014, 61, 103—107.

(568) Takahashi, A.; Hasegawa, M.; Sumazaki, R.; Suzuki, M.; Toki,
F.; Suehiro, T.; Onigata, K.; Tomomasa, T.; Suzuki, T.; Matsui, A,;
et al. Gradual improvement of liver function after administration of
ursodeoxycholic acid in an infant with a novel ABCB11 gene mutation
with phenotypic continuum between BRIC2 and PFIC2. Eur. J.
Gastroenterol. Hepatol. 2007, 19, 942—946.

(569) Nobili, V.; Di Giandomenico, S.; Francalanci, P.; Callea, F.;
Marcellini, M.; Santorelli, F. M. A new ABCBI1 mutation in two
Italian children with familial intrahepatic cholestasis. J. Gastroenterol.
2006, 41, 598—603.

(570) Matte, U.; Mourya, R.; Miethke, A; Liu, C.; Kauffmann, G.;
Moyer, K.; Zhang, K.; Bezerra, ]. A. Analysis of gene mutations in
children with cholestasis of undefined etiology. J. Pediatr. Gastro-
enterol. Nutr. 2010, 51, 488—493.

(571) Sakurai, A.; Kurata, A.; Onishi, Y.; Hirano, H.; Ishikawa, T.
Prediction of drug-induced intrahepatic cholestasis: in vitro screening
and QSAR analysis of drugs inhibiting the human bile salt export
pump. Expert Opin. Drug Saf. 2007, 6, 71—86.

(572) Kelly, L.; Fukushima, H.; Karchin, R;; Gow, J. M.; Chinn, L.
W.; Pieper, U,; Segal, M. R,; Kroetz, D. L.; Sali, A. Functional hot
spots in human ATP-binding cassette transporter nucleotide binding
domains. Protein Sci. 2010, 19, 2110—2121.

(573) Lam, P.; Pearson, C. L.; Soroka, C. J.; Xu, S.; Mennone, A,;
Boyer, J. L. Levels of plasma membrane expression in progressive and
benign mutations of the bile salt export pump (Bsep/Abcbll)
correlate with severity of cholestatic diseases. Am. J. Physiol. Cell
Physiol. 2007, 293, C1709—1716.

(574) Mullenbach, R.; Lammert, F. The transporter “variome”: the
missing link between gene variants and bile salt transporter function.
Hepatology 2009, 49, 352—354.

(575) Shimizu, H.; Migita, O.; Kosaki, R.; Kasahara, M.; Fukuda, A.;
Sakamoto, S.; Shigeta, T.; Uemoto, S.; Nakazawa, A.; Kakiuchi, T.;

et al. Tivino-related liver transnlantation for siblinos with nrooressive

familial intrahepatic cholestasis 2, with novel genetic findings. Am. J.
Transplant. 2011, 11, 394—398.

(576) Treepongkaruna, S.; Gaensan, A.; Pienvichit, P.; Luksan, O.;
Knisely, A. S.; Sornmayura, P.; Jirsa, M. Novel ABCB11 mutations in
a Thai infant with progressive familial intrahepatic cholestasis. World
J. Gastroenterol. 2009, 15, 4339—4342.

(577) Engelmann, G.; Wenning, D.; Herebian, D.; Sander, O.;
Droge, C.; Kluge, S.; Kubitz, R. Two Case Reports of Successful
Treatment of Cholestasis With Steroids in Patients With PFIC-2.
Pediatrics 2015, 135, e1326—1332.

(578) Chen, H. L,; Chang, P. S.; Hsu, H. C.; Ni, Y. H;; Hsu, H. Y,;
Lee, J. H;; Jeng, Y. M.; Shau, W. Y,; Chang, M. H. FICI and BSEP
defects in Taiwanese patients with chronic intrahepatic cholestasis
with low gamma-glutamyltranspeptidase levels. J. Pediatr. 2002, 140,
119-124.

(579) Gonzales, E.; Grosse, B.; Cassio, D.; Davit-Spraul, A.; Fabre,
M.,; Jacquemin, E. Successful mutation-specific chaperone therapy
with 4-phenylbutyrate in a child with progressive familial intrahepatic
cholestasis type 2. J. Hepatol. 2012, 57, 695—698.

(580) Beausejour, Y.; Alvarez, F.; Beaulieu, M,; Bilodeau, M.
Description of two new ABCB11 mutations responsible for type 2
benign recurrent intrahepatic cholestasis in a French-Canadian family.
Can. J. Gastroenterol. 2011, 25, 311—314.

(581) Meier, Y.; Pauli-Magnus, C.; Zanger, U. M,; Klein, K;
Schaeffeler, E.; Nussler, A. K; Nussler, N.; Eichelbaum, M.; Meier, P.
J.; Stieger, B. Interindividual variability of canalicular ATP-binding-
cassette (ABC)-transporter expression in human liver. Hepatology
2006, 44, 62—74.

(582) Kubitz, R; Droge, C.; Kluge, S.; Stindt, J.; Haussinger, D.
Genetic variations of bile salt transporters. Drug Discovery Today:
Technol. 2014, 12, e55—67.

(583) Anzivino, C.; Odoardi, M. R,; Meschiari, E.; Baldelli, E,;
Facchinetti, F.; Neri, L; Ruggiero, G.; Zampino, R.; Bertolotti, M.;
Loria, P; et al. ABCB4 and ABCBI1l mutations in intrahepatic
cholestasis of pregnancy in an Italian population. Dig. Liver Dis. 2013,
45, 226—232.

(584) Keitel, V.; Vogt, C.; Haussinger, D.; Kubitz, R. Combined
mutations of canalicular transporter proteins cause severe intrahepatic
cholestasis of pregnancy. Gastroenterology 2006, 131, 624—629.

(585) Czubkowski, P.; Jankowska, I; Pawlowska, J. Successful
pregnancy after ileal exclusion in progressive familial intrahepatic
cholestasis type 2. Ann. Hepatol. 2015, 14, 550—552.

(586) Vilarinho, S.; Erson-Omay, E. Z.; Harmanci, A. S.; Morotti, R.;
Carrion-Grant, G.; Baranoski, J.; Knisely, A. S.; Ekong, U.; Emre, S.;
Yasuno, K;; et al. Paediatric hepatocellular carcinoma due to somatic
CTNNBI and NFE2L2 mutations in the setting of inherited bi-allelic
ABCB11 mutations. J. Hepatol. 2014, 61, 1178—1183.

(587) Niu, D. M.; Chong, K. W.; Hsu, J. H; Wu, T. J.; Yu, H. C,;
Huang, C. H,; Lo, M. Y; Kwok, C. F; Kratz, L. E.; Ho, L. T. Clinical
observations, molecular genetic analysis, and treatment of sitoster-
olemia in infants and children. J. Inherited Metab. Dis. 2010, 33, 437—
443.

(588) Keller, S.; Prechtl, D.; Aslanidis, C.; Ceglarek, U.; Thiery, J.;
Schmitz, G.; Jahreis, G. Increased plasma plant sterol concentrations
and a heterozygous amino acid exchange in ATP binding cassette
transporter ABCGS: a case report. Eur. J. Med. Genet. 2011, 54, e458—
460.

(589) Tsubakio-Yamamoto, K.; Nishida, M.; Nakagawa-Toyama, Y.;
Masuda, D.; Ohama, T.; Yamashita, S. Current therapy for patients
with sitosterolemia—effect of ezetimibe on plant sterol metabolism. J.
Atheroscler. Thromb. 2010, 17, 891—900.

(590) Patel, S. B; Graf, G. A,; Temel, R. E. ABCGS and ABCGS:
more than a defense against xenosterols. J. Lipid Res. 2018, 59, 1103—
1113.

(591) Hubacek, J. A; Berge, K. E; Cohen, J. C.; Hobbs, H. H.
Mutations in ATP-cassette binding proteins GS (ABCGS) and G8
(ABCGS) causing sitosterolemia. Hum. Mutat. 2001, 18, 359—360.

(592) Kenny, E. E.; Gusev, A; Riegel, K.; Lutjohann, D.; Lowe, J. K.;
Qalit. T.: Maller. T. B.: Stoffel. M.: Dalv. M. T: Altchuler. D. M: et al

-51 -



Introduction -
Structure and function of hepatobiliary ABC transporter

Systematic haplotype analysis resolves a complex plasma plant sterol
locus on the Micronesian Island of Kosrae. Proc. Natl. Acad. Sci. U. S.
A. 2009, 106, 13886—13891.

(593) Pandit, B.; Ahn, G. S.; Hazard, S. E.; Gordon, D.; Patel, S. B. A
detailed Hapmap of the Sitosterolemia locus spanning 69 kb;
differences between Caucasians and African-Americans. BMC Med.
Genet. 2006, 7, 13.

(594) Zein, A. A.; Kaur, R.; Hussein, T. O. K; Graf, G. A,; Lee, J. Y.
ABCGS/G8: a structural view to pathophysiology of the hepatobiliary
cholesterol secretion. Biochem. Soc. Trans. 2019, 47, 1259—1268.

(595) Reeskamp, L. F.; Volta, A.; Zuurbier, L; Defesche, J. C;
Hovingh, G. K.; Grefhorst, A. ABCGS and ABCG8 genetic variants in
familial hypercholesterolemia. J. Clin. Lipidol. 2020, 14, 207—-217.

(596) Lee, M. H; Lu, K;; Patel, S. B. Genetic basis of sitosterolemia.
Curr. Opin. Lipidol. 2001, 12, 141—149.

(597) Heimer, S.; Langmann, T.; Moehle, C.; Mauerer, R.;; Dean,
M,; Beil, F. U; von Bergmann, K,; Schmitz, G. Mutations in the
human ATP-binding cassette transporters ABCGS and ABCGS in
sitosterolemia. Hum. Mutat. 2002, 20, 151.

(598) Hazard, S. E.; Patel, S. B. Sterolins ABCGS and ABCGS:
regulators of whole body dietary sterols. Pfluegers Arch. 2007, 453,
745—752.

(599) Miettinen, T. A.; Klett, E. L.; Gylling, H.; Isoniemi, H.; Patel,
S. B. Liver transplantation in a patient with sitosterolemia and
cirrhosis. Gastroenterology 2006, 130, 542—547.

(600) Graf, G. A.; Cohen, J. C.; Hobbs, H. H. Missense mutations in
ABCGS and ABCGS8 disrupt heterodimerization and trafficking. J.
Biol. Chem. 2004, 279, 24881—24888.

(601) Horenstein, R. B.; Mitchell, B. D.; Post, W. S.; Lutjohann, D.;
von Bergmann, K; Ryan, K. A,; Terrin, M.; Shuldiner, A. R.; Steinle,
N. I. The ABCG8 G574R variant, serum plant sterol levels, and
cardiovascular disease risk in the Old Order Amish. Arterioscler.,
Thromb., Vasc. Biol. 2013, 33, 413—419.

(602) Buch, S.; Schafmayer, C.; Volzke, H.; Becker, C.; Franke, A.;
von Eller-Eberstein, H.; Kluck, C.; Bassmann, I; Brosch, M,
Lammert, F; et al. A genome-wide association scan identifies the
hepatic cholesterol transporter ABCGS8 as a susceptibility factor for
human gallstone disease. Nat. Genet. 2007, 39, 995—999.

(603) Hu, M.; Yuen, Y. P.; Kwok, J. S.; Griffith, J. F.; Tomlinson, B.
Potential effects of NPCILI polymorphisms in protecting against
clinical disease in a chinese family with sitosterolaemia. J. Atheroscler.
Thromb. 2014, 21, 989—995.

(604) Kajinami, K.; Brousseau, M. E.; Nartsupha, C.; Ordovas, J. M.;
Schaefer, E. . ATP binding cassette transporter GS and G8 genotypes
and plasma lipoprotein levels before and after treatment with
atorvastatin. J. Lipid Res. 2004, 45, 653—656.

(60S) Hubacek, J. A.; Berge, K. E.; Stefkova, J.; Pitha, J.; Skodova, Z.;
Lanska, V.; Poledne, R. Polymorphisms in ABCGS and ABCG8
transporters and plasma cholesterol levels. Physiol. Res. 2004, 53,
395—401.

(606) Miwa, K.; Inazu, A.; Kobayashi, J.; Higashikata, T.; Nohara,
A.; Kawashiri, M.; Katsuda, S.; Takata, M.; Koizumi, J.; Mabuchi, H.
ATP-binding cassette transporter G8M429V polymorphism as a novel
genetic marker of higher cholesterol absorption in hypercholester-
olaemic Japanese subjects. Clin. Sci. 2008, 109, 183—188.

(607) Nicolas, A.; Fatima, S.; Lamri, A.; Bellili-Munoz, N.; Halimi, J.
M,; Saulnier, P. J.; Hadjadj, S.; Velho, G.; Marre, M.; Roussel, R.; et al.
ABCG8 polymorphisms and renal disease in type 2 diabetic patients.
Metab., Clin. Exp. 2018, 64, 713=719.

-52-



Aims

2 Aims

ABC transporters are often considered as single entities. One contradiction are the
ABC transporters of the bile triumvirate, namely ABCB4, ABCB11 and the heterodimer
ABCG5/G8. Hence, the idea of an orchestrated interplay of these transporters with
their substrates was suggested.” More precisely, this would mean, ACB4 as the lipid
translocator should react on the presence of conjugated bile acids (the substrates of
ABCB1), cholesterol (the substrate of ABCG5/G8) and vice-versa. There exists a
sensitive equilibrium of these specific substrates. If an imbalance occurs due to the
reduced functioning of one of these three transporters, cells are harmed. Different
diseases are related to these three ABC-transporter, for example PFIC-2/3 in case of
ABCB11 or ABCB4, or gallstone disease as in case of ABCG5/G8. Subsequently, an
interplay of these transporters and their corresponding substrates is suitable to
assume. Kis et al. > demonstrated that for ABCB11, the enrichment of cholesterol in
the membrane increases the maximal transport velocity of bile acids by ABCB11.
Johnson et al. ® demonstrated that for detergent-solubilized and purified ABCG5/GS8,
the presence of bile acids is required to activate the transporter, suggesting a
chaperon-like mechanism of bile acids. However, so far for ABCB4, only the
enrichment of PC lipids in the extracellular medium in the presence of bile acids was
used as an evidence for an interplay between ABCB4 and bile acids. However, in
recent years, the theory of bile formation has subsequently changed based on a
theoretical model 4 and a finding that the bile triumvirate transporters can only be found
in PC lipid-enriched microdomains of the outer leaflet °>. Based on these studies, a
formation of PC-enriched microdomains and piles by ABCB4 is assumed.
Subsequently, the bile acids enter these PC-rich microdomains and rim off patches
due to their harsh detergent action (formation of mixed micelles). Hence, the transport
of PC lipids and extraction of these lipids by bile acids were seen as two different steps,
with their individual parameters. Hence, bile acid extraction studies do not provide the

application platform to investigate the direct effect on ABCB4.

Thus, a system to investigate isolated ABCB4 in vitro is crucial. In previous works
by Ellinger et al.® and Kluth et al.” such a system was established. They managed to

overexpress ABCB4 in the yeast Pichia pastoris and designed a tandem affinity
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chromatography to successfully purify human ABCB4. Based on the above-mentioned
research, the overall aim of this thesis was to characterize the modulation of ATP
hydrolysis of ABCB4 by bile acids and cholesterol and address the following four major

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

1. Is ABCB4 ATPase activity modulated by human bile acids?
If yes, at which concentration do bile acids affect ABCB4 and is there a correlation
between the different chemical or physical properties of bile acids? Furthermore, is
the modulation of ABCB4 by two different bile acids cooperative?

2. Can the medically relevant but non-human versions of UDCA modulate ABCB4 and
how does the effect differ in comparison to human bile acid?

3. Is cholesterol able to modulate ABCB4?
If yes, at which concentration and is bile acid modulation still possible in the
presence of cholesterol?

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

changes in presence of PC lipids?
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Abstract: Several ABC transporters of the human liver are
responsible for the secretion of bile salts, lipids and cho-
lesterol. Their interplay protects the biliary tree from the
harsh detergent activity of bile salts. Among these trans-
porters, ABCB4 is essential for the translocation of phos-
phatidylcholine (PC) lipids from the inner to the outer
leaflet of the canalicular membrane of hepatocytes. ABCB4
deficiency can result in altered PC to bile salt ratios, which
led to intrahepatic cholestasis of pregnancy, low phospho-
lipid associated cholelithiasis, drug induced liver injury or
even progressive familial intrahepatic cholestasis type 3.
Although PClipids only account for 30-40% of the lipids in
the canalicular membrane, 95% of all phospholipids in bile
are PC lipids. We discuss this discrepancy in the light of PC
synthesis and bile salts favoring certain lipids. Nevertheless,
the invivo extraction of PClipids from the outer leaflet of the
canalicular membrane by bile salts should be considered
as a separate step in bile formation. Therefore, methods to
characterize disease causing ABCB4 mutations should be
considered carefully, but such an analysis represents a cru-
cial point in understanding the currently unknown trans-
port mechanism of this ABC transporter.

Keywords: ABC transporter; ABCB4 deficiency; bile acids;
liver disease; phosphatidylcholine.

Introduction: ABC transporters in
general

The human genome contains 48 genes encoding for ABC
transporters (Dean et al., 2001) and several of these are
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expressed in human hepatocytes. ABC transporters are by
definition ATP hydrolyzing, primary transporters, which
possess two copies of an ATP binding cassette, known
as the nucleotide binding domain (NBD), and two copies
of a transmembrane spanning segment, known as the
transmembrane domain (TMD; Figure 1). Furthermore,
the NBDs of ABC transporters harbor conserved sequence
motifs (Figure 1B, D), which form the foundation of this
superfamily of membrane transport proteins: the Walker
A (consensus sequence: GxxGxGKT/S, where x can be any
amino acid), the Walker B (consensus sequence: ¢p¢p@p@D,
where ¢ represents any hydrophobic amino acid), the
C-loop (consensus sequence: LSGGQ), the Q-loop and the
D-loop (consensus sequence: SALD) (Schmitt and Tampe,
2002). The C-loop and the D-loop are the hallmarks of the
protein family, with specific locations between the Walker
A and B motifs (C-loop) and downstream of the Walker
B motif (D-loop). These five motifs serve as a diagnostic
tool to identify new ABC proteins. The Q-loop and a highly
conserved histidine (~30 amino acids downstream of the
D-loop, also called the H-loop) are essential for the ATP
hydrolysis (Zaitseva et al., 2005a). Additionally, a Pro-loop
connects the two subunits of NBDs (Schmitt et al., 2003).

The TMDs form the translocation pathway across a
biological membrane. In the case of eukaryotic export-
ers each TMD in general consists of six membrane span-
ning o-helices. Two TMDs form the functional unit that
is required together with the energy, which is provided
by ATP binding and/or hydrolysis within the NBDs to
allow substrate transport against a concentration gradi-
ent (Schmitt and Tampe, 2002). However, there are cases
where the number of domains of single ABC transport-
ers vary from the canonical number of six. In humans,
for example, ABCA4 has two additional extra cellular
domains (Illing et al., 1997; Bungert et al., 2001). Addi-
tionally, a number of transporters of the ABCC subfam-
ily harbor a third TMD, which is generally termed TMDO
(Kruh and Belinsky, 2003).

ABC transporters can be divided into importers and
exporters. Prokaryotes and plants have both kinds of ABC
transporters, while all other eukaryotes mainly harbor
exporters, with the often-discussed exception of ABCA4
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(A) The inward facing conformation of the ABCB4 homology model was calculated by the bioinformatic tool Phyre2 (Kelley et al., 2015).
The two TMDs are highlighted in blue and light blue, while the two NBDs of ABCB4 are displayed in gray and light brown. (B) Zoom-in into
the NBDs of the inward facing conformation with the five motifs and the conserved sequence motifs highlighted. (C) The outward facing
structure of the ABCB4 model is based on the single particle cryo-EM structure of human ABCB1 in the ATP bound state [PDB # 6COV (Mi
Sun Jin et al., 2012)]. Color-coding corresponds to panel (A). (D) Zoom-in into the NBDs in their head-to-tail orientation of the ATP-induced
dimeric state. The two bound ATP molecules are depicted in balls-and-spheres representation and Mg?~-ions as a green sphere.

(Beharry et al., 2004; Molday, 2007). Additionally, eukary-
otic ABC transporters can be divided in full-size and half-
size transporters. A gene of the former encodes all four
modules, while a gene coding for a half size transporter
harbors only one copy of the TMD and NBD. They can form
homodimers (two copies of the same gene) or heterodimers
(two different copies containing one of each domain) (Hyde
etal., 1990).

To get insights in the mode of action, it is essential
to obtain structural information in combination with bio-
chemical analysis. This has led to an understanding of the
mechanism of ATP hydrolysis and several models of trans-
port. All structurally analyzed NBDs are L-shaped and can
be divided into a catalytic and a helical subunit (Chen
et al., 2016; Li et al., 2016; Locher, 2016). The first one
contains both Walker motifs, while the latter one harbors
the C-loop. Analysis of isolated NBDs in the presence of
ATP demonstrated that the two NBDs form a dimer: the
adenosine and the phosphate moiety of one ATP molecule
are coordinated by the Walker A and B motifs, while the
y-phosphate interacts with the C-loop of the opposing
NBD and vice versa for the second ATP. Here, ATP acts as
a molecular glue inducing the formation of a head-to-tail

dimer of the NBDs (Smith et al., 2002; Chen et al., 2003;
Zaitseva et al., 2005b).

The knowledge of ATP-induced dimerization derived
from structures of isolated NBDs and subsequently sup-
ported by structures of full-length ABC transporters led to
one of the most favorized models of substrate transport for
ABC exporters: the continuous ATP-switch model (Higgins
and Linton, 2004; Locher, 2016). For ABC exporters in the
resting or ground state, the so-called inward-facing confor-
mation, the substrate binding site in the TMDs is accessi-
ble from the cytosol. The NBDs are far apart in an apparent
‘monomeric state’. ATP binding induces dimerization of
the NBDs, which results in a conformational change of
the TMDs. This exposes the substrate binding site to the
extra cellular space (the so-called outward-facing confor-
mation). Additionally, the substrate affinity is reduced,
and the substrate can be released. After ATP hydrolysis,
the transporter switches back to the ground state (inward-
facing conformation) (Higgins and Linton, 2004). Never-
theless, some conformations of the transport cycle of ABC
transporters are still unknown. Furthermore, the coordina-
tion and timing of substrate and ATP binding as well as
the control of futile ATP hydrolysis are still open questions.
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The human ABC transporter ABCB4
(MDR3)

Structure and function of MDR3

The complete cDNA sequence of a gene highly homolo-
gous to human ABCBI [also called multidrug resistance
protein 1 (MDR1) or P-glycoprotein (P-gp)] was published
in 1987 (Van der Bliek et al., 1987) and subsequently
termed ABCB4 (or MDR3). Sequence analysis of this gene
identified two halves of an ABC transporter consisting of
six putative transmembrane helices (TMHs) and one NBD,
in each half of the gene (van der Bliek et al., 1988). Addi-
tionally, the sequences of the NBDs as well as the TMDs
were highly identical to human ABCBI1. Both proteins
share an overall 76% identity and 86% homology, respec-
tively. The highest discrepancy is within the N-terminus
and the linker region connecting both halves (Van der
Bliek et al., 1987).

ABCB4 mRNA is mainly transcribed in the liver espe-
cially in hepatocytes (68—-69%) with low mRNA levels also
found in the adrenal gland (5-10%), heart (4%), lymph
node (7%) and spleen (4-7%) (Nishimura and Naito, 2005;
Fagerberg et al., 2014). In the hepatocytes, ABCB4 is exclu-
sively localized in the apical (canalicular) membrane. The
intracellular trafficking of canalicular ABC transporters
was discussed in detail by Kipp and Arias (2002). Briefly
summarized, three interaction partners of ABCB4 are
known, which ensure intracellular trafficking. Pulldown
assays revealed the HS1-associated protein X-1 (HAX-1), the
myosin II regulatory light chain (MLC2) and the receptor
for activated C-kinase 1 (RACK1) as interaction partners
for ABCB4. HAX-1 is known to be involved in the apical
endocytosis of ABCB11 and might also regulate ABCB4
endocytosis (Ortiz et al., 2004). It has to be further verified
whether MLC2 is required for ABCB4 trafficking similar
to ABCB11 (Chan et al., 2005). On the other hand, RACK1
is essential for the expression and localization of ABCB4
(Ikebuchi et al., 2009). Additionally, ABCB4 contains a
C-terminal motif that resembles the PDZ domain-binding
motif. This PDZ motif might interact with scaffolding pro-
teins as it could be shown in the cystic fibrosis transmem-
brane conductance regulator (CFTR) (Swiatecka-Urban
et al., 2002) and the multidrug-regulated protein 2 (MRP2)
(Kocher et al., 1999; Hegedus et al., 2003) in order to link
transmembrane proteins to the cytoskeleton.

ABCB4 contains characteristic posttranslational mod-
ifications. Two N-glycosylation sites, which are located
between TMH1 and TMH2 at position 91 and 97 (van der
Bliek et al., 1988) as well as several phosphorylation
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sites. In the mouse homologue, Mdr2, of human ABCB4
three N-glycosylation sites have been identified, which
are located in the first extracellular loop at positions 83,
87 and 90, respectively (Devault and Gros, 1990). Even
though, the heterologous expression of mouse Mdr2 in
the yeast Pichia pastoris did not contain N-glycosylations
(Urbatsch et al., 2001), it had no effect on expression,
nucleotide binding or catalytic characteristics indicat-
ing that glycosylation is not necessary for function. On
the other hand, phosphorylation sites of ABCB4 do have
an influence. Mutations with an altered phosphorylation
pattern resulted in markedly decreased phosphatidyl-
cholines (PC)-secretion, despite the fact that the protein
showed minor defects in maturation and targeting to the
apical membrane (Gautherot et al., 2014).

First indications for a function of the protein were pub-
lishedin 1993 inastudy, in which Mdr2 (the mouse homologue
of ABCB4) was knocked out. The homozygous knock-out
mice did not contain cholesterol and PC lipids in their bile.
In contrast, in the heterozygous mutant Mdr2/+ 40% of
wildtype PC lipid and nearly normal cholesterol levels in the
bile were observed (Smit et al., 1993). Furthermore, comple-
mentation of mouse Mdr2 by human ABCB4 demonstrated
that both ABC transporters mediated the same function.
Here, ABCB4*+ mice possessed even higher phospholipid
levels (Smith et al., 1998). Most importantly, the use of [*H]
choline-labeled PC proved that human ABCB4 expressed at
the surface of transgenic mice fibroblasts acted as a PC flop-
pase (Smith et al., 1994). Additionally, van Helvoort et al.
demonstrated the specific translocation of a short-chain PC
lipid in polarized pig kidney epithelial cells transfected with
human ABCB4 (van Helvoort et al., 1996).

The high amino acid identity of ABCB1 and ABCB4
initially led to speculations that both ABC transporters
are multidrug resistance proteins and to the misjudg-
ment classifying ABCB4 as a transporter providing multi-
drug resistance. Even today, there are data in favor of and
against this scenario. For example, ABCB4 heterologously
expressed in yeast resulted in resistance against the anti-
fungal aureobasidin A (Kino et al., 1996). In another study,
transport of several ABCB1 substrates (digoxin, paclitaxel,
vinblastine or ivermectine) was demonstrated in polar-
ized pig kidney monolayers transfected with the cDNA of
ABCB4. Additionally, verapamil and cyclosporine, well-
known ABCBI1 inhibitors, inhibited the ABCB4 mediated
transport of digoxin (Smith et al., 2000). In contrast to
these studies, experiments with ABCB4 or Mdr2 trans-
fected cells showed no drug resistance (Van der Bliek
et al., 1987; Buschman and Gros, 1991, 1994; Gros and
Buschman, 1993). Additionally, ABCB4 has not been
detected in MDR cell lines (Raymond et al., 1990).
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In summary, it is now well documented and accepted
that ABCB4 specifically translocate lipids of the PC family
from the inner to the outer leaflet of the canalicular mem-
brane of hepatocytes and has at the most an artificial
function as a multidrug resistance protein.

Bile formation

Bile is synthesized and secreted by hepatocytes and
plays a key role in digestion and absorption of fat and
fat-soluble vitamins. Primary bile mainly consists of
mixed micelles formed by PC lipids, bile salts and cho-
lesterol, bilirubin glucuronides and organic anions. Dif-
ferent ABC transporters are involved in this process, for
example, bilirubin glucuronides are excreted into bile
by ABCC2 (MRP2) (Kamisako et al., 2000) and trans-
port of glutathione, the most common organic anion,
is facilitated by ABCC1 (MRP1) (Cole and Deeley, 2006),
while bile salts are secreted by ABCB11 [bile salt export
pump (BSEP)] (Gerloff et al., 1998b), PC lipids are trans-
located by ABCB4 (Smit et al., 1993) and cholesterol is a
substrate of the heterodimeric ABC transporter ABCG5/
G8 (Graf et al., 2003). In 2003, Small concluded that
the latter three ABC transporters interplay in a specific
order to ensure the proper formation of bile. Bile salts in
the canaliculi promote the release of PC lipids from the
membrane to form mixed micelles, which are necessary
for solubilization of cholesterol to prevent its crystalli-
zation (Small, 2003). It was reported that the reduction
of PC lipids in primary bile leads to an increase of the
toxic activity of the bile salts against the ducts, which
can result in cholestatic liver diseases (Trauner et al.,
2008). This study pointed out how important a healthy
ratio of PClipid to bile salt and cholesterol concentration
is. Variations in ABCB11 (Carlton et al., 1995; Bull et al.,
1998) and ABCB4 (Deleuze et al., 1996; de Vree et al.,
1998) can lead to altered ratios and therefore to different
kinds of liver diseases. Since then, the interest to under-
stand these proteins and their role in liver diseases has
increased dramatically.

Phosphatidylcholine — from biosynthesis to
protection

Most biological membranes such as the plasma mem-
brane are asymmetric, i.e. they consist of different lipid
compositions in the cytosolic (inner) and the exoplasmic
(outer) leaflet. Lipids in eukaryotic plasma membranes
are distributed with a majority of sphingomyelin (SM) and
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PC in the outer leaflet. On the other hand, amino phos-
pholipids such as phosphatidylethanolamine (PE) and
phosphatidylserine (PS) are the major lipid components
of the inner leaflet, respectively (Devaux, 1991). However,
passive transbilayer lipid movement especially against a
concentration gradient is a relatively slow event, which
occurs on the time scale of minutes to hours and depends
on charge, shape and length of the lipid. In general, the
more amphipathic and bulky a lipid becomes the more
unfavorable is the passive flip-flop. An unassisted flip-
flop of a single 1,2-dioleyl-sn-glycero-3-phosphocholine
(DOPC) lipid in a DOPC bilayer occurs, for example, once
per 25 h (McConnell and Kornberg, 2002). Thus, a protein
mediated lipid flip-flop is required to build up this asym-
metry and the superfamily of ABC transporters is involved
in such transhilayer movement of lipids. In contrast to
scramblases, the transport of ABC transporters is unidi-
rectional and can be further subdivided into inward (flip)
or outward (flop) transport (Borst et al., 2000).

Many ABC transporters [e.g. ABCA1 (Oram and Lawn,
2001), ABCB1 (Higgins and Gottesman, 1992), ABCB4
(Smit et al., 1993), ABCC1 (Deeley and Cole, 2006), ABCG1
(Klucken et al., 2000) and ABCG2 (Doyle and Ross, 2003)]
have been described to be involved in lipid homeostasis.
ABCB4 is maintaining this asymmetry in the canalicular
membrane of hepatocytes with PC lipids.

PC can be synthesized by either the cytidine diphos-
phate (CDP)-choline pathway or the PE methylation
pathway (PEMP). The CDP-choline pathway uses choline
as the initial substrate, while the PEMP methylates PE in
three sequential steps to PC.

Although PC is mainly synthesized by the CDP-cho-
line pathway (Kent, 1995), PEMP is highly active in hepat-
ocytes (Yao and Vance, 1988). Two-thirds of PC originates
from the CDP-choline pathway, while one-third is synthez-
ised via the PEMP. Both choline synthesis pathways have
characteristic acyl-chain preferences. The CDP-choline
uses mainly medium-chain, saturated acyl-chains, for
example, 16:0, 18:0 variants, whereas the PEMP uses more
diverse, longer and poly-unsaturated acyl-chains, for
example, 18:1, 18:2, 20:4 (DeLong et al., 1999). PC products
derived from PEMP seem to be more metabolically active
and involved in cellular regulations [e.g. arachidonic acid
(20:4) (Needleman et al., 1986)] compared to the CDP-cho-
line synthesis products.

The PC proportion of the canalicular membrane is
only about 30-40% (Yousef and Fisher, 1976; Meier et al.,
1984), but lipids of the PC family build up the majority
(95%) of all phospholipids in bile (Boyer, 1986; Puglielli
et al., 1994) with hardly any other phospholipid detect-
able. This raises the question of how this discrepancy can
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be explained. It is unlikely that an unknown protein is
involved in mediating the ‘lipid exposure’ process (Pohl
et al., 2005) of PC lipids, however, there is evidence for
bile acids actively extracting phospholipids from the
canalicular membrane (Elferink et al., 1997). ‘Lipid expo-
sure’ explains the uptake of lipids out of the membrane
into or through a specific acceptor. In the case of ABCB4
the acceptor seems to be the mixed micelles, while bile
salts act as extractors. Considering the detergent nature of
bile salts and the fact that nearly exclusively it is PC lipids
that are solubilized from the extracellular leaflet in the
bile duct, it is surprising to see that bile salts discriminate
between lipids of different acyl chains (Wustner et al.,
2000), as shorter and more hydrophilic lipids are more
favorably taken up into mixed micelles independently of
their headgroup (Nibbering et al., 2001). Studies investi-
gating the characteristics of the acyl-residues of biliary
lipids found that mainly PC lipid variants with 16:0-18:2
(50%) and 16:0-20:4 acyl-chains (20%) (Boyer, 1986; Pug-
lielli et al., 1994; Nibbering et al., 2001) were secreted.
These findings are supported by the fact that SM variants
found in bile are mainly the more hydrophilic, short-chain
ones [e.g. 16:0 acyl-chain lipids (Carey and Carey, 1998)]
and membranes with a high sphingomyelin proportion
make membranes highly detergent resistant (Guyot and
Stieger, 2011).

The puzzling enrichment of PC as the major lipid
component in bile can be explained with (i) the asymme-
try of the canalicular membrane and (ii) with the inser-
tion capabilities of bile salts, which can just integrate into
the outer leaflet of the canalicular membrane. It is impor-
tant to point out that for ABCB4 the substrate selection is
not characterized. Indications are present, in which the
choline head group seems to be the part of the lipid, which
is recognized (Smith et al., 1994; van Helvoort et al., 1996;
Kluth et al., 2015). However, a complete substrate specific-
ity of ABCB4 with insights on preferences for the nature of
the acyl chains has so far not been investigated. Therefore,
the ‘lipid exposure’ step which follows the lipid flop from
the inner to the outer leaflet of the canalicular membrane
may also be part of the ABCB4 translocation process.

However, enrichment of PC lipids in bile may also be
explained by the regulation of PC synthesis and/or the
discrimination between specific medium-chain lipids by
acceptors like bile salts. The fact that PC lipids are highly
abundant in the outer leaflet of hepatocytes due to the
ABCB4-mediated PC lipid flop may not be omitted. This
could be the reason why the hepatocytes utilize PC lipids
derived from the CDP-choline synthesis pathway as well
as the ATP-consuming translocation by ABCB4 to protect
itself from solubilization by bile salts. This is supported by

Chapter 1 — ABCB4 in health and disease

M. Prescher et al.: ABCB4 - connecting biochemistry and medicine = 1249

the fact that ABCB4 is suggested to be a low affinity trans-
porter (Ishigami et al., 2013), as ABCB4 also recognizes
PC-variants of the PEMP, i.e. longer acyl-chains and poly
unsaturated lipids, the integrity of the membrane remains
intact even in the presence of bile acids reflected by the
relatively high activity of the PEMP in hepatocytes.

‘Lipid exposure’ is generally a crucial step in lipid
translocation. However, it is often not included in mecha-
nistic considerations and little is known about the implica-
tions on ABCB4. ABCB4 might not have to expose lipids out
of the outer leaflet itself. Rather, the transporter creates a
high abundance of various PC lipid variants without the
discrimination by the choice of its substrates. Bile acids,
on the other hand, discriminate and extract due to a higher
affinity the abundant 16:0-18:1 PC-variants, which were
derived from the CDP-choline pathway. Therefore, ABCB4
protects the biliary tree from the harsh detergent activ-
ity of bile salts, while bile salts preferably solubilize PC-
variants with a characteristic nature. ABCB4 may do more
than merely flop PC lipids. If lipid extraction would only be
based on bile salt selectivity at least some phospholipids
should remain in the bile of patients with ABCB4 deficiency,
probably with a changed lipid composition away from the
PC majority. Supported by the observations that the bile
salt to phospholipid and cholesterol to phospholipid ratio
in PFIC-3 patients is five times higher (Davit-Spraul et al.,
2010). These findings together with experiments of Mdr2
knock-out mice, which show nearly no remaining phos-
pholipids in bile (Smit et al., 1993; Crawford et al., 1997),
point towards a crucial role of ABCB4 itself in the uptake of
PClipids into bile. On the contary, it could be observed that
bile acids largely release PC lipids from isolated canalicu-
lar vesicles, demonstrating the need for further investiga-
tions (Gerloff et al., 1998a).

It remains unclear which part contributes the most to
the enrichment and uptake of PC in bile. It might be (i)
de novo PC synthesis via CDP-choline or PEMP, (ii) the
accumulation or even lateral tension in the canalicular
leaflet mediated by ABCB4 translocation, (iii) the statis-
tical abundance of PC in the outer leaflet of the canali-
cular membrane by the active flop of PC by ABCB4, (iv)
ABCB#4 selection of certain PC lipids or (v) the bile acid
composition and its concentration.

What we can learn from structurally-related
proteins such as ABCB1

The amino acid sequence of the ABC transporter ABCB4 is
highly homologous to other transporters of the ABC sub-
family B especially ABCB1. Their substantial sequence
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identity covers not only the conserved NBDs, but also the
TMDs. ABCBI1, probably one of the most investigated ABC
transporter, allows extracting information regarding the
key features of ABCB4, as, for example, the three-dimen-
sional structure through homology modeling (Figure 1).
Even though ABCB4 and ABCB1 share up to 76% iden-
tity (86% homology), they transport structurally, physi-
cally and physiologically unrelated substrates. The
difference between these two transporters likely hides
in the molecular mechanisms of substrate recognition.
However, homology models of ABCB4 derived from the
known structures [inward-facing conformation, (Li et al.,
2014)] or Kim et al., [outward-facing conformation (Kim
and Chen, 2018)], obviously remain structural models
of ABCB4. This is, for example, emphasized by the fact
that for ABCB1 at least 40 residues are known to inter-
act with substrates (Loo and Clarke, 2001; Vahedi et al.,
2017), while key residues in ABCB4 involved in substrate
binding and translocation remain unknown.

ABCB4 in disease

Liver diseases related to ABCB4 deficiency -
PFIC3, ICP, LPAC, DILI

Liver diseases related to dysfunctional ABCB4 are very
diverse (Figure 2). They include progressive familial intra-
hepatic cholestasis type 3 (PFIC3), intrahepatic choles-
tasis of pregnancy (ICP), low phospholipid associated
cholelithiasis (LPAC), drug-induced liver injury (DILI) and
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some forms of chronic cholangiopathy with biliary fibrosis
(for further details see Table 1). They can be divided into
inherited (PFIC3, ICP, LPAC) and acquired (DILI) diseases
(recently reviewed by Reichert and Lammert, 2018). The
interested reader can obtain further information about
jaundice as a symptom of liver diseases in a recent review
from Chen and colleagues (Chen et al., 2018).

PFIC is caused by variations, for example, in hepa-
tocanalicular transporters disease-causing mutations
(DCM) in ATPS8BI1 result in PFIC-1, DCM in ABCB11 result
in PFIC-2 and DCM in ABCB4 result in PFIC-3 and is the
most severe form of all ‘ABCB4-related’ liver diseases.
ABCB4 deficiency can be sorted into ABCB4 variants
causing altered expression levels, folding, stability or
activity (Delaunay et al., 2017). All cases therefore reduce
or abolish net PC lipid translocation. Not only the muta-
tion itself, but also the status of zygosity can cause dif-
ferent severities of diseases like ICP, LPAC or even PFIC-3
(Figure 2). The accumulation of free bile salts not safely
stored in mixed micelles may lead to bile duct injuries,
which is known as the ‘toxic bile concept’ (Trauner et al.,
2007).

Mild forms of cholestasis are indicated by elevated
serum cholestasis marker such as alkaline phosphatase
(ALP), alanine transaminase (ALT) and aspartate
transaminase (AST). An indicator for liver diseases which
are related to ABCB4 deficiency, is an elevated y-GT serum
level (Gudbjartsson et al., 2015).

Intermediate forms of severity of liver diseases are
ICP and DILI. ICP typically occurs during the third trimes-
ter of pregnancy and is the most common primary liver
disease in pregnancy (Lammert et al., 2000; Williamson

From left to right Increasing severity of ABLB4 related diseases (from mild forms to severe rorms). y- |1, y-glutamyl transpeptidase; ALI,
alanine transaminase; AST, aspartate transaminase; DILI, drug induced liver injury; PFIC-3, progressive familial intrahepatic cholestasis type

3. Adopted from Reichert and Lammert (2018).
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Table 1: ABCB4-related liver diseases.

Disease Symptoms Physiopathology

PFIC-3 Jaundice, discolored stool, hepatomegaly, Absence of biliary phospholipids, injury of bile canaliculi and epithelium, high

splenomegaly, pruritus

serum y-GT activity

Increased biliary cholesterol to phospholipid ratio, lithogenicity of bile with
crystallization of cholesterol

Likely heterozygous state for an ABCB4 defect, associated with nongenetic
factors, such as female sex hormones and metabolites during pregnancy,

cholestasis derives from the toxicity of bile/reduced biliary phospholipids

LPAC Intrahepatic hyperechogenic foci, sludge or
microlithiasis

ICP3 Slightly elevated serum y-GT activity in contrast
to ‘classic ICP’ with no elevated serum y-GT

DILI Cholestasis with high serum y-GT activity

caused by oral contraceptive pill treatment

Xenobiotic inhibits one or a number of hepatic transporters

The table summarizes the symptoms and physiopathology for the four most common ABCB4-related liver diseases: progressive familial
intrahepatic cholestasis (PFIC-3), low phospholipid associated cholelithiasis (LPAC) intrahepatic cholestasis of pregnancy type 3 (ICP-3) and
drug induced liver injury (DILI), respectively (Davit-Spraul et al., 2010). y-GT, y-glutamyl transpeptidase.

and Geenes, 2014). Fetal as well as maternal symptoms
can occur. Typical symptoms for pregnant women are pru-
ritus and increased bile acid concentrations in the serum.
Fetuses may be at risk for fetal distress, preterm birth or
even fetal death, if the bile salt concentration in serum
exceeds 40 umol/l (Chappell et al., 2012; Bacq et al., 2017).
ICP is reversible and ends after pregnancy, nevertheless,
ICP patients may be at higher risk for subsequent hepato-
biliary diseases (Wikstrom Shemer et al., 2015).

DILI can result from a variety of drugs due to the inhi-
bition of hepatobiliary transporters, for example, ABCB4,
ABCB11 or ATP8B1 and is an acquired liver disease (Stieger
et al., 2000; Schuster et al., 2005; Smith and Schmid,
2006; Bleibel et al., 2007; Stieger, 2010; Bhamidimarri
and Schiff, 2013). Next to ABCBI1 little attention was paid
to ABCB4. Nevertheless, both are listed in the Food and
Drug Administration (FDA) list of candidate transporters
for drug-induced inhibition (http://bts.ucsf.edu/fdatrans-
portal). Inhibition of BSEP, for example, can trigger eleva-
tions in serum bile salt concentration because of increased
basolateral transporters mediating the efflux of bile acids
into the serum (Rodrigues et al., 2014; Aleo et al., 2017).

LPAC is already classified as a severe liver disease. It
occurs in young adults and can be diagnosed with findings
of cholesterol crystals in the hepatobiliary duct system.
The low concentration of PC in bile is attributed to ABCB4
deficiency (Poupon et al., 2013). LPAC has an overlapping
molecular background to PFIC-3, heterozygous ABCB4
variants tend to manifest in LPAC, whereas homozygous
or compound heterozygous variants are more likely to
confer PFIC-3 (Poupon et al., 2010).

PFIC occurs in most patients in the first year of life
(Droge et al., 2017). It rapidly progresses to liver cirrhosis
in childhood. The main symptoms are jaundice, pruritus,
gallstones, and in case of PFIC-3 elevated y-GT levels are

measurable together with reduced PC-levels in bile. It is
caused by both alleles and typically results in the need for
liver transplantation.

Possible treatment before liver
transplantation is necessary

Drugs applied to ABCB4 deficiency can be classified based
on their mode of action. Drugs may stimulate ABCB4
expression, its intracellular transport from the Golgi appa-
ratus to the canalicular membrane, the ATPase activity or
they may stimulate the translocation process in general
(Table 2).

Ursodeoxycholic acid (UDCA) has been the only
treatment in patients with ABCB4-related diseases and
provided benefit in patients with ICP or LPAC syndrome.
UDCA, a natural bile acid found in bears is used to recover
liver function with the aim of preventing liver cirrhosis.
The success of the therapy depends on the severity of
ABCB4 deficiency (Gordo-Gilart et al., 2015). Indeed, UDCA
treatment unfortunately fails in approximately 50% of the
patients with PFIC-3. Non-responders often lack ABCB4 in
the canalicular membrane due to truncated variants of the
protein and subsequent degradation (Jacquemin et al.,
2001). Patients with at least one third of functional ABCB4
are favorable to respond to UDCA treatment (Gordo-Gilart
et al., 2015).

The UDCA derivative NorUDCA is a shorter, C, version
of UDCA (C,,). It undergoes cholehepatic shunting and
resembles bile acids to lower the harsh detergent activ-
ity, making it a promising drug against primary sclerosing
cholangitis (Halilbasic et al., 2017).

Patients with known genotypes can be treated with
more specific drugs, for example, drugs that stimulate
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DE GRUYTER

Drug

Clinical trials®

Physiological function

Mode of action

Reference

UDCA

Rifampicin

Nor-UDCA

Obiticholic acid

Bezafibrate

Ivacaftor

Cyclosporin A
Cyclosporin C

In use

In use

Phase Il study completed
2016

Phase | study completed
2015

Phase Ill study completed
2012 (Bezafibrate + UDCA)
In use for CFTR Phase |
completed for moderate
hepatic impairment

No clinical study for
ABCB4 several studies after

Bile salt

Semisynthetic antibiotic

Half synthetic bile salt

FXR agonist

PPAR alpha agonist

Potentiator

Chemical chaperone

Reduction of the harshness of
bile, stimulates secretion of
bile salts

Upregulation of detoxification
enzymes and export pumps
Reduction of the harshness
of bile

Stimulating the ABCB4
expression

Down regulating the bile acid
synthesis

Recover weakened ATP
binding

Rescuing impaired ABCB4
trafficking

(Gordo-Gilart et al., 2015;
van der Woerd et al., 2017)

(van Dijk et al., 2015; van
der Woerd et al., 2017)

(Trauner et al., 2015;
Halilbasic et al., 2017)
(Hirschfield et al., 2015)

(Honda et al., 2013)

(Delaunay et al., 2017)

(Gautherot et al., 2012;
Delaunay et al., 2016;

liver transplantation
4-phenylbutricacid  No studies found
Curcumin No clinical study for ABCB4

Two studies for NAFLD

Chemical chaperone

Chemical chaperone

Andress et al., 2017)
Rescuing impaired ABCB4
trafficking
Rescuing impaired ABCB4
trafficking

The table briefly compiles the information about the different drugs: their current status in clinical phase (*taken from clinicaltrails.gov),

mode of action and physiological function.

the mRNA expression level in cases where the presence
of ABCB4 is marginal. ABCB4 is under transcriptional
regulation of the farnesoid X receptor (FXR), peroxisome
proliferator-activated receptor o (PPARc) and presum-
ably the liver receptor homolog 1 (LRH1) (Marrapodi and
Chiang, 2000; Hochrath et al., 2012). Transcriptional
receptors may be promising drug targets for patients
with low ABCB4 expression levels, with the idea of
finding agonists stimulating ABCB4 mRNA expression.
FXR induces ABCB4 mRNA expression due to binding
and therefore activation in the promotor region of ABCB4
(Huang et al., 2003). PPARx transactivates a range of
additional mechanisms including cholesterol homeosta-
sis, by down-regulation the bile acid synthesis through
cytochrome P450 (CYP) enzyme 7A1. Studies in clinical
phase I have shown that targeting the nuclear recep-
tors with the FXR agonist obeticholic acid (Hirschfield
et al., 2015) or with the peroxisome proliferator-activator
receptor-o. agonist bezafibrate (Honda et al., 2013) are
promising in the treatment of chronic liver diseases with
poor response to ursodeoxycholic acid.

ABCB4 variants with mutations in the NBD may be
targeted differently. First experimental evidence observed
for ivacaftor. Ivacaftor is a potentiator, which is therapeu-
tically approved in patients suffering from cystic fibro-
sis with defective gating mutations. In ABCB4 it should

recover deficiencies attributed to weakened ATP binding
(Delaunay et al., 2017).

Chemical chaperones such as cyclosporin A, C,
4-phenylbutyric acid or curcumin, which lack specificity,
but are able to rescue impaired ABCB4 trafficking in an
in vitro set up, provide proof of principle that protection of
misfolded proteins and/or prevention of degradation is a
feasible approach (Gautherot et al., 2012; Delaunay et al.,
2016; Andress et al., 2017). These examples lay the path
for highly specific and tailor-made pharmaceutics.

How molecular mutations can cause
dysfunction in MDR3

Databases for ABCB4 [e.g. Genome Aggregation Database
(gnomAD; dbSNP Short genetic variation NCBI, 11.2018)]
list approximately 250 synonymous, 550 missense and 30
loss of function variants. About 300 of these are distinct
disease-causing ABCB4 variants (Pauli-Magnus et al.,
2004; Gotthardt et al., 2008; Meier et al., 2008; Ziol et al.,
2008; Dixon et al., 2009; Davit-Spraul et al., 2010; Krawc-
zyk et al., 2010; Kubitz et al., 2011; Lammert and Hochrath,
2015; Dixon and Williamson, 2016; Keitel et al., 2016; Delau-
nay et al., 2017; Droge et al., 2017). However, most ABCB4
variants are family-derived and therefore very likely unique
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to this specific genetic background. Additionally, none of
these databases combine all the sequencing data and data-
bases are growing every day, making it challenging to track
precise statistics. The variants in ABCB4 are distributed
largely over the entire ABCB4 gene, making the identifica-
tion of the molecular basis of the disease ambitious. The
impact of synonymous variants is also challenging, as they
do not result in an altered amino acid sequence. However,
they may potentially modulate mRNA processing, affect
splicing or modulate protein folding as demonstrated for
ABCBI1 (Kimchi-Sarfaty et al., 2007). Disease causing muta-
tions of ABCB4 can be categorized in mutations which
lead to the total absence of ABCB4, protein trafficking or
altered function. Nonsense mutations can result in trun-
cated protein variants where stop codons occur within the
gene (de Vree et al., 1998; Wendum et al., 2012; Vij et al.,
2018). Other variations may not lead to the total absence of
ABCB4 but can cause mis-trafficking or intracellular accu-
mulation of ABCB4 (Andress et al., 2014; Gordo-Gilart et al.,
2015). For example, the ABCB4 G68H variant remained
in the endoplasmic reticulum (Gordo-Gilart et al., 2015).
Mutations which do not affect expression or trafficking
can affect the functionality of ABCB4. Some of these muta-
tions which can be pinpointed to a conserved motifs of ABC
transporters (see Introduction) often result in an inactive
ABCB4 variant, as these motifs are necessary to bind and
hydrolyze ATP (Dzagania et al., 2012; Kluth et al., 2015;
Droge et al., 2017). One example would be a substitution
in the Walker A motif (K435T) (Andress et al., 2017). Muta-
tions located in the TMDs are more difficult to interpret. For
example, the ABCB4 T7151 (TMH7) variant had still 80% of
its activity (Park et al., 2016), while ABCB4 T201M (TMH3)
showed ~30% activity compared to the wild type (Gordo-
Gilart et al., 2015). With an unknown lipid translocation
mechanism, the underlying significance of certain ABCB4
variants especially in the case of mutations of non-con-
served areas in the protein are more challenging to interpret
therefore it becomes inevitable to characterize these ABCB4
variants in adequate in vivo or in vitro methods.

Challenges in characterization of
ABCB4 and its variants

ABCB4 variants with changes in their functionality,
expression or trafficking have different molecular origins.
Nevertheless, the characterization demands various in
silico, in vivo and in vitro methods. We want to highlight
crucial challenges which cannot be easily addressed by a
single method.
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A crucial pitfall in ABCB4 research is the interpreta-
tion of data collected from different species. Data derived
from animal models, cell culture models or from humans
need to be combined, for example, the bile salt pool com-
position differs between the species with consequences
for the pathogenesis (Kararli, 1995; Takahashi et al., 2016).
This raises a fundamental question of the different phe-
notypes occurring after homozygous knockout of Abcb4
in mice and hereditary dysfunction of ABCB4 in humans
(Jacquemin et al., 2001). However, ABCB4 similarities of
different species allowed more than a basic understand-
ing (van Helvoort et al., 1996).

Due to in silico databases with a focus on conserved
amino acid sequences between different species, the
importance of ABCB4 variants can be assessed (Droge
et al., 2017). Tools from the Berkeley Drosophila Genome
Project (Reese et al., 1997) and NetGene2 Server (http://
www.cbs.dtu.dk/services/NetGene2/) help to predict
altered splicing-sites. However, limits of this in silico anal-
ysis are obvious for especially non-conserved mutations
localized in the TMD.

In vitro studies allow the characterization of ABCB4
variants of all three categories (see the previous section).
Absence and mistrafficking can be studied by either
immunostaining or expression of GFP fusion proteins
(Delaunay et al., 2009; Ellinger et al., 2013; Andress et al.,
2014; Gordo-Gilart et al., 2015). Naturally polarized cell
lines like MDCK-II or HepG2 should be considered for
studying ABCB4 and other biliary transporters. However,
PC efflux or secretion assays are not suitable for all of
these cell lines. An alternative to investigate the effect of
drugs on ABCB4 and ABCB11 would be the use of Tran-
swell plates to generate a basal and apical membrane
(Mahdi et al., 2016).

Studying PC efflux or secretion bring other challenges.
It is undisputed that ABCB4 translocates lipids of the PC
family, however, the molecular basis of this transloca-
tion is unknown. To address this problem many transport
assays use stable transfectants of common cell culture
models to measure ABCB4 translocation (Roulier et al.,
1990; van Helvoort et al., 1996; Hojjati and Jiang, 2006;
Gautherot et al., 2014). However, it appears to be challeng-
ing to monitor a translocation event of certain PC lipids in
a membrane full of other lipids. Labels in the form of fluo-
rescence or radioactivity are therefore required. However,
labels should not interfere with the substrate recogni-
tion machinery (e.g. currently unknown binding site) of
ABCB4. Therefore, the use of NBD-labeled PC lipids is con-
troversially discussed, as ABCBI1 is also able to flop NBD-
labeled PC (van Helvoort et al., 1996), but an in vivo proof
for this function is still missing. Nevertheless, the fact that,
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ABCB4 translocation of NBD-PC lipids can be stimulated
by adding taurocholate (TC) in the extra cellular media
(Ruetz and Gros, 1995) or that NBD-PC lipids can be found
in the pseudocanaliculi of HepG2 cells only if transfected
with ABCB4 (Shoda et al., 2004), suggest using these lipids
may be valid. This problem can be circumvented by radio-
active assays. A more indirect method is the extraction of
total lipids, where PC can be distinguished between others
via cleavage by the phospholipase D (Gautherot et al.,
2014; Delaunay et al., 2016; Khabou et al., 2017).

Mostly unaddressed is the fact that the flop of PC
lipids from the inner to the outer leaflet of a membrane
(either native or synthetic) should be distinguished from
the extraction process performed by an acceptor. Many
transport assays measure the PC concentration in the
medium and directly assign this concentration to ABCB4
translocation without considering the discrimination of
acceptors for certain lipids or address the velocity of this
process (see section ‘Phosphatidyl choline — from biosyn-
thesis to protection’). In vitro acceptors may be albumin,
together with certain bile acids like TC or liposomes and
all of them may act differently (Ruetz and Gros, 1994, 1995;
van Helvoort et al., 1996). For example, without the accep-
tor TC no PC translocation by active ABCB4 can be meas-
ured (Morita et al., 2007).

One way to overcome this issue is the measurement of
the ATPase activity as an indirect evidence for transport,
which in general is used for ABC transporters. However, the
measurement of ATPase activity in native membranes is
challenging due to background activity of other ATP hydro-
lyzing proteins. Without knowledge of specific inhibitors,
the effect of the mutation in ABCB4 can only refer to the
difference of their stimulation (Park et al., 2016). A deter-
gent solubilized and purified ABCB4 offers a solution. The
detergent solubilized and purified ABCB4 permits direct
measurements of kinetic parameters (Ellinger et al., 2013;
Kluth et al., 2015). It is feasible to conclude that ATPase
stimulation by a certain substrate is linked to its transport,
because most substrates do indeed stimulate its ATPase
activity as it was shown for ABCB1 (Chufan et al., 2013).

In conclusion an assay is required with a substrate
which is easily identified but does not alter the recogni-
tion or binding features of ABCB4.

The future of ABCB4 research

Here, we have tried to summarize the current knowl-
edge of the ABCB4 structure, function and its part in
bile formation, but also its contribution to different liver
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diseases. We also described methods that are mainly
used to analyze ABCB4 variants. So far, the mecha-
nism of lipid translocation and uptake into bile cana-
liculi remains unclear or is controversially discussed.
Structural information on ABCB4 as well as functional
studies on a molecular level are required to understand
ABCB4 mechanistically. A molecular mechanism would
provide more accuracy for in silico tools to predict the
effect of mutations in ABCB4. However, many more
studies are required to understand the function of ABCB4
on a molecular level.
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the membrane into bile, it is unknown whether only
PC lipid extraction is improved or whether bile acids
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ity due to its hydrophobic nature. Additionally, we
observed a nearly linear correlation between the
critical micelle concentration and maximal stimula-
tion by each bile acid, and that this modulation was
maintained in the presence of PC lipids. Bl This study
revealed a large effect of 24-nor-ursodeoxycholic
acid, suggesting a distinct mode of regulation of
ATPase activity compared with other bile acids. In
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membrane of hepatocytes, consists mainly of mixed
micelles formed by predominately phosphatidylcho-
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seconaary plie acldas. Frimary plle aclds are derived
from cholesterol and are synthesized in hepatocytes
by a two-step pathway resulting in either the trihy-
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however, taurine is the main conjugate. These con-
jugated primary bile acids are then secreted via
ABCBII into bile, stored in mixed micelles, until bile
is secreted into the intestine. There, bile acids are
required to solubilize hydrophobic compounds, e.g.,
vitamins or fatty acids. However, the bile acids
themselves remain not unmodified in the intestine.
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reabsorption (active or passive) results in uptake of

nearly 95% of the bile acids from the ileal segment
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Cholic acid Chenodeoxycholic acid

Deoxycholic acid Lithocholic acid

Ursodeoxycholic acid Nor-Ursodeoxycholic acid

Fig. 1. Chemical structure of relevant bile acids. Bile acids are unconjugated (R equals a hydroxyl group) after synthesis, but get
conjugated with either glycine or taurine (R equals glycine or taurine) prior to transport. The primary bile acids cholic (A) and
chenodeoxycholic (B) acid are synthesized by two different pathways resulting in either a hydroxylation at position 12 for cholic acid
or no hydroxylation at position 12 for chenodeoxycholic acid. Secondary bile acids are derived from the primary ones by dehy-
droxylation at position 7 by bacteria in the ilium. While deoxycholic acid (C) derives from cholic acid (A) lithocholic acid (D) is the
result of dehydroxylation of chenodexycholic acid (B). Ursodeoxycholic acid (E) can be found in small amounts in human, but is one
of the major bile acids in Chinese black bear (Ursus thibetanus). Nor-Ursodeoxycholic acid (F) in comparison to UDCA lacks a methylene
group in its side chain (highlighted in violet). Therefore, it is not conjugated like the other bile acids.

CDCA. The only but important difference is the  24-nor-ursodeoxycholic acid (Nor-UDCA). In com-
stereochemistry of the hvdroxv group at position 7. parison to UDCA. it lacks a methvlene unit of its

9 ] Lipid Res. (2021) 62 100087 SASBMB
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ABCB4 belongs to the superfamily of ATP binding
cassette (ABC) transporters. The membrane proteins

B and consists of two transmembrane domains (TMDé)
and two nucleotide binding domains (NBDs) encoded

and similarity (86%) of ABCB4 to the Po-glycopro/te\in (P:
gp, ABCBI), also termed multidrug resistance protein 1

specifically translocates lipids of the PC family from
the inner to the outer leaflet of the canalicular mem-
brane of hepatocytes and therefore is part of the bile
triumvirate. This bile triumvirate is composed of
ABCB¢4, the bile acid export pump ABCBI1I (or BSEP),
and the cholesterol heterodimeric transporter ABCG5/
G8. Since the substrates of this bile triumvirate are the
major compounds of primary bile and form mixed
micelles, one might speculate that these three ABC
exporters act in concert to ensure proper formation of

B S T

strated an explicit higher PC lipid content in mouse bile
in the presence of TCA compared with the situation in

SASBMB
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model cell line (LLC-PK;) expressing all three ABC
transporters involved in bile formation, higher NBD-

In this study, we aimed to address this question by
measuring the ATPase activity of ABCB4 under

4 o / 1 1
efficient PC transport. Therefore, we used the previ-
ously established heterologous expression system in

of the canalicular membrane and substrate of ABCGb5/
G8. To evaluate our results quantitatively, we also
determined the critical micelle concentration (cmc) of
the bile acids used in our study under the conditions of
our assay. Additionally, the observed modulation of
ATPase activity of ABCB4 by bile acids and cholesterol
was put in the context of a possible competition be-
tween bile acids and PC lipids. Here, we demonstrate
that bile acids below their cmc actually modulate the
ATPase activity of ABCB4 in a concentration-

Fos-choline 16 (FC-16) was obtained from Anatrace and
DOPC from Avanti Polar Lipids. All bile acids were purchased

Crosstalk of bile acids and ABCB4 3

-75 -



280 nm using a NanoDrop™ 1000 Spectrometer (Thermo
Fisher Scientific). The monoclonal anti-P-gp C219 antibody

BODIPY® FL maleimide labeling of purified
ABCB4

22°C tor 20 min. The reaction was quenched atter 20 min by
addition of a 20-fold molar excess of dithiothreitol (DTT) at
22°C for 10 min. Qualitative labeling efficiency was analyzed

Lipid, cholesterol, and bile acid preparation

DOPC was dissolved in chloroform, the solvent was evap-
orated and the dried linid camnle wac redissnlved in ATP

nearly all solvents, a molar mixture of cholesterol and DOPC
was used. This mixture was obtained by adding the required
molar ratio of cholesterol to always the same amount of dried
DOPC. Afterward, the mixture was treated identical to DOPC
only as described above resulting in a final concentration (f.c.)
of 300 pM DOPC with 0-1,000 pM cholesterol in the ATPase
assay.

T}}Ile sodium salts of conjugated and unconjugated bile acids
were dissolved in double-distilled water (ddHsO) or 100%
DMSO at a concentration of 100 mM. While glyco-/tauro-/
cholic acid (G/T/CA), glyco-/tauro-/chenodeoxycholic acid

s s

acid (TLCA) were dissolved in DMSO. Glyco- and unconju-
gated lithocholic acid could not be dissolved in DMSO in the
appropriate concentrations and therefore excluded. DMSO
concentrations, if necessary, were set equal within one setup
and did not exceed 1% for G/T/Nor-/UDCA or 5% for
TLCA. Modulation of the ATP hydrolysis by bile acid was
determined in a concentration-dependent manner from 0 to
1,000 pM bile acids.

4 J Lipid Res. (2021) 62 100087
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ATP hydrolysis activity measurement of purified
ABCB4

CULILCLILL AL1ULD ldglllg 11Ul VvV W Jvuvu HlVl Wwdd udCU. oude-
quently, inorganic phosphate was stained by adding 50 pl of
dye (0.096% (w/v) malachite green, 148% (w/v) ammonium

Basal ATPase activity of ABCB4 was set to 0% and the ef-
fect of supplements was calculated as % stimulation or % in-
hihition of the hasal activitv. resnectivelv. For determination

h
v= Umax * [S] ; (1)
ECl + [S]"
Ymin + Ymax — Ymin
= 2t Do o) @

1 + 10((legiCo=x)xsiope)

Here, yimax is the smallest, and yy, is the highest amount of
inhibition, respectively, and x represents the concentration of
the inhibitor. The ICs, value is defined as the concentration
necessary to obtain 50% inhibition.

In case of both substrate stimulations, followed by substrate
inhibition after maximal stimulation was reached, the mod-
ulation (%) was plotted against the substrate concertation and

Aata wac analvzad icina hv tuwrn Fiter Riret nart (etimulatinn) wrac

pomt or tne plateau:

y= Ymin + ()’mﬁn - ymmc) (3)

(+r)

Here, ymax is the highest value of the plateau after stimu-
lation is reached, while y;, is the smallest value of y after

SASBMB
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matical analysis was performed using Prism (version 8§,
GraphPad). All experiments were performed as at least trip-
licates, if not otherwise stated.

Determination of the critical micelle concentration

preparation”) at a concentration of 100 mM. Different
amounts of the stock solution were added into each well
containing already the reaction buffer and Hoechst 33342. In
case of hydrophobic bile acids, which were dissolved in
DMSO, DMSO concentration was adapted to 1% in all wells.

Fmiccinn enartra wara racrnrdad with filtare cat tn ) — 2RR +

(c[BA]) is represented by F, while F,,,y is the maximal fluo-
rescence, K5 is the midpoint of the function, and cmc is the
critical micelle concentration of the bile acid.

RESULTS

Expression and purification of ABCB4 wild type by
tandem affinity purification

Previously, the expression of chromosomally inte-
grated wild-type ABCB4 in P. pastoris was described

cysteine of the Walker A motif in ABCBI (P-gp) with
maleimide derivates resulted in inhibition of ATP

SASBMB
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such a cysteine in the Walker A motif, BODIPY® FL
maleimide (further referred as Bodipy) was used to
inhibit specifically ABCB4. Hence, kinetic parameters
of ATP hydrolysis of ABCB4 wild type, the EQ-double
mutant, and Bodipy-labeled wild-type protein in the

St s s o s e
Bodipy in the absence and presence of DOPC, which
was identical within experimental error (2068 =+
82 nmol min~' mg™ without DOPC and 2128 =+

19.7 nmol min~" mg~'with DOPC). This indicates that
the nan-ARCRA-mediatad ATPace activity ic nat infli-

e T S

ing the activity of Bodipy-labeled ABCB4 from the
activity of the nonlabeled membrane protein. Thus,
ABCB4 possessed a basal activity of 1321 =+
18.0 nmol min~" mg ™" and was stimulated twofold in the
presence of DOPC (2758 + 24.8 nmol min™" mg™).
Additionally, only ABCB4 was stimulated by DOPC
since the activity of the Bodipy-labeled protein
remained the same in the presence or absence of
DOPC.

variations of detergent-solubilized and purified
ABCB4, we decided to present all data as normalized

Crosstalk of bile acids and ABCB4 5
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Fig. 2. ABCB4 purification, labeling, and ATPase activity. Human wild-type ABCB4 purified from P. pastoris. ABCB4 contains C-
terminally a calmodulin binding peptide and two 6xHis-tag. It was purified by tandem affinity chromatography (first an IMAC,
second a calmodulin affinity chromatography (CAC)). In total, 10 pl of the elution fractions of the IMAC and CAC was mixed with
40 pl SDS-buffer and injected on the gels for analysis by colloidal Coomassie brilliant blue staining (A) and immuno-
chemiluminescence using the monoclonal anti P-gp C219 antibody (B). C: Purified ABCB4 was exceeded with 10-fold molar
excess of BODIPY® FL maleimide (Bodipy). In total, 10 pl of an unlabeled control and the labeled ABCB4 were mixed with 40 pl of
SDS-buffer and run on an 7% SDS-gel. Bodipy emission was detected under UV excitation. D: ATP hydrolysis activity using 5 pg of
protein from the CAC elution fraction (blue) and with additional 300 uyM DOPC (cyan). Red bars show the ATP hydrolysis of 5 pg of
Bodipy®-labeled ABCB4 with and without the addition of DOPC. Data represent the mean and SD of three biological independent
experiments.

dividual bile acids. Except for TLCA, all conjugated bile  tration lower than 50 uM, these bile acids did not
acids stimulated the ATPase activity of ABCB4  modulate ATP hydrolysis within experimental error. In

6  J Lipid Res. (2021) 62 100087 SASBMB
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0 200 400 600 800 1000 0 200 400 600 800 1000
bile acid concentration [uM] bile acid concentration [uM]

Fig. 3. Modulation of the specific ABCB4 ATP hydrolyzing activity by the different conjugated bile acids. Modulation presented as
% stimulation/% reduction based on the basal activity at 0 pM bile acid, which was set to 0%. Modulation of the ATPase activity of
ABCB4 was measured in concentration-dependent manner from 0 to 1,000 uM of the glycine (orange) and taurine (blue) versions of
cholic acid. Please note the different scaling of the yaxis in the different panels. A: Chenodeoxycholic acid (B), deoxycholic acid (C),
and ursodeoxycholic acid (D). For lithocholic acid (E), only the taurine-conjugated version was soluble in 5% DMSO, while glyco-
lithocholic acid precipitated at higher concentrations (>100 pM). Since the curve of TLCA presents an ICgy fit, the bile acid con-
centration (x-axis) is presented as their corresponding decadic logarithmic values. Additionally, the bile-acid-derived detergents
CHAPS (dark violet) and CHAPSO (bright violet) were analyzed at the same concentration as bile acids (F). A-D: Data point represent

tory ettect at approximately 400 pM. Stumulation highest stimulation that was observed. lhe corre-
reached 733 + 24% for GCA and 539 + 24% for TCA,  sponding glycine-conjugated bile acid, GCDCA,

§ASBMB Crosstalk of bile acids and ABCB4 7
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oA £J0.0 T 4.0 419 T LY DY T 1L
TDCA 216.5 + 3.9 1018 + 42 27+03
GUDCA 185.3 + 129 3932 £23.3 45+ 10
TUDCA 154.4 + 108 2665 + 242 45+ 14
CHAPS 1426 + 115 1509 + 208 37 +21
CHAPSO 1454 + 153 1249 + 233 43 +25
Bile acid mixture 566.0 + 17.6 4304 + 112 45+ 04
Max. Inhibition (%) 1Cs0 (pM) Slope
TLCA —-544 + 58 1131 + 1.4 27+ 21

effect at concentration lower than 50 uM, followed by

an increase until the maximal stimulation was reached
at annravimatelv 180 oM for (GOCDCA and annravi-

only the maximal stimulation was affected due to dif-
ferences in the structure and/or physiochemical

nranartiac nf thaca hila aride Tha carandarv hila aridec

stimulation for G/TUDCA (ECsy values ot 393 =+
23 pM and 267 + 24 pM, respectively) was reached at

sionificantlv hicher concentrations comnared with the

moiety at position 7, which is beta in these cases.
Nevertheless, all these bile acids showed the same
modulation pattern. No modulation at lower concen-
trations followed by an increase, which finally resulted
in a plateau value.

8 J Lipid Res. (2021) 62 100087
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100 pM ABCB4 ATPase activity was reduced by 36%.
Maximal inhibition of approximately -55% was
reached at 400 pM TLCA, which is in the range in
which other bile acids had already reached vyax. The
half inhibitory concentration (ICsp) was 113 + 1.4 uM
and therefore in comparable range to the ECs values
of bile acids, which stimulated ABCB4 (except for G/
TUDCA).

To investigate the importance of conjugation, the two
hile-acid-haced deteroents 3-[(3-cholamidonronvhdime-

propanesulfonate (CHAPSO) were tested. Both may be

synthesized from CA and have a more bulky and

romnlay  caninmeatinn than (L/TCA (CHAPQ and

pounds stimulated ATPase activity of ABCB4 in an

identical pattern. Below a concentration of 100 pM, no
clicclht snhihieiAn

ctirmmrilatinn wrme Ahoarvad Twotand

provide insights in the importance of conjugation for
the modulation of ATPase activity of ABCB4.

The hichect ctimulatinn far the nneanimeated ver-

versions at concentrations lower 100 pM, CA did not
modulate ATPase activity within experimental errors.
The half-maximal stimulation (ECsp) was reached at a
bile acid concentration of 3905 = 227 uM. The
maximal stimulation was reached at approximately

SASBMB
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sumulation 1n percentage based on the basal aCUVILY at U [Vl Dlie acid, Wnich was set 10 Uvo. Modulation of tne A lrase acuvity or
ABCB4 was measured in concentration-dependent manner from 0 to 1,000 pM the bile acid cholic acid (CA). Please note the
different scaling of the y axis in the different panels. A: Chenodeoxycholic acid (CDCA) (B), deoxycholic acid (DCA) (C), and
ursodeoxycholic acid (UDCA) as well as the side chain shortened variant Nor-UDCA (D). Lithocholic was excluded since it was not
soluble under the assay conditions at higher concentrations. For DCA kind of “substrate” inhibition after maximal stimulation was
measured. For a better overview in panel D, Nor-UDCA was highlighted in green. Data point represents the average of three in-

B R —————

compared with CA (390.5 + 227 pM). For the secondary
bile acid DCA, a different modulation pattern was

ChUia tiata CUSAA L ALy S s ssaeiasaiieias Ua ORI o
a concentration of 300 pM. Therefore, the EC:;() value of
DCA (750 + 7.3 pM) is significantly lower compared
with the others. Unlike all previous bile acids, DCA has
no plateau after reaching maximal stimulation. Starting
at concentration of 400 pM, the ATPase activity is
reduced to 0% within the errors if 1,000 pM of DCA is
present. This might indicate “substrate” inhibition and
is only observed for this bile acid. Next, the two medi-
cally relevant bile acids UDCA and Nor-UDCA were

SASBMB

R Cinaa < -

Nor-UDCA exceeds the Vmax Of UDCA. More precisely,
the maximal stimulation of Nor-UDCA with a value of

[

TABLE 2. Kinetic parameters of ATPase activity of ABCB4 in the
presence of unconjugated bile acid and cholesterol

Bile Acid Max. Stimulation (%) ECs0 (uM) Slope

CA 3105 + 164 3905 + 22.7 28 +£0.3
CDCA 1371 + 168 3084 + 56.8 18 + 04
DCA 2136 + 13.3 750 73 26 + 06
UDCA 110.3 +10.7 4703 + 345 46 + 13
Nor-UDCA 195.0 + 10.8 4758 + 185 63 + 1.3
Cholesterol 1035 + 59 0.7 + 0.05 78 £ 22

Crosstalk of bile acids and ABCB4 9
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sition 12. Importantly, CA showed the highest maximal
stimulation regardless of conjugation or not. In
contract TOA and ite derivatec lack hath nf thece hv-

UULWLLLL LIC LULLWLOPULILLLE WL AU LML uLLivatesd.

Additionally, the kinetics of G/TUDCA bile acids with
a hydroxy group at position 7 in the p-conformation

Cbl)Clelly Lc uyul UI&)’ 51 UUPD at lJUDlLlUll { anu 1z.
To analyze and compare all bile acids, we determined
the cmc of each bile acid under the conditions of our

Conjuéa?ed versions of CDCA and DCA exhibit a cmc
in the range from 17 mM to 26 mM. The cmc of

Chapter 2 — Bile acids modulate ABCB4

mape e
cme. Glycine-conjugated bile acids are shown in orange,

taurine-conjugated bile acids are colored blue, and the uncon-
moated verdinne are in hlack Tinear rearecwinn revealed a cdane

e U assavasva v asaas avass saauaseasiavaa Vs s aassaas s sesses

unconjugated CDCA and DCA is lower than the cor-
responding conjugated versions but nearly identical

SaU oAt ) vae waaan sas se sxees s vy

has the highest cmc (16 mM), second is TUDCA
(1.5 mM), and hence, UDCA (1.3 mM) has the lowest of

B R

significantly below 1 mM. The determined cmc values
of the bile acids demonstrate that monomeric bile acids

TABLE 3. Critical micelle concentration of bile acids under assay conditions

10 J Lipid Res. (2021) 62 100087
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modulate the ATPase activity of ABCB4 as maximal
stimulation was observed below a concentration of
1 mM bile acids, except for TLCA. Hence, the stimula-
tory effects are based on an interaction of ABCB4 with
monomeric bile acids, not with the micelles. Addition-
ally, the different maximal stimulations are reached
due to the properties of bile acids and not because the

only bile acid that reduced the A'lPase activity of
ABCB4 and exhibits the lowest cmc value (0.14 mM).

Hence formation of micelles alreadv starts at 140 uM

formation. In summary, we determined cmc values
under the same conditions as in the ATPase activity
assay for each bile acid in this study. Further and more
important, a linear correlation between maximal stim-
ulation and cmc values was observed.

ABCB4 accepts more than one bile acid

ABCB4 is clearly modulated by monomeric, uncon-
jugated and conjugated bile acids. However, the ques-

Chapter 2 — Bile acids modulate ABCB4

200 pM steps starting at 1,000 uM, while TLCA con-
centration was increased in the inverse manner. Hence,
the final bile acid concentration was always kept con-
stant at 1,000 pM. Additionally, two conditions were
tested. First, a setup with 967 pM of G/TCA and 33 yM
of TLC was analyzed, this equals to a 30: ratio and
matches approximately the in vivo human CA:LCA

(GCA + TLCA and TCA + TLCA, respectively), pure
TLCA showed an inhibition of approximately 50%,

which ic in line with the nrevionclv ahcerved reduction

ABCB4. However, at 800 pM G/TCA and 200 pM
TLCA, the stimulatory effect already decreased to
approximately half. Furthermore, at a ratio of 32
(600 pM G/TCA and 400 uM TLCA) values were at the
level of basal ATPase activity of ABCB4. The same
holds true for the inverse ratio (400 pM G/TCA and
600 pM TLCA) as well as the 50:50 mixture. Increasing
the amount of TLCA resulted in a decrease of the
ATPase activity.

One has to consider that TLCA is present in micelles,

Fig.6. Modulation of the ATP hydrolysis of ABCB4 by different ratios of mixtures of GCA and TLCA (orange) or TCA and TLCA
(blue). Starting at 1,000 pM the concertation of the primary bile acid was decreased in steps of 200 uM and the concentration of TLCA
was increased in parallel. Additional mixtures of 967 pM G/TCA and 33 pM of TLCA and 500 uM of both bile acids were tested. All
reactions contained a total concentration of 1,000 uM of bile acids and 5% DMSO. In (A) the modulation of the different mixtures is
presented as stimulation or inhibition in relation to ABCB4 basal activity, which was set to 0%. In (B) the relative modulation is
displayed, in which the maximal stimulation was set to 100% and maximal inhibition was set to -100%, respectively. The graph
demonstrates the linear correlation between the two bile acids. A and B: Bars and error bars represent the mean and SD of three
independent experiments. B: Data were analyzed by a linear fit.
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NOL AISUNGUISN DETWeenN DIIE ACIAs. 1N Case OI NIZNeEr G/
TCA concentrations, the ATPase activity of ABCB4 was
stimulated, while higher TLCA concentrations

UIIUICHLCL UL 1D avuliuallic 111 CVCI)’ 11lallililialiall 111Cuir~
brane and the substrate of a transporter of the bile
triumvirate, ABCGb5/G8. Therefore, one may assume a

not compatible with our assay. Hence, cholesterol was
mixed with DOPC in different ratios. In the ATPase
assay, always a final concentration of 300 uM DOPC was
present, mixed with cholesterol ranging from 0 to
1,000 pM resulting in molar ratios of 0-3.3 (cholesterol
to DOPC). The DOPC concentration of 300 pM was
chosen to ensure maximal stimulation by the PC lipid

150 T

modulation |

| |

00 05 10 15 20 25 30
molar ratio (Cholesterol/DOPC)

Fig. 7. Modulation of the ATPase activity of ABCB4 by
increasing portions of cholesterol in the background of DOPC.
Cholesterol was mixed with DOPC (300 pM) at different ratios.
Cholesterol concentration ranging from 0 to 1,000 uM resulted
in molar ratios of 0-3.3 (cholesterol to DOPC). The ATPase
activity at a molar ratio of 0 (only 300 pM DOPC) was set to 100%
(maximal stimulation by PC lipids). Data point represents the
average of three independent experiments with the errors re-
naorted as SN Nata were analvzed accordine ta an allasteric

12 J Lipid Res. (2021) 62 100087

Chapter 2 — Bile acids modulate ABCB4

40aIuon 10 e Mmaximal Sumuiatuon Dy tne naturat
substrate. Actually, a similar behavior as for bile acid
modulation was observed. Cholesterol at molar ratios

error in the measurements, we consider this value as no
stimulation. Nevertheless, for ratios higher than 0.5

This effect is limited to ratios of 1-2 (cholesterol to
DOPC). A further increase of the cholesterol content
resulted in a gradual decrease of activity reaching 100%
within experimental error, which equals the DOPC
stimulation. Nevertheless, we could demonstrate that
cholesterol in the environment of an actual substrate
can increase the already stimulated ATPase activity of
ABCBA4.

ABCB4 is modulated in the presence of DOPC

this does not suggest that bile acids are a new family of
substrates. To address this question, we analyzed the
modulation of ATPase activity of ABCB4 in the pres-
ence of DOPC, bile acids, and cholesterol. First, DOPC
and bile acids were used at concentrations at which
both substances showed maximal modulation, but
below the cmc of the bile acid (except for TLCA). Data

O/ TTTTTNTTTTTO T/ TTTTTT TTTTTTITTTTNTITTT/ TSy TOoT T

as well as the unconjugated versions (red) of all bile
acids were analyzed. Further CHAPS/O (dark/bright
violet) and Nor-UDCA (brown) were tested.

GCA, TCA and unconjugated CA increased the
DOPC stimulated ATPase activity of ABCB4. GCA
increased ATP hydrolysis to 1712 + 6.9%, while
maximal stimulation was observed with 160.8 + 26.1%
for TCA and at 116.8 + 8.9% for CA. In contrast, the two
structurally related detergents CHAPS and CHAPSO
decreased DOPC stimulation of ABCB4 to 52.6 + 6.5%
and 48.7 + 3.0%, respectively. For the other primary bile
acid, CDCA, a slight decrease to 89.7 + 14% was

SASBMB
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Fig. 8. Modulation of ATP hydrolysis of ABCB4 by the different bile acids in the presence of the naturally substrate DOPC. In
total, 300 pM DOPC (cyan) stimulated the ATPase activity of ABCB4 and was set to 100%. 1,000 M of each bile acid was mixed with

200 AN NNDO and ARMA ONlorinacaniicatad variante ara calavad fn Avanaca fanrina_caninantad ava wictnvad in hlhiia A A v

LDLULILLTIUUUDS ULULLIIALC Wdadd CIHIOdCIL 1UL 4 DCLCL UVCLVICW UL Ddld DCIUW ZLUU /0. DALDd 4allu Cl1UL pard IC}J[CDCIIL LLIC 111€dall allu O UL

three independent experiments.

for G/TCDCA, respectively. Also, for the glycine-
conjugated version of the secondary bile acid GDCA,
an increase in ATPase activity for DOPC-stimulated
ABCB4 was observed at 1559 + 89%. In the case of

(CNCA the tanrineaccaninoatad vercinn TN A lawerad

ADuUvVC UuUIC vadal a11 adc aLLl\/ll.}/ Ul ADUDT. vl U/
TUDCA and unconjugated UDCA, no further modu-
lation could be measured within the errors. Relative

ABCB4 in the presence of 300 pM DOPC to maximum
of 3731 + 30.0%. This is the highest ATPase activity

SASBMB

and cholesterol in DOPC environment on the ATPase
activity of ABCB4 were analyzed. Thus, we tried to
combine these conditions. Therefore, a bile acid

mixture (BAM) of GCDCA, TCDCA, GCA, TCA, GDCA,
and TNCOA (9110:94TAT2N ac dacrrihad in litaratira wac

LIC DAV WILLL lllglleL Stiiliuiauurn \l,UUU HLVL} uUll ULt
was used to investigate the effect of the BAM on
ABCB4 in the presence of DOPC and cholesterol mixed

proaches. For comparison basal ABCB4 ATPase activi.ty
was set to 0% similar to the klnetlcs of individual bile

v A v A 1 . A wnn P Rarad
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0 200 400 600 800 1000
bile acid mixture [uM]

DOPC

+ BAM

Chol:DOPC
(1.5:1)

+ BAM

+ Nor-UDCA

Fig.9. Stimulation of ABCB4 ATPase activity by a bile acid mixture (A) and stimulation of ABCB4 ATPase activity in the presence of

present in the BAM, vy.x is not reached until not reflect the maximal stimulation of ATPase activity
600-700 pM. Furthermore, the ECs, value of BAM is of ABCB4 that was observed in this study. Adding

14 Lipid Res. (2021) 62 100087 SASBMB
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airecuy ImMeasuring supstrate ransiocaton, 1t 15 Now
generally accepted that substrates increase the protein's
ATPase activity, since the NBDs change conformation

values tor each bile acid. But the cmc ot bile acids, like

any other detergent, is also depended on the chemical
and nhvsical nranerties of the solution Therefare we

bile acids with three hydroxy moieties G/T/CA exhibi-
ted the highest cmc (2.3-4.1 mM) and for G/TCA cmc

valiiee were in annd acreement with nithliched valiiec

CDCA, and DCA. To be more precise, the glycine-
conjugated version of these bile acids exhibited always
the highest cmc. All conjugated versions possessed
higher cmc values than their unconjugated analogues.
From a chemical point of view, this makes sense, since
conjugations increase the hydrophilicity of the bile acids
and as a result their cmc values. In nature conjugation of

) T

istry, no conclusion can be drawn. While for GCDCA and
GDCA, there is a difference in the cmc values between
hydroxylation at position 7 (GCDCA, 2.6 mM) and posi-
tion 12 (GDCA, 2.0 mM), for TCDCA (1.7 mM), TDCA
(L7 mM), CDCA (1.5 mM), and DCA (1.4 mM), no differ-
ences regarding the influence of the position of the
hydroxy moiety was observed. Switching the hydroxy

SASBMB
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galnplaader pue 15 NIgnly Concentrated. 1nererore, we
tested the effect of all bile acids on the basal ATPase
activity of ABCB4 in a range of 0-1,000 uM. Indeed, all

maximal stimulation was always observed below their
corresponding cmc values. Therefore, stimulation de-
rives from monameric hile acids Furthermare the data

tion. Interestingly, glycine conjugation is the predomi-
nant form in human bile acid. The question arises

whathar mice AR(CRA hac an invertad nraferenca cinca

different effect on ABCB4. All four UDCA versions
had in common that their ECs, values are significant
higher compared with the others. This is most likely
due to the fact that their hydroxy moiety at position 7 is
in B-position compared with all other bile acids. In
summary, monomeric tri- and dihydroxy bile acids
stimulated ATPase activity of human ABCB4 in a

————— =~ = =~ — . == == —————p —e—— s — s~

where taurine conjugation (TCDCA) exceeded glycine
conjugation (GCDCA). Additionally, higher concentra-
tion of UDCA versions was required to observe stimu-
lation. Shortening the side chain of UDCA by one
carbon atom (Nor-UDCA) revealed an increase of
approximately 85% of ATPase activity.

The only exception was TLCA, a bile acid with only a
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(~140-500 pM). However, after the basal activity is
reduced to 50%, no further reduction was observed.
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monomeric bile acids modulate ATPase activity in
dependence of their cmc. Due to the limitations of the
assay, it still remains unclear how bile acids modulate ATP
hydrolysis of ABCB4. In case of ABCGb5/G8, it was sug-

oacted that hile aride nramante an active canfarmatinn nf
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concentrations. ABCB4 was stimulated in the pM range,
while ABCG5/G8 becomes active at concentrations
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should be considered.

Modulation of ATPase activity of ABCB4 in the
presence of DOPC

It is now commonly accepted that ABCB4 only flops

50-60 pM. Thus, a concentration five to six times higher
(300 pM) was chosen in our setup. The ATPase activity for

mavimal NP ctimuilatinn wrac cat ta 1NN0L and mada.

the ATPase activity was observed for cholesterol in a
range of 300-600 uM (cholesterol to DOPC molar ratio
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modulation was observed within experimental error.
Thus, cholesterol is capable to enhance the stimulation
L - R r—— g -
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.
Interestingly changing the conjugation to a nonnatural

conjugation as the one in CHAPS and CHAPSO resul-
ted in a decrease of DOPC-stimulated activity by

approximately 50%. Most importantly, Nor-UDCA
roavealad a hicher increace af the NP ctimulatad

assigned to shortening of the biliary hepatic circulation,
promoting a bicarbonate-rich choleresis, direct anti-
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the presence of the natural substrate DOPC. Although
Nor-UDCA cannot be conjugated in the hepatocytes,
glycine-conjugated Nor-UDCA may be considered in
further studies, since we observed that glycine conju-
gation exceeded all other bile acids suggesting a new

drolysis of ABCB4 similar to the individual bile acids. In

contrast the ECsg value of the BAM is significant higher
than far individnal (2/TONCA and (2/TOA Linatice

lower. This also explains why vy, is reached at higher
concentration (500-600 pM) of BAM compared with

SASBMB
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4 Discussion

In this thesis, the understanding of a cross-talk between bile acids and the PC lipid
translocator ABCB4, as part of the bile triumvirate, was addressed. Bile triumvirate and
its importance regarding bile formation was first introduced in the introduction and
chapter 1. The importance of mutations within these transporters and related diseases
were outlined. While in the introduction, a general outline of structure and function of
ABC transporters was given, in the first chapter, the structure and function of ABC
transporters was described in more detail with respect to ABCB4. Furthermore, its role
in bile formation, the protection mechanism of PC lipids, ABCB4 related diseases and
current treatment options were described in more detail. Lastly, the challenges in
ABCB4 research were depicted and detergent-solubilized and purified ABCB4 as a
possible solution was presented. In chapter 2, four new discoveries about ABCB4 were
presented: 1) monomeric bile acids modulate ABCB4 in concentration-dependent
manner; 2) maximal modulation by bile acids corelates with their cmc; 3) bile acids still
exhibit their modulatory effect in presence of substrate DOPC; and 4) Nor-UDCA highly
stimulates ABCB4 in presence of DOPC (and cholesterol), which represents a new

and medically-relevant mechanism of action.

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

2) lipid secretion and 3) bile acid modulation.

4.1 General outline

Human bile formation is a unique function of the liver, which is essential for the
survival of the organism. Bile is a complex product of the secretion of different
compounds that originates from hepatocytes. Its composition and the concentration of
the individual compounds are modified by absorptive and secretory transport systems
in the bile duct epithelium. Subsequently, bile either enters the gallbladder where it is
concentrated or is delivered directly to the intestinal lumen. There bile performs several
functions: (I) Bile is the major excretory route for a number of partial harmful
substances or endogenous metabolic substrates like exogenous lipophilic toxins,
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bilirubin, bile acids or compounds which are not readily filtered or excreted by the
kidney. (ll) The highly concentrated bile acids in the bile are necessary to emulsify
dietary fats and facilitate their intestinal absorption. (lll) Cholesterol elimination via bile
is the major and most important route in cholesterol metabolism. (V) By excretion of
immunoglobulin A and inflammatory cytokines, bile shields the organism from enteric
infections. Additionally, it is stimulating the innate immune system in the intestine. (V)
Many hormones and pheromones are excreted in bile, and contribute towards growth
and development of the intestine in some species.? Since bile is an aqueous solution,
it consists of ~90% water in which a number of endogenous substances are dissolved.
These compounds are mainly bile acids, phosphatidylcholine (PC) lipids and
cholesterol. These three compounds form mixed micelles in the bile canaliculi to
protect the cells from the detergent activity of bile acids and crystallization of
cholesterol. Furthermore, bilirubin and organic anions are also present in bile at low
quantities. Distribution of this mixture varies from species to species and is also slightly
varying based on gender. For example, in humans, bile consists of 5% bile acids in
woman while only 4% in men. However, the composition of bile in both is approximately
2% phospholipids and 1% cholesterol.® Even bile acids distribution is different in
women and men.® Since bile is a mixture of the above stated compounds with a quite
high predefined equilibrium, this “synthesis” mixture needs highly specific pathways
and a unique organ / cell type to fulfill this task. In mammals and especially in humans,
this place is the liver, precisely the hepatocytes. These cells have a unique polarity and
face different environments within their membrane. The basolateral membrane faces
the endothelia cells and the space of Disse. The apical membranes of two or more
adjacent hepatocytes contribute to a capillary-like structure or tubule, called bile
canaliculus. Therefore, the apical membrane of hepatocytes is also called canalicular
membrane. The canalicular membrane is functionally sealed by tight junctions and
constitutes ~13% of total hepatocyte plasma membrane.'®'! Typically, the membrane
can be subdivided into individual components having different functions and tasks. By
having a look at the distribution of transporters in the hepatic membrane (see
introduction, Figure 1), it becomes obvious that mainly symporters or importers are
located at the basolateral, while at the canalicular membrane mainly exporters are
found, indicating the different functions of the two membranes. Hence, six out of nine

transporters at the canicular membrane are ABC transporters. All of them are exporters
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and most of them contribute towards bile formation. For each of the major compounds
of bile, a unique ABC transporter is present. Bile acids are secreted via ABCB11 (also
called bile salt export pump, BSEP) 12, while ABCB4 (historically also called multidrug
resistance protein 3, MDR3) translocates specifically PC lipids '® and the heterodimer
ABCG/G8 transports cholesterol '*. Hence, these transporters are summarized as bile
triumvirate. The minor components of the bile are secreted via ABCC2 (also called
multi resistance protein 2, MRP2)."® The two remaining ABC transporters are ABCB1
(also called multidrug resistance protein 1, MDR1) and ABCG2 (also known as breast
cancer resistance protein, BCRP). Both are expressed in several tissues and organs,
have a broad spectrum of substrates and play a key role in the detoxification process
of humans. For detailed information about these ABC transporters, please refer to the

review about hepatobiliary ABC transporters'®, presented in the introduction.

ABCB4 was first identified in 1987 by sequence analysis.' Due to its high
sequence identity and homology with ABCB1, it was first considered as a multi drug
resistance protein like ABCB1 and consequently termed MDR3 in human and mdr2 in
rodents. Due to their similarity, it was assumed that ABCB4 has a similar function and
broad substrate spectrum like ABCB1. Different in vitro studies were conducted to
investigate the effects of the various substrates and inhibitors of ABCB1 on ATPase or
transport activity of ABCB4."7-22 However, the works of Smit et al. '3, Smith et al. 2324
and van Helvoort et al. ?° clearly demonstrated that ABCB4 specifically translocates
PC lipids from the inner to the outer leaflet of the canalicular membrane and has a very
different and unique function of all MDR proteins. Thereby, ABCB4 maintains the lipid
equilibrium of the canalicular membrane and provides steady supply of PC lipids for
bile acid extraction. PC lipids are an essential part of the bile. They reduce the
detergent activity and cytotoxicity of the bile acids by forming mixed micelles and
consequently protect the biliary ducts. Furthermore, PC lipids are important for
cholesterol homeostasis and prevent cholesterol crystallization by integrating
cholesterol into the mixed micelles (see introduction, Figure 11). Dysfunctions of
ABCB4, ABCB11 or ABCG5/G8 lead to a change in the bile equilibrium and therefore,
often to health problems or even serious diseases. Dysfunction of ABCB4 due to
mutations often results in a reduced PC lipid pool, or in some cases to complete
absence of PC lipids in the bile. Hence, bile acid protection and cholesterol

crystallization are affected or absent. Mutations in ABCB4 can alter its expression,
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folding, stability, localization and activity.?62” Hence, PC lipid concentration varies in
the bile, resulting in mild to severe diseases (see chapter 1, Figure 2). Progressive
familial intrahepatic cholestasis type 3 (PFIC-3) is the most severe form of ABCB4-
related liver diseases. Here accumulation of free bile acids leads to bile duct injuries.?8
PFIC -3 occurs in patients in the early years of life and transiently progresses to liver

cirrhosis in childhood 2°, normally resulting in liver transplant.

The present thesis focusses on the in vitro analysis of human ABCB4. Although it
is universally accepted that ABCB4 specifically translocates PC lipids in a
unidirectional manner within the canalicular membrane, published data 3°-3 displayed
an effect of bile acids on PC lipid extraction and a change in PC lipid concentration of
the extracellular medium in presence and absence of bile acids. Furthermore, it is
known that bile acids are required to activate purified ABCG5/G8 3, while cholesterol
content in the membrane effects ABCB11.233 In 2003, Small suggested a specific
interplay between these three ABC transporters crucial for bile formation and their
substrates.! However, there hasn’t been further investigation on the same whether bile
acids just interact with PC lipids or also with ABCB4 and may affect its activity. The
same is true for cholesterol and ABCB4. Hence, the aims of this thesis were to
investigate the effect of all bile acids present in humans, either unconjugated or
conjugated, as well as the therapeutically-relevant urso bile acids in vitro. Furthermore,
bile acids with contradictory effects were mixed and investigated towards preferences
of ABC4. Additionally, cholesterol was tested and in the last two approaches the effect
of individual, mixed bile acids and cholesterol in the presence of the natural substrate

DOPC was examined.

4.2 Expression and purification of ABCB4

The aim of this thesis was to analyze ABCB4 in vitro, precisely the analysis of
solubilized and purified ABCB4. This approach has the advantage that the target
protein is isolated and direct effects of molecules or other proteins on the target can
be measured. Subsequently, all measured changes can be described as an interaction
of the target and the added compound. In contrast, the absence of any effect directly
emphasizes the absence of any interaction under the chosen conditions. A
disadvantage of this approach is that the target protein is not in its natural environment,
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which always has to be considered. Furthermore, the results depend on the chosen
conditions. While the later ones can often be changed easily and adapt as close as
possible to the natural environment, the bottleneck of purified membrane proteins is

their expression and purification itself.

4.2.1 Expression of ABCB4

For heterologous expression one of the first approaches is to use Escherichia coli
(E. coli) as their strains are easy to handle (S1), have short expression times and high
expression levels. However, for expression of human ABC transporters in E.coli such
as ABCB11 34 and a number of other ABC transporters®®, various parts of the cDNA
sequence were lost. Therefore, an alternative expression host had to be selected.
Subsequently, the expression of ABCB4 in the yeast Pichia pastoris was established
by Stindt et al 3¢ and Ellinger and Kluth et al ® and it has been used since. However,
the question arises if P. pastoris is the best expression system for subsequent
purification and biochemical analyses of ABCB4. Therefore, different established
expression systems of the other ABC transporters of the bile triumvirate and ABCBH1,

a highly related ABC transporter to ABCB4, are compared.

Human ABCB11 was expressed in HEK cells %7 to solve the structure, while for
characterization often insect cells 23438 human cell lines 3*4' and P. pastoris ! were
chosen. For ABCG5/G8 expression and subsequent purification P. pastoris was also
chosen.?#? In case of ABCB1, HEK cells %3, insect cells 4 and the yeasts P. pastoris
4546 and S. cerevisiae 78 are established expression systems. In general, the yeast
S. cerevisiae is also known for successful expression of eukaryotic ABC transporters.4°
Hence, the yeast S. cerevisiae was tested but resulted in low yields of ABCB11 and
was not sufficient for subsequent approaches.3® However, P. pastoris displayed good
results for expression of both ABCB11 and ABCB4.8 In general P. pastoris is a well-
established system for ABC transporter expression, it can reach high cell densities in
fermentation and expression is strongly induced by the AOX1 promoter.#6:50:51 |n this
thesis, the established fermentation protocol of P. pastoris was used for expression of
ABCB4 as described in chapter 2.
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In conclusion, P. pastoris is a well-established and accepted expression system
for a variety of ABC transporters and the fermentation protocol of P. pastoris is an
excellent method to reach the high cell density needed for ABCB4 purification. Hence,

no change of the current system was needed.

4.2.2 Purification of ABCB4 - significance of

other tags?

The second major step to consider while working with purified ABCB4 is of course
the purification itself. In case of membrane proteins like ABCB4, purification can be
divided into three separate steps: i) cell disruption and membrane preparation, ii)
solubilization, and iii) the actual purification step which is often performed via one or
more chromatography methods. In case of ABCB4, the latter one is performed by a
tandem affinity purification (TAP) consisting of an immobilized metal affinaty
chromatography (IMAC, Ni?*-NTA) and a calmodulin binding affinity chromatography
(CBA). The goal of these steps is to obtain the target protein as pure as possible,
optimally to a purity level of 99% and higher. Unfortunately, purification of membrane
proteins, especially the ones exhibiting more than one transmembrane domain, often
seems to be more difficult than soluble proteins. In general, for membrane proteins
there is less space within the cell (membrane versus cytosol) and an additional
solubilization step is necessary. In case of ABCB4, a purity of approximately 90% or
higher was achieved (see chapter 2, Figure 2 A). However, the minor impurities present
in the purified protein displayed ATPase activity (see chapter 2, Figure 2 D), which is
often the chosen readout for characterization of ABCB4. Fortunately, ABCB4 has a
cysteine in its Walker A motif. Cysteine residues are rare and not present in all ABC
transporters. In the expression host P. pastoris, there are no ABC transporters
harboring a cysteine in their Walker A motif except for ABCB4. Therefore, a method to
specifically inhibit ABCB4 amongst other impurities present in the purified protein was
established. It was first described for ABCB1, which shares 100% amino acid identity
with ABCB4 in the NBDs.%? Using a maleimide linked to a large chemical compound
resulted in covalent binding of the maleimide to the cysteine in the Walker A motif.
Subsequently, this lead to occupancy of the ATP binding site and thereby, inhibition of
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ATP hydrolysis by ABCB1.53 This method was adopted for ABCB4 and allowed
determination of ABCB4-specific ATPase activity.” Although, this method helped to
overcome the hindrance caused by the impurities present in the purified protein, but
removal of the impurities would result in a more direct readout of ABCB4. Hence,
analyzing and improving the different steps of ABCB4 purification would be beneficial.

Cell lysis of yeast, especially P. pastoris, often relies on bead-mills.?*-58 Although,
these mills allow sufficient lysis 55575960  they often leak, break and are unsuitable for
large scale approaches. Another alternative is cell disruption, for example using the
TS1 multi shot cell disruption system by Constant Systems LTD, which has a high
pressure (up to 2.7 kbar). In comparison to the bead mill, it is easier to handle and is
more efficient for disruption of large volumes of P. pastoris cell culture. This system
demonstrates an efficiency comparable or even better to bead-mills. Due to the
advantage of high pressure and lysis of large volumes, this system is successful in P.

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

Preparation of crude membrane vesicles of ABCB4 is usually performed by several
differential centrifugation steps (see chapter 2).°* However, the separation of
membranes by gradient centrifugation was also tested and it didn’t improve the
purification significantly. Rather, it only elongated the purification step. Thus, there is
no potential for optimization of the crude membrane preparation step.

The next crucial step is solubilization of ABCB4. Here, the published data strongly
supported the use of FC-16 as detergent for ABCB4 which is expressed in P. pastoris.®
In comparison, for the structure of ABCB4, the protein was obtained from Flp-In T-Rex
293 cells and was solubilized in 1% DDM and 0.2% CHS®'. However, in case of P.
pastoris expression, DDM was not effective at all.® Hence, using FC-16 is the best

possible option.

The last step is the tandem affinity purification (TAP) performed in two steps
consisting of Ni-NTA chromatography followed by CBP affinity chromatography.
Normally, a one-step purification with a high affinity chromatography like CBP should
be suitable to purify a protein. In case of ABCB4, one-step purification with only CBP
affinity chromatography resulted in target protein with higher contaminations consisting
of other proteins and lipids. Hence, TAP was chosen to remove major impurities and
the lipid contamination. Actually, Ni-NTA affinity is suitable to remove lipids and
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reduces impurities to just five major bands on SDS gel (Bands at ~100 kDa, 85 kDa,
2x at 65 kDa and 55 kDa, see chapter 2, Figure 2A). Subsequently, CBP affinity
chromatography results in two strong bands at ~ 100 and 85 kDa and some minor
bands below 80 kDa (see chapter 2, Figure 2A). Overall, the intensity of the impurities
is reduced compared to the IMAC. The band at ~110 kDa is a degradation product of
ABCB4 as confirmed via immunoblotting (see chapter 2, Figure 2B). Unfortunately, the
impurities exhibit a background ATPase activity (see chapter 2, Figure 2D). Here,
switching the tags might have an impact on the purification efficiency. A general
overview of common tags frequently used for TAP is provided in Table 1 based on the
work by Terpe %2 and Li 3. TAP was originally used a combination of two synthetic Fc-
region-binding domains (also called double Z domain; derived from the B domain of
ProtA) and the CBP tag.®* But a huge disadvantage of the double Z domain tag is that
denaturing conditions (low pH) are necessary for elution.®® Therefore, a TEV cleavage
site has to be integrated for elution under native conditions. Hence, a ProtA-based
purification and a subsequent CBP affinity chromatography was generally

recommended.

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

Tag Affinity Binding capacity Eluent Ref.
[nM] [mg/ml Resin]

His-Tag 10,000 80 Imidazole, Histidine 62,66

& Ni-NTA

CBP 3 2 EGTA 66-68

Flag 100 1 DYKDDDDK peptide 66,69

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

rho1D4 20 3-4 Protease digest 2

Z domain n.s. n.s. Protease digest 65
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Alternative tag combinations from literature 8 usually used for yeast-derived
systems are: i) His-HA-tag 73, ii) His-FLAG-tag 747, iii) His-Myc-tag %, iv) His-ProtC-
tag ’”” and v) His-biotinylating-tag . While the His-Strep(ll)-tag combination is
recommended for proteins purification derived from mammalian cells.?37° Furthermore,
a number of His-based TAP tags for a soluble protein (derived from E.coli) was
compared regarding their purification capacities, costs and yields.®®¢ CBP-, HPC- and
Strep(ll)-His-tag combination exhibited the highest yield (above 60%). Additionally,
CBP-His-Tag exhibits the highest binding capacities and the lowest cost, among the
compared tags. In contrast, the HPC-tag has the lowest capacity and is the most
expensive.% The yield of the different tags varies from protein to protein, especially
between soluble and membrane-bound proteins. Hence, purification methods for
human ABCB1, ABCB4, ABCB11 and ABCG5/G8 were compared for more detailed

information.

In case of ABCB1, only a His-tag and subsequent single IMAC is sufficient for
purification.4%46:80 Alternative affinity tags such as GFP antibody tag 8! and the rho1D4-
tag 43 also resulted in highly pure ABCB1. Also ABCB11 can be purified by single
affinity chromatography via a FLAG-tag, followed by a size exclusion
chromatography.®” Furthermore, for ABCB4 derived from Flp-In T-Rex 293 cells, a
single affinity chromatography with the newly rho1D4-tag was also established for
purification.' Purity of ABCB4 was sufficiently high to solve the structure by cryo-EM.
In contrast, for ABCG5/G8, a TAP combination of His- and CBP-tags was necessary

for purification from P. pastoris 342, similar to the present ABCB4 protocol.

It is evident from the literature that TAP is not necessary. However, the
combination of His-and CBP-tag is the most favored combination for TAP.
Furthermore, the new rho1D4-tag appears to be frequently used and could be the first
choice for ABC transporter purification in the future. With an affinity of approximately
20 nM 72, the rho1D4-tag has one of the highest affinities and is in the range of the
CBP-tag (~3 nM)®7-68_ Furthermore, the rho1D4-tag was specifically designed for
proteins with low abundance like the membrane proteins. A disadvantage of this tag is
that either a low pH is necessary to denature the tag or a protease is required for
elution. Hence, the protease has to be removed in a subsequent step.
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In case of purification protocol for ABCB4 in this thesis (see chapter 2, Figure 2),
IMAC reduced the number of impurities significantly (from a smear to just ~ 5 bands).
However, CBP affinity chromatography did not reduce number of impurities significant,
suggesting to possibly switch the CBP tag. Here, the FLAG- and Strep(ll)-tag seem to
be the best choice. The FLAG-tag has an affinity of ~ 100 nM 8%, while the affinity of
the Strep(ll)-tag is approximately ten times higher (1 uM) %71, The affinities of the tags
and the usage of the FLAG-tag for ABCB11 purification 3/, suggests to first try the
FLAG-tag. However, based on the binding capacity, the Strep(ll)-tag would be the
better choice. Yet, it seems to be possible to purify ABCB1 42 or ABCB4 6" only via the
rho1D4-tag.

Due to the constraints of this thesis, testing the different tags was not possible.
Based on the analysis of different tags above, the order to test new tags should be
rho1D4-, FLAG- and then Strep(ll)- tag. But due to the establishment of a third step or
a completely new purification protocol in case of the rho1D4-tag, both other tags might
be tested faster. Here, no major changes in buffer and purification protocol are needed,
if the CBP-tag in the ABCB4 TAP is replaced by either FLAG- or Strep(ll)-tag.
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4.3 Role of ABCB4 in bile formation

4.3.1 Lipid translocation in general

A biological membrane is a lipid bilayer, which marks the boundary between the
different compartments of a cell, the intracellular space and the extracellular
environment.®? The lipid bilayer is formed by different lipids, facing the intracellular or
extracellular space with their hydrophilic heads. Hence, the fatty acids face each other
building a hydrophobic space, the actual boundary, which prevents diffusion of polar
ions and molecules; maintaining the electrochemical gradient. Eukaryotic cells display
an asymmetric distribution of lipids in the membrane, especially the plasma membrane.
While the inner leaflet mainly consists of phosphatidylserine (PS),
phosphatidylethanolamine (PE) and phosphatidylinositol (Pl); phosphatidylcholine
(PC) and sphingomyelin (SM) are located in the outer leaflet.83-%6 The so-called lipid
asymmetry is essential for the cells and correspondingly disintegration of the
asymmetry is related to macrophage recognition and apoptosis.?68” Hence,
maintaining the lipid asymmetry and distribution is essential for maintaining

functionality and survival of the cells.

In a biological membrane, lipid movement can happen in two dimensions. First is
the lateral motion of lipids within the same leaflet and second is the transverse
exchange between the different leaflets, also called flip-flop. While the first one is rather
frequent and a fast (~10 million lipids/s) event driven by diffusion 88 the latter one is
limited and requires the help of membrane proteins %-°2, These proteins are named
translocases and can be subdivided into two groups: energy-independent and energy-
dependent lipid translocases (see Figure 1). Although, this chapter will focus on the
second group, especially ABC transporters and ABCB4, the first group will be also
described briefly.
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Figure 1: Examples for energy-independent and energy-dependent lipid transporters.

Top: Example of an ER flippase (green) and scramblase (turquoise). The structures display the
endoplasmic located Lipid Il flippase MurJ from Thermosipho africanus (PDB 6NC9)% in the outward-
facing conformation and the human scramblase TMEM16K (PDB 6R7X)% in the calcium ion-bound (red
dots), closed form. Bottom: Example of a P-type flippase and an ABC transporter for energy-dependent
lipid translocation. In violet is the structure of human P4-type flippase ATP8A1 with bound CDC50
(brown) (PDB 6K7N)%. Human ABCB4 serves as an example for the structure of an ABC transporter
(PDB 6C0V)8'. TMDs are represented in dark blue and NBDs in light blue. These Figures were created
with Pymol version 2.3.4 and PowerPoint version 16.16.
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The energy-independent transport of lipids through the bilayer is ensured by two
protein families, the flippases and scramblases. The major difference between these
translocases is their location within the cells. Flippases were identified in the ER (origin
of phospholipids), Golgi and bacterial cytoplasmic membranes.%-1% They often have
no specificity for any kind of lipids or direction (bi-directional), but mainly translocate
newly synthesized lipids.%:191.102 Scramblases also transport rapidly all kinds of lipids
in both directions. But in contrast to flippases, they are conserved in eukaryotes and
located in the plasma membrane. Furthermore, they are regulated by calcium ions,
responsible for destroying the asymmetry of the plasma membrane and therefore,

involved in apoptosis.103-106

While activated scramblases destroy the asymmetry of plasma membranes, the
energy-depended translocases are in charge of formation and maintenance of bilayer
asymmetry. These can be sub-divided into two classes of protein families: the P-type
ATPases subfamily and the ABC transporter family. Both translocate phospholipids
uni-directionally via ATP hydrolysis. In general, P-type ATPases can be divided in five
subfamilies (P1-P5) and share the same role of pumping ions and forming a
phosphorylated intermediate during their catalytical cycle.’”1% While P1 to P3-type
ATPases are found in all three domains of life, P4-type ATPases are only present in
eukaryotes. They are so-called flippases and transport specific lipids (mainly PC, PE
and PS) from the outer to the inner leaflet of membranes against a concentration
gradient energized by ATP hydrolysis.'® In mammals, 14 P4-type ATPases are
present. Among them, the best studied member is ATP8B1, also called familial
intrahepatic cholestasis 1 (FIC-1). ATP8B1 is also expressed among others in the
hepatocytes, where it is specifically located in the canalicular membrane (see
Introduction, Figure 1), similar to ABCB4. ATP8B1 specifically flips lipids of the PS
family from the outer to the inner leaflet.’'%'12 Here, ATP8B1 plays a pivotal role in the
initiation and maintenance of the transversal lipid asymmetry of the plasma membrane
and mutations lead to progressive familial intrahepatic cholestasis type 1
(PFIC1).113.114 Dye to the loss in function, membrane asymmetry is disintegrated and

the protection against harsh bile acid detergent action is lost.'"®

The second energy-dependent translocases are ABC transporters. The ABC
transporters are huge and diverse in prokaryotes and eukaryotes. For example, in the

human genome there are 48 genes encoding ABC transporters which can be divided
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in seven subgroups (A-G).''%'17 The general features and architecture of ABC
transporters are well described in the introduction section.’® Therefore, the lipid
transport mechanism of ABC transporter in general and especially ABCB4 will present
the focus here. Not all ABC transporters are translocases. A list of human lipid ABC
transporter is provided in '8 but it includes transporters, which are nowadays known
to not transport lipids. Namely, these are ABCA2 and ABCG5/G8, which recognize
cholesterol. Additionally, ABCB11 and ABCC2 transport bile acids and the latter one
also transports bilirubin, while ABCD1 translocates fatty acids, but none of them is a
lipid floppase. Hence an updated list is provided in Table 2.

Table 2: Overview of lipid translocating ABC transporters.

name distribution in Substrate(s) Related Ref.
human cells disease
ABCA1 Ubiquitous Phospholipids, Tangier 119,120
cholesterol disease
ABCA3 Lung Surfactant lipids Surfactant 121,122
metabolism

dysfunction 3

ABCA4 Retina Phosphatidyl- Stargardt 123127
ethanolamine disease
ABCA12 Lung, skin Lipids including Harlequin 128-130
ceramides ichthyosis
ABCB1 Ubiquitously, Glycosphingolipids Inflammatory 131133
in various tissue Short chain lipids bowel disease

(low transport efficiency)
ABCB4 Hepatocytes Phosphatidyl-choline PFIC3 23,2413

lipids 4-136
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The transport mechanism of ABC transporters and especially how they flop lipids
is not yet completely understood. In general, the “alternating access” model is still the
most favored one for transport by an ABC transporter.’37:138 The model is described in
detail in section 1.2. of the introduction.’® However, the development in molecular
dynamic simulations and the progress in cryo-EM has led to a number of important
structures of ABCB1 in different conformations.#381.139.140 Hence, the transport
mechanism of ABCB1 was refined.'#'.142 A recent publication postulates a "twist and
squeezing” mechanism for ABCB1."%3 Hence, each ABC transporter might resemble
an individual transport mechanism and the general model has to be adopted regarding

the specific task of each ABC transporter.

For lipid transport, two models for ABC transporters have been proposed: i) the
vacuum cleaner model and ii) the floppase model (see Figure 2). The vacuum cleaner
model postulates that the lipids are extracted from the inner leaflet, enter the binding
cavity provided by both TMDs and released into the extra cellular space.'#4'46 The
problem with this model is the amphiphilic character of lipids and the complete
exposure to water after the release from the transporter. Therefore, a complete
hydration of the lipid has to be assumed. But the energy needed for a complete
hydration of a lipid cannot be provided by an ABC transporter, assuming that only one
transport cycle is sufficient for lipid export. Hydrolysis of one to two ATP molecules
does not provide the energy needed for transport and hydration of the lipid.'46.147
Hence, the vacuum cleaner model was extended to the activated model of ABC
transporter. Here, the transport pathway is similar to the vacuum cleaner model. The
lipid enters the binding cavity from the inner leaflet and is transported to the
extracellular space. But instead of hydration of the energetically-activated lipid, it is
taken up by an acceptor.’-46.148 One well accepted example for this model is the
heterodimer ABCG5/G8 (Figure 2), which secretes cholesterol from the inner leaflet

into the bile canaliculi, where it is taken up by the mixed micelles.
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Figure 2: Representation of the different models of transport by ABC transporters. Left: The
vacuum cleaner model for possible bile acid transport by ABCB11 (PDB 6LR0)37. TMDs are represented
in blue and NBDs in brown color. The substrate enters the binding cavity from the cytosol and is released
into the extracellular medium. Middle: The activated model with acceptor proposed for ABCG5/G8.
Structure is taken from PDB 5D0742. ABCGS5 is colored in light blue (TMD) and red (NBD), while ABCG8
is highlighted in dark blue (TMD) and red (NBD). Here, the substrate activates the transport and enters
the binding pocket laterally from the lower leaflet. Hence, it is secreted into the medium, where it is taken
up by an external acceptor. Right: Transport of lipids as proposed for ABCB4 (PDB 6S7P)8'. TMDs are
shown in blue, while NBDs are represented in brown color. The specific lipid (red head) is taken up via
a lateral gate into the binding pocket and switched by 180° to be released into the upper leaflet. The
Figures were created with Pymol version 2.3.4 and PowerPoint 16.16.

The second model is the floppase mechanism of lipid transport by ABC transporter.
It is less favored and often not postulated for ABC transporters, because it requires the
lipid to perform a 180° turn within the transport step. Similar to the other models, the
lipid enters the binding cavity and is then assumed to flop due to the conformational
change of the ABC transporter. Subsequently, the lipid is not released but rather
integrated into the extracellular leaflet.'*® The most intriguing point in this model is how
does the flop occur within the binding cavity. Recent work published by Prescher
et al. '°° demonstrates an alternative pathway for the floppase model of ABCB4.
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4.3.2 Lipid translocation by ABCB4

ABCB4 is an ABC transporter specifically located in the canalicular membrane of
hepatocytes of mammals where it has only one function. It flops lipids of the PC family
from the inner to the outer leaflet of the bile canaliculi, where PC-lipids form mixed
micelles with bile acids and cholesterol, secreted by ABCB11 and ABCGS5/GS,
respectively. 1223134151183 \While most other ABC transporters accept a broader
spectrum of substrates, the three ABC transporters of the bile triumvirate (ABCB4,
ABCB11, ABCG5/G8) share a high substrate specificity. Detailed information about
the three ABC transporters and bile formation are provided in the introduction.'®
Further information and a more detailed summary about ABCB4 is provided in the
current thesis as a second review (see chapter 1).'% In this section, only the recent

updates regarding the transport mechanism of ABCB4 are discussed.

To measure lipid transport in an environment of lipids, like membranes or mixed
micelles, is rather challenging. One common way is to measure the lipid content of the
medium in absence and presence of an acceptor medium, either of the cells expressing
ABCB4 or membrane vesicles containing ABCB4.27:30.31.155-158 Actually, all the studies
demonstrated that in presence of an acceptor medium (often albumin or bile acids),
the PC content in the medium was significantly increased, while in its absence, no PC
could be measured®'. Hence, the activated vacuum cleaner transport method was
postulated for ABCB4. However, nowadays there is evidence in mouse and rat about
the formation of phospholipid patches at the canalicular membrane.'®16% Furthermore,
the formation of fluid microdomains consisting mainly of PC lipids 9%-162 was proven.
These microdomains would then be solubilized by the bile acids and thereby form the
mixed micelles without disintegration of the membrane. This theory became more
evident as it was observed that large portions of the bile triumvirate ABC transporter
gather in specific microdomains of the canalicular membrane of rat hepatocytes.'6?
Additional bioinformatic analysis provided mathematical evidence for this alternative
model.# Briefly, it described that monomeric bile acid enter the external leaflet of the
canalicular membrane, when the cmc is reached in the bile canaliculus. The bile acids
form liquid disordered patches that pull off from the external leaflet as nanometer-scale

mixed micelles. This model is consistent with crucial experimental findings and may
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provide further details about formation of bile and mixed micelles. Subsequently, this
means that measuring the PC content in the media informs only about the amount of
PC that is extracted by the acceptor medium (i.e., bile acids in this case) and does not
provide any detail about the export mechanism or its rate. To overcome this issue,
other methods are required which directly measure activity or transport of ABCBA4.
ATPase activity measurement is an indirect evidence for transport, which in general is
used for ABC transporters and it is feasible to conclude that ATPase stimulation by a
certain substrate is linked to its transport.'®* However, the measurement of ATPase
activity in native membranes is challenging due to the background activity of other
ATP-hydrolyzing proteins, without knowledge of a specific inhibitor for ABCB4. Here,
solubilization and purification of ABC transporters offers a solution. In case of ABCB4,
it is possible to purify the transporter which enables the direct measurement of kinetic

parameters.5’

This was recently used to study the mechanism and selectivity of ABCB4.'%°
Structural and amino acid comparison of the two highly identical transporters, ABCB1
and ABCBA4, revealed the main differences are clustered within the transmembrane
helices (TMHs) facing the lipid bilayer. One cluster was found in the TMH1, constituting
about 18% of all differences. Especially, the exchange of three non-polar amino acids
in ABCB1 to polar equivalents in ABCB4 was surprising. From a thermodynamic point
of view, it is not favorable to place these types of amino acids into the bilayer. They
may function as anchor points for the choline headgroup during the transport cycle.
Furthermore, sequence alignment revealed that this exchange of amino acids in
ABCBA4 is conserved in up to 50 different species. Subsequently, TMH1 was postulated
to be favorable to fulfill a credit card like floppase mechanism. Hence, a new way of
lipid flop was postulated (see Figure 3), which does not need the binding cavity of

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

Starting from the apo form, PC lipids are recognized and ABCB4 is "loaded” with
the PC lipid at Q52 of TMH1, pushing the transporter into an outward open
conformation. Since, no ATP is bound, the NBDs are in contact but not yet dimerized.
Next, ATP is loaded and NBDs dimerize. This movement is transferred to the TMDs,
especially TMH1, and allows the choline headgroup to move to S58. By hydrolyzing
ATP, the transporter changes from the outward closed to an inward facing position,
which in this case leads to a conformationally change in TMH1 to literally push the
choline headgroup towards S69 and the lipid into the outer leaflet. Lastly, ADP is

released and the cycle can restart.
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Based on all the research findings, a mode of bile formation can be postulated (see
Figure 4). ABCB4; ABCB11 and ABCG5/G8 are located in close proximity in a specific
lipid raft. By flopping PC lipids into the outer leaflet via a credit card mechanism,
ABCB4 creates a high abundance of PC lipids there. Subsequently, they gather in a
specific microdomain of the external leaflet. Next, bile acids secreted by ABCB11 into
the bile canaliculi are accumulated until the cmc is reached. Then they start to
solubilize the microdomain / external leaflet by entering the PC-rich domain as
monomeric bile acids. They form disordered patches of bile acid and PC lipids, which
pinch off as mixed micelles on the nanometer-scale. However, it is rather uncertain if
cholesterol is secreted into the external medium and then accepted by the mixed
micelles or it is only lifted into the outer leaflet and bile acid extracts PC lipids and
cholesterol. Since, the vacuum cleaner mode of action is suggested for ABCG5/GS8, it
might be that cholesterol is directly released into the bile canaliculi and the mixed
micelles are the acceptor medium. Hence, crystallization of cholesterol and gallstone
formation is prevented. This could explain why purified ABCG5/G8 is only active in
presence of bile acids above their cmc.? Additionally a study observed a correlation
between cholesterol content of the membrane and ABCB11 activity.33

This indicates an interplay of both transporters and their substrates. Less amount
of bile acids in the bile canaliculus would result in less mixed micelles and a less active
ABCG5/G8. Subsequently, cholesterol accumulates in the canalicular membrane,
which then would increase again the release of bile acids by ABCB11, to provide higher
amount of bile acids and mixed micelles in the bile canaliculus. Hence, enough
acceptor medium (mixed micelles) is present to ensure cholesterol is transported
without the risk of crystallization. As a consequence, ABCB4 has to constantly provide

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

triumvirate transporters

As stated above, with progress in bile triumvirate research, it became more evident
that the proposed orchestrated ensemble of these ABC transporters is true, at least for
ABCB11 and ABCG5/G8. Furthermore, one had to consider that measuring the lipid
concentration in the external media with an acceptor medium like BSA or bile acid
provides only information about the extraction potential of these acceptors and not the
actual ABCB4 transport activity. Presently, the transport of PC by ABCB4 and
extraction into the media are viewed as two different processes. Hence, the question
is raised whether ABCB4 is activated in a similar manner by the substrates of its
neighbors? And how to measure this in an environment of lipids which are preferably
extracted by the testing molecules (e.g. bile acids). Here, using solubilized and purified
ABCB4 to measure the modulation of ATP hydrolysis offers an elegant solution. It is
the main aim of the current work to investigate the effect of all bile acids present in
humans, as well as the medically-relevant versions of UDCA, including new nor-UDCA

(see chapter 3).165

4.4.1 Bile acid origin, composition and

chemical properties

Bile acids are divided into primary and secondary bile acids based on their
chemistry and origin. The primary ones are cholic (CA) and chenodeoxycholic acid
(CDCA) (see chapter 3, Figure 1) and derived from cholesterol. Synthesis takes place
exclusively in the hepatocytes of liver. Bile acid synthesis exhibit two pathways: i) the
neutral one, which either ends in CA or CDCA, and ii) the acid pathway, which only
leads to the formation of CDCA. The enzymes and the individual steps involved are
extensively explained in a review by Norlin and Wikvall.’® Hence, it is not surprising
that with ~ 47%, CDCA is the major bile acid in a healthy female. CA makes up ~ 33%
of the bile in the gallbladder. Interestingly, the two pathways are active differently in
males. Here, CA is the major bile acid with ~53%, while CDCA makes up only ~33%
of the bile present in the gallbladder of males.® After synthesis, primary bile acids are
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conjugated with either taurine or glycine. Astonishing, the conjugation with both amino
acids is performed by the same enzyme.67.168 However, there is a difference regarding
the major conjugation present in different mammals and animals. A study investigating
the conjugation in different animals and humans demonstrated two possibilities'®”:
i) either the bile acid-CoA:amino acid N-acyltransferase (BAT) displays the highest
affinity towards the major conjugation or ii) BAT displays a higher affinity towards the
non-major conjugation. However, in the latter case the amino acid of the minor
conjugation is present in low concentrations to ensure conjugation with the major
amino acid. An example for this latter behavior is exhibited by rabbits. Rabbits
exclusively form glycine conjugations, but BAT displays a high affinity towards taurine
in vitro. Due to the absence of taurine in rabbit liver, they form glycine-conjugated bile
acids.'®” Human BAT displays three times lower Km towards taurine (Km = 1.8 mM)
than glycine (Km = 5.6 mM)."88 Consequently, one has to consider second behavior of

BAT and a higher abundance of glycine in human hepatocytes.

Secondary, bile acids, namely deoxycholic acid (DCA) and lithocholic acid (LCA)
(see chapter 2, Figure 1), are derived from the primary ones. As part of the hepatic
circulation, bile acids are secreted into the intestine where bacteria convert the primary
ones into the corresponding secondary ones.'®%69 By a multi-step pathway, the
primary bile acids are dehydroxylated at position 7. Subsequently, DCA derives from
CA, while LCA is the corresponding secondary bile acid of CDCA. Additionally, bacteria
perform isomerization and other changes to bile acids. Since these changes only
constitute a minuscule part of the bile acid composition, these are often referred to as
“others”. Furthermore, bacteria deconjugate bile acids up to almost 100%. All details
about intestinal biotransformation of bile acids are well summarized in a review by
Ridlon, Kang and Hylemon et al.'®® Interestingly, secondary bile acid distribution in the
gallbladder is quite similar in females and males. DCA makes up ~14% / ~9%, while
LCA constitutes ~ 1.6% /~ 1.5%, in female and male, respectively.® However, it is hard
to explain the discrimination between the two as approximately 95% of bile acids are
taken up again. Analysis of human faeces provides an explanation. Faeces comprises
of only ~ 2% of each primary bile acid, while secondary bile acids (including the
“others”) make up more than 90% of faecal bile pool. DCA and LCA are present in high
quantities, representing 34% and 29%, respectively. Hence, a high conversion rate of

primary bile acids and a discrimination in reuptake is concluded.'”®
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Figure 5: Bile acid composition in the gallbladder and faeces in healthy humans. Numbers are
adapted from 2.169.170_ Pje diagrams were created with Excel 2016.

The special bile acid ursodeoxycholic acid (UDCA, see chapter 3, Figure1) and its
variants sometimes are called tertiary bile acids. In humans, UDCA can be found in
low amounts (~2%) in bile, nearly the same amount is found in faeces (~2%).166.170
This suggest a negligible uptake of UDCA in the colon and insignificant portion of the
bile pool in hepatocytes. Hence, under natural circumstances, the bile triumvirate is
not affected by versions of UDCA. On the other hand, UDCA and the shortened Nor-
UDCA are used as treatments in different liver diseases.'”'-18% |n case of UDCA
treatment, it replaces the majority of bile acids and becomes the most prominent one.
For UDCA, it is known that it is conjugated with glycine and taurine in hepatocytes, but
Nor-UDCA is not recognized by BAT due to the shortened side chain. However, one
study demonstrated that conjugation is essential for the anti-cholestatic effect.’®’
Subsequently, both bile acids and its variants are interesting to test on ABCB4. Some
Nor-UDCA was kindly provided by Prof. Dr. Dieter Haussinger, University Hospital
Dusseldorf, to test its effect on ABCB4. Due to the availability of limited quantities, it
was possible only to test the unconjugated version.
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One essential characteristic of all bile acids is the formation of micelles due to their
amphipathic nature. Since, bile acids differ in number of hydroxy groups, their position
and stereo chemistry, bile acids display a broad spectrum of physical differences. The
concentration at which micelle formation starts is called critical micelle concentration
(cmc). One unique quality of bile acids is that they have two cmcs.'® The first one
displays a kind of intermediate state, where the concentration of free bile acids still
rises but is not equal to the concentration of added bile acids, as the bile acid micelles
also increases in size and number. Finally, at the second cmc, bile acids behave like
a classic detergent and an increase of total bile acid concentration does not increase
the concentration of free bile acids anymore. However, micelles of the first cmc also
have a detergent force. Since the aim was to investigate the effect of monomeric bile
acids and avoid the detergent effect of bile acid micelles in the assay, it was performed
below the first cmc. Because the environment also influences the cmc of detergents,
the cmc of all applied bile acids in the current work were determined under the same
conditions as in the ATPase activity assay. Only the detergent FC-16 present in the
ATPase activity assay was omitted, as it created a high background signal. For
measuring the cmc, a fluorescence-based assay was chosen containing the
hydrophobic dye Hoechst 33342.'8 The fluorescence of the dye increases
proportionally to the micelle concentration. Subsequently, the different bile acids were
first dissolved in the ATPase assay buffer (without FC-16), diluted and then the dye
was added. In case of more hydrophobic bile acids, DMSO was added but a constant
proportion of DMSO (1%) was ensured in all dilutions. Fluorescence was measured at
37°C with a Tecan M200 plate reader and after the background correction data was
analyzed with equation 4 (chapter 2, Material and Methods, Determination of the critical
micelle concentration). In general, the assay can be described as easy and fast, since
it is possible to measure either a number of different detergents or a broad
concentration spectrum in a single 96 well plate. In case of water-soluble bile acids, a
single measurement exhibited the expected curves (see Figure 6A). In contrast,
preparation of the dilutions in DMSO of bile acids were more time consuming and
complex. Additionally, the result sometimes displayed an increasing background,
resulting in a moderate slope below the actual cmc (see Figure 6B). However, when

the cmc is reached the slope displayed a significant increase and it is possible to
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calculate the actual cmc. The cmc was determined for each bile acid used (see chapter
2; Table 3).

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

All bile acids have a cmc higher than 1 mM, excepting TLCA, which displays a cmc
in the range of 140 uM. Unfortunately, GLCA and LCA could not be dissolved under
the current conditions, even though DMSO concentration was increased up to 5%.
Higher DMSO concentrations were not suitable for purified ABCB4. However, based
on cmc of the other bile acids, cmc of G/LCA can be estimated to be in a range of 100
to 200 uM. It is not totally unexpected that LCA versions have the lowest cmc. TLCA
is used to initiate liver cholestasis in rat.'8':18 In general, cmc increased with number
of hydroxy moieties. Primary GCA exhibited the highest cmc with 4.1 mM. Furthermore,
conjugation of bile acids has a higher impact than the position of the hydroxy moiety.
Within the same core bile acid, glycine conjugation shows the highest cmc. While the
change of hydroxy moiety from position 7 (CDCA) to 12 (DCA) does not result in any
change for the taurine and unconjugated versions. However, a minor decrease of the

cmc for glycine conjugated bile acids was observed if the hydroxy moiety position was
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changed from 7 (GCDCA) to 12 (GDCA). Additionally, the switch from the a- to the -
position at the carbon moiety 7 (CDCA-> UDCA) reveals a further decrease in cmc
values. In case of glycine conjugation, a decrease of ~ 400 uM is observed. In contrast
the switch from the o- to the 3- position at the carbon moiety 7, is negligible within the
error range for taurine conjugated and unconjugated bile acids. The surface distribution

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

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

While the side chain (acid group or conjugation) of bile acids can theoretically turn
360°, the hydroxy moieties at positions 3, 7 and 12 are fixed due to their
stereochemistry. It is proposed, that the hydroxy moieties of the side-chain orient
towards the side of the fixed hydroxy moieties, as indicated in Figure 7 for TCA.

Subsequently, a hydrophobic and hydrophilic side would form. Of course, in case of
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CA versions, this side is filled with polar hydroxy moieties. In CDCA, the two remaining
hydroxy moieties are in close range, while in case of DCA, the polar groups are further
apart. This could explain the decrease in cmc of DCA. Furthermore, the hydroxy moiety
at carbon atom 7 of UDCA is in R-position compared to all other bile acids (a-position).
In Figure 7, the differences through this change became obvious. The hydroxy moiety
is now placed at the border of the originally hydrophilic and hydrophobic sides. Hence,
the hydrophilic surface is shifted which might explain the decrease in the cmc.
However, the surface distribution of the hydroxy moieties in the pictured bile acid
cannot explain why UDCA is considered as the most hydrophilic bile acid.’”" Indeed
the order of bile acids regarding their cmc does change, if the second cmc is taken into
account. Here, UDCA exhibit the highest cmc (~17 mM), followed by CA (~13 mM),
while CDCA and DCA display similar cmc values of 7-8 mM. LCA was not measured. 8¢
However, in this study the first cmc is not taken into account at all. The determined
cmc values in the current thesis (chapter 2, Table 3) are in good agreement with the

values of first cmc measured under similar conditions.87.188

4.4.2 Monomeric bile acids modulate the
ATPase activity of ABCB4

ABCB4 research could clearly demonstrate that ABCB4 specifically transports
lipids of the PC family 231341617 and contributes to the formation of asymmetry at the
canalicular membrane. Subsequently, ABCB4 is the major reason behind the specific
lipid composition in mixed micelles and bile. Furthermore, it seems obvious that bile
acids play an important role in ABCB4 and bile formation. There are evidences which
indicate the function of bile acids as an acceptor for lipids and important for lipid
extraction. However, recently it could be demonstrated for the first time that monomeric
bile acids modulate solubilized and purified ABCB4 ATPase activity. Furthermore, the
current study demonstrates a correlation between the level of stimulation and bile acid
cmc (see chapter 2).'%5 Here the in vitro system of a solubilized and purified ABCB4
displayed its advantages in contrast to a system where ABCB4 is still in a lipid
environment. As stated in chapter 2, the first assays only consisted of ABCB4
solubilized in FC-16 with minor impurities, buffer, salt and bile acids in a concentration
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range of 0 to 1000 yM and ATP/Mg?*. Hence, it was possible to measure ABCB4
specific activity. ABCB4 ATPase activity was modulated by all tested bile acids,
including the unconjugated versions and the two bile acids derived detergents CHAPS
and CHAPSO (see chapter 2, Figure 3 and 4, as well as Table 1 and 2). In case of the
hydrophobic LCA bile acids, only TLCA was not precipitating within the set-up and
therefore, could be tested. Unfortunately, for Nor-UDCA, no conjugated versions were
available and subsequently only unconjugated Nor-UDCA was tested. However,
examining at least Nor-UDCA was of utmost importance, as stated later in section
4.4.3.

The results in chapter 2 demonstrated that conjugation is not necessary for
stimulation but enhances the modulatory effect of bile acids significant. In case of the
two primary bile acids CA and CDCA, this effect is more distinct than for the secondary
bile acid DCA and the medically relevant bile acid UDCA. Here, conjugation increased
maximal stimulation from 3 to 75%, while conjugation of primary bile acids resulted in
an addition from ~86 to 423%. However, conjugation is favored and contributes to
higher stimulation levels in case of all tested bile acids. Regarding the differences
within the conjugations, glycine conjugation displayed a stronger effect, except in case
of CDCA. In case of CDCA, the highest maximal stimulation was observed for taurine
conjugation. Compared to GCDCA, TCDCA displaying an approximately 200% higher
stimulation. A preference regarding conjugated, especially glycine conjugation, for
human ABCB4 can be easily explained with the bile acid distribution amongst humans
(see Figure 5). However, one has to also consider distribution of the amino acids for
conjugation. In section 4.4.1, the enzyme responsible for conjugation BAT was
introduced. It sometimes displays an in vitro affinity towards taurine, although the host
organism mainly exhibits glycine conjugation. Hence, the actual distribution of
conjugated bile acids is regulated by the concentrations of both amino acids within
hepatocytes. A similar case could be true for ABCB4 and TCDCA. Because in vivo
GCDCA is present in high amounts, TCDCA has to stimulate ABCB4 stronger than its
counterpart to exhibit the same effect on total PC lipid transport. However, then it
should also be true for the other bile acids or at least the other primary bile acids
G/TCA, but it is not. Unfortunately, the current set up cannot provide an answer. An
actual transport assay is needed, but is not yet established and exhibits several

problems (see section 4.5 Outlook).
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To understand the importance of conjugation, the two CA-derived detergents
CHAPS and CHAPSO were investigated. They exhibit the same basic atomic skeletal
structure as CA but are conjugated with 1-propanesulfate or 2-hydroxy-1-
propanesulfate, respectively. Both detergents exhibited nearly identical maximal
stimulations and ECso values. However, in comparison to the unconjugated CA,
maximal stimulations were approximately halved. Hence, this unnatural conjugation is
not preferred. Taken together, conjugation is not necessary for stimulation but

definitely recognized and natural conjugations are favored by ABCB4.

Another chemical property which definitely has an influence on ABCB4 modulation
is the stereo center at position 7. CDCA and UDCA versions only differ in the steric
position of the hydroxy moiety at carbon atom 7. However, modulation of ABCB4 and
ECso values vary between these two bile acids. G/TUDCA and unconjugated UDCA
displayed a significant lower maximal stimulation but an increased ECso value,
compared to the corresponding CDCA versions. Interestingly, Nor-UDCA, which is only
shortened by one methylene group, displayed double maximal stimulation compared
to UDCA and an even higher maximal stimulation than the unconjugated CDCA.
However, the ECso value for Nor-UDCA was identical to UDCA. Hence, the stereo
chemistry of bile acids alters both the maximal stimulation and the EC50 value, but
side chain shortening only alters the maximal stimulation. Subsequently, ABCB4 might
recognize the hydroxy moiety at position 7 and at least human ABCB4 favors the a-
position. In literature, shortening of the side-chain is known to have a major effect on

the hydrophobicity of bile acids.'8

Dehydroxylation at position 7 results in the harmful LCA bile acid. TLCA represents
all LCA versions in the current setup, since GLCA and LCA are not soluble. TLCA was
the only bile acid demonstrating a reduced ABCB4 activity. However, TLCA was also
the only bile acid exhibiting a cmc below 1 mM. Therefore, ATPase activity was
measured in presence of monomeric as well as micelle-forming TLCA. The cmc TLCA
exhibited under the current conditions is ~140 uM. Hence, between 50 and 140 yM
monomeric TLCA reduces the ATPase activity of ABCB4. At higher concentrations
(400 to 500 pM), a 50% reduction is observed and reaches a saturation (600 to 1000
uM). This might be due to the special intermediate between first and second cmc of
bile acid. At the first cmc bile acids start to form micelles, mostly consisting of a small

number of bile acids (maximum 10 ions), but also the concentration of free bile acids
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can increase.'® Only if the second cmc is reached, bile acids behave like normal
detergent and form large secondary micelles without further increase of free bile
acids.’ In between the range of the first and second cmc, it remains unclear what is
actually happening. Hence, it is rather complicated to postulate what is happening in
case of TLCA. From the current experimental setup, it can only be stated that
monomeric TLCA in a range of 50 to 140 uM, reduces the ATPase activity by ~35 to
40%. A further increase in TLCA concentrations up to 500 uM led to in a saturation at
-50% of basal ATPase activity. However, TLCA results emphasize the importance of
hydroxy moieties within bile acids regarding the modulation of ABCB4 ATPase activity.
As a last approach, a bile acid mixture identical to bile acid composition in a healthy
human was tested. The mixture comprised of GCDCA, TCDCA, GCA, TCA GDCA and
TDCA in a ratio of 21:19:24:16:13:7 as described in literature.®'°1.1%2 Similar to
individual bile acids, the effect of the mixture was investigated in a concentration range
of 0 to 1000 uM total bile acids. It exhibited a similar sigmoidal stimulation pattern as
the individual bile acids, especially the primary ones. Also, maximal stimulation with
566% is in good agreement of primary bile acids. This was expected since the
conjugated version of the two primary bile acids comprises 80% of the mixture. Yet,
the ECso value was significantly shifted towards higher concentrations. But this can be
explained with the lower concentration of individual bile acids present within the
mixture. Subsequently, higher concentrations of the mixture are necessary to reach
the concentration, where the bile acid starts to stimulate ABCB4 in our setup.
Nevertheless, the bile acid mixture represents the natural composition and no
significant difference to the kinetics of individual bile acids was observed. Hence, it can

be used for further investigations.

Next, the different maximal modulation values were plotted against the given cmc
under the same conditions (see chapter 2, Figure 5). The plot revealed a linear
correlation between cmc and maximal stimulation of all tested natural bile acids and a
correlation coefficient r> of 0.83. This correlation shows that ABCB4 recognizes bile
acids by their physical properties. It also represents the approximate composition of
bile acids within the bile. Less harsh CA and CDCA versions are the major bile acids
in both sexes of the human race. Hence, the prioritization of bile acids by ABCB4 might

result from the evolution in bile composition of humans.
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It is feasible for ABC transporters to link an increase in ATP hydrolysis to substrate
transport. In case of ABCB1, most substrates indeed stimulate its ATPase activity.64
This raises the question whether bile acids are a substrate of ABCB4? The simple
answer is no. In vivo data and analysis of PFIC3 patients clearly demonstrated that
ABCB4 contributes only to the PC lipid content of the bile. However, from the results
of chapter 2, a modulator- or chaperone-like action of bile acids was concluded. A
similar action of bile acids was also concluded for ABCG5/G8.2 Furthermore, an
orchestra-like interplay is assumed for the transporter and substrates of the bile
triumvirate.’ Hence, it would make sense if the substrates of specific other ABC
transporters naturally modulate each other in any kind of way. This could contribute to

the maintenance of the sensitive equilibrium in bile.

However, it remains still unclear whether ABCB4 is active in the absence of bile
acids in vivo. A study demonstrated that the lipid extraction into the extracellular
medium is similar if ABCB1 is expressed (control) or ABCB4 is expressed but cells are
not treated with bile the bile acid (TCA was used in this study).®' Only if ABCB4 was
expressed and medium contained 1 mM TCA PC lipid was detected in the extracellular
medium. Subsequently, one possibility could be that in the absence of bile acids,
ABCB4 only contributes to the asymmetry of the canalicular membrane but PC lipid
lifting is enhanced in presence of bile acids. However, under natural conditions, ABCB4
is always in an environment containing bile acids at both sides of the lipid bilayer.

To summaries this important section of discussion, ABCB4 is modulated by bile
acids and this might contribute to the abundance of PC lipids in the outer leaflet which
subsequently are extracted by the bile acid micelles to reduce the harsh detergent

properties.

4.4.3 ABCB4 recognizes bile acids in
presence of DOPC

Although bile acids constitute the majority of bile present in gallbladder with nearly
70%, cholesterol, which comprises only 10% of gallbladder bile, should not be

underestimated. Improperly incorporated cholesterol easily crystallizes in the bile or
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gallbladder (gallstone disease). Detailed information about the gallstone disease are
summarized in the review 9. However, PC lipid containing mixed micelles are the
acceptor for secreted cholesterol in humans. Hence, the question arises whether
cholesterol can also modulate ATPase activity of ABCB4 in the current setup?
Although complicated but the answer is yes. Cholesterol is insoluble in water and a
variety of organic solvents, which do not form two phases with an aqueous buffer. But
cholesterol can be dissolved into a lipid environment. Since DOPC (naturally absent in
the canalicular membrane) displayed similar kinetic ATPase parameters as liver PC
extract” and the highest amongst a number of tested PC lipid variants'®, it is feasible
to choose it as a substrate analog for ABCB4 research. DOPC concentration in in the
current setup was set to 300 uM to ensure maximal stimulation by an actual substrate.’
This maximal stimulation by DOPC was then set to 100%. This should ensure that any
modulation of ATPase activity of ABCB4 is a result of cholesterol.

Since cholesterol is insoluble in water and organic solvents are unacceptable for
the ATPase assay, it was mixed as powder with DOPC powder in different ratios.
Subsequently, the mixture was dissolved in chloroform and used for formation of small
unilaminar vesicles (SUVs), as stated in the protocol by Geertsma et al. (Step 1-4).1%°
Hence, these SUVs contained different cholesterol ratios and were added to the
ATPase activity assay. ABCB4 was stimulated by the cholesterol present in DOPC
SUVs. Since DOPC is a substrate of ABCB4 but was always present at 300 uM,
ABCB4 ATPase activity is increased above the maximal stimulation, which can be
achieved by DOPC. This means DOPC, representing PC lipids in this setup, have a
maximal effect on ABCB4 ATPase activity. However, other compounds like cholesterol
can increase this activity above the DOPC maximal stimulation, starting at a ratio of
0.5 (cholesterol/DOPC). At ratios of 1.0 to 2.0 of cholesterol to DOPC, ABCB4 ATPase
activity was doubled by cholesterol compared to DOPC maximal stimulation (see
chapter, 2 Figure 7). However, an increase in the cholesterol/DOPC ratio to 3.5 did not
result in a further increase of this additional stimulation of ATPase activity. This is in
line with the published data for mouse ABCB11 and ABCBC2.233 For example, the
transport of the actual substrate of ABCB11 (bile acids) was significantly increased in
presence of higher cholesterol levels 2, similar to the findings presented in this thesis
(chapter 2).
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Subsequently, it was tested if monomeric bile acids exhibit an effect on ATPase
activity of ABCB4 in presence of DOPC, similar to the approach with cholesterol.
Indeed, G/TCA, GCDCA, GDCA and Nor-UDCA significantly stimulated ATPase
activity of ABCB4 on top of the maximal DOPC stimulation (which was set to 100%,
see chapter 2, Figure 8). Among these, Nor-UDCA exhibited the highest stimulation in
presence of DOPC. For the bile acids CA, TCDCA, GUDCA and UDCA, it is
questionable if they actually stimulate ABCB4 further within the experimental error
range. However, CDCA, TDCA and TUDCA exhibited no effect on the ATPase activity
of ABCB4 in presence of DOPC. In contrast, CHAPS/O and TLCA definitely reduced
the ATPase activity to half in presence of DOPC. Comparing these results with the
outcome of the kinetics of induvial bile acids, a more distinctive picture of human
ABCB4 is presented.

Glycine-conjugated bile acids and TCA increased the ATPase activity of ABCB4
in presence of DOPC. This confirms that the glycine-conjugated versions are favored
by ABCB4. Furthermore, the enhancement by G/TCDCA is inversed in presence of
DOPC compared to the induvial kinetics of these bile acids. As discussed in section
3.3.3.2, TCDCA exhibited a higher maximal stimulation compared to its counterpart
GCDCA, but in presence of DOPC, GCDCA exhibited the higher effect. However,
taurine versions of primary bile acids still stimulate ABCB4 in presence of DOPC. In
contrast, the taurine version of the secondary bile acids DCA and UDCA displayed no
effect. Nevertheless, one has to consider the actual contribution of these bile acids. In
humans, it is considered that only ~40% of bile acids are conjugated with taurine.
Hence, the secondary bile acid TDCA for example only makes up approximately 3.5%
to 5.5% of total bile present in the gallbladder. In case of the secondary bile acid
TUDCA, itis only ~0.8%. In contrast, TCA makes up 13% and 21% of total bile present
in the gallbladder of females and males, respectively. Subsequently, there might be
less need to specifically recognize taurine-conjugated secondary bile acids. Taken
together, bile acid stimulating ATPase activity of ABCB4 in presence of DOPC is more
in line with the distribution of bile acids in human bile. ABCB4 favored bile acid naturally
present in high abundance in human, which ensures high amount of PC lipids at the

extracellular leaflet of the canalicular membrane.

The effect of TLCA on the ATPase activity of ABCB4 was similar in presence and

absence of DOPC. In both cases it was reduced by 50%. This might be to characteristic
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of TLCA forming micelles at significantly lower concentrations compared to other bile
acids. This result could explain how TLCA induces cholestasis in TLCA-treated rat
liver.'81.184 The bile pool of these rats is changed and consists of mainly TLCA, which
then reduced the PC lipid concentration as stated in one of the studies.'8
Subsequently, cells of the bile canaliculi are not protected from the harsh detergent

mechanism of bile acid, especially TLCA.

The two bile acids derived detergents CHAPS and CHAPSO exhibited a reversed
effect in presence of DOPC compared to their kinetics. While in absence of DOPC,
both exhibited a stimulation, they displayed a reduction of nearly 50% in presence of
DOPC. Subsequently, in presence of PC lipids, unnatural conjugation is less favored

and exhibit a negative effect on ATPase activity of ABCBA4.

UDCA and its conjugated versions, are all well-established treatments for liver
diseases.'72174175 However, they exhibited a rather small to no effect on the ATPase
activity of ABCB4 in presence of DOPC. This is in good agreement with another study
that demonstrated UDCA did not increase the PC release of ABCB4 WT and a
mutant.?” Additionally, among the four mechanisms of UDCA treatment, none has a
direct effect on ABCB4. The known mechanisms of UDCA are: (I) protection of injured
cholangiocytes against toxic effects of bile acids, (llI) stimulation of impaired biliary
secretion, (llI) detoxification of hydrophobic bile acids, and (IV) inhibition of apoptosis
of hepatocytes. However, it is not clearly understood which of these mechanisms plays
a primary role in providing beneficial effects of UDCA in cholestatic liver diseases.'%
The results of this thesis only emphasize that UDCA versions exhibit no direct effect
on ABCB4.

In contrast, the shortened Nor-UDCA version exhibited the highest stimulation of
ATPase activity of ABCB4 in presence of DOPC among all tested bile acids. It
increased the maximal stimulation of ABCB4 in presence of DOPC by ~400%. This is
more than two times higher compared to the stimulation by GCA in presence of DOPC,
which exhibited the highest maximal stimulation of all human bile acids. Additionally, a
definite difference between the two UDCA versions becomes obvious. Subsequently,
another mechanism of action for Nor-UDCA has to be considered. Nor-UDCA
becomes more promising in ABCB4 research and its related diseases. Furthermore,

conjugation of Nor-UDCA and Nor-urso versions of other bile acids (especially primary
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bile acids) should be considered in future. However, it was not possible to test these

within the current thesis due to the limitation of these bile acids and their conjugations.

In a last approach, the effect of bile acids (represented here by the bile acid
mixture) and especially Nor-UDCA, should be tested in presence of DOPC and
cholesterol. This would represent the natural environment of ABCB4 as close as
possible in the current set up. Furthermore, it allowed testing the limitations of ATPase
activity of ABCB4. Therefore, maximal cholesterol stimulation (1.5:1 cholesterol:
DOPC, based on the findings from the current research work, chapter 2 Figure 7) was
ensured in all approaches. Indeed, the bile acid mixture could further stimulate the
ATPase activity of ABCB4 in presence of DOPC as well as in presence of both DOPC
and cholesterol (see chapter 2 Figure 9B). The activity was enhanced by further 50%.
Hence, bile acid can further increase the maximal ATPase activity possible by DOPC
and cholesterol. Subsequently, it can be interpreted that both bile acid and cholesterol
exhibit each an individual additive effect. It was possible for the first time to
demonstrate a direct effect of all three major parts of the bile (bile acids, PC lipids and
cholesterol) at the same time. This is the proof that the orchestra theory is at least true
for ABCB4. However, Nor-UDCA exhibited a significant higher effect on the ATPase
activity of ABCB4 in presence of DOPC and cholesterol. Adding Nor-UDCA to DOPC
and cholesterol doubled the ATPase activity of ABCB4. The effect of Nor-UDCA is
unique and outstanding within all tested bile acids, whether in presence of DOPC or
DOPC and cholesterol. As stated above, this represents a novel mechanism of Nor-
UDCA and can lead to various approaches for bile acids and ABCB4 research in the
future. Even a clinical trial on patients with liver PC absence due to the failure of ABCB4
is considered in a future cooperation with the group of Professor Keitel-Anselmino from

the university hospital Dusseldorf.

Taken together, all tested bile acids modulate ABCB4, both as individual
monomers and within the bile acid mixture. Furthermore, a correlation between the
cmc and maximal modulation of individual monomeric bile acids could be presented.
Additionally, a stimulatory effect of cholesterol content in DOPC SUVs was
demonstrated. More importantly, the modulatory effect by bile acids persisted even in
the presence of DOPC and exhibited a stimulation pattern similar to natural bile acid

composition in humans. Bile acids mixture was also able to stimulate ABCB4 further in
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presence of DOPC and cholesterol. However, the new and outstanding effect of Nor-
UDCA on ABCB4 displays the potential for ABCB4 and bile acid research in the future.

4.5 Outlook

Although, it is not always necessary that new insights or findings culminate in a
solution as it rather forms a foundation for further research. Modulation of ABCB4 by
monomeric bile acids as presented in chapter 2, is a totally new contribution to the field
of ABCB4 research. However, two major questions arised:1) What is the location of
interaction and from which side do bile acids reach towards ABCB47? 2) What is the
detailed mechanism of ABCB4 stimulation by bile acids? In this outlook it is briefly
described whether a transport assay could answer the above questions. Additionally,
the major challenges and limitations in different transport-based assays for lipids in a

lipid environment, are addressed.

4.5.1 Reconstitution of ABCB4

Although working with solubilized and purified membrane proteins like ABC
transporters has a variety of advantages as stated above, it also has a few
disadvantages: i) since it does not represent the natural environment, it could result in
an artificial behavior; ii) the current set up is not feasible to distinguish if interaction
takes place from the cytoplasm or extracellular medium and iii) detergents might affect
the transporter. An example for the later one would be LmrA, which displays
approximately four times higher activity in FC-16 than in DDM.'®” This might be even
worse if the detergent and the substrate share a similar structural element which is
specifically recognized, like in case of ABCB4 (DOPC and FC-16). Of course, this
problem can be overcome by testing the effect of detergent on the transporters as it
was performed with ABCB4. FC-16 inhibited ABCB4 at a concentration higher than
three times the estimated cmc.'%* Hence, the FC-16 concentration in all assays was
chosen below this level. Nevertheless, it is not that easy to overcome the other
disadvantages. Although working with solubilized and purified ABC transporters is a

well-established and accepted method for characterization but the optimum best option
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is to return to the natural environment. One way is the reconstitution of ABC transporter
into lipid vesicle or synthetic membranes. Advantage of reconstitution is that one can
specifically chose the environment, like lipid composition, cholesterol content and
labeling of lipids. Disadvantage of this system is that the orientation of ABC transporter
has to be managed.’® A good starting point for ABCB4 reconstitution might be

provided by the protocols used for ABCB1 reconstitution.132199-202

However, is reconstitution the best way to study the effect of bile acids on ABCB4?
Reconstitution might allow to incorporate ABCB4 in a controlled lipid environment but
how does one observe PC lipid flop in a lipid environment? One elegant solution might
be the use of NBD-labeled PC lipids.?>2?5 However, one must ensure to maintain the
membrane integrity, by creating a mixed membrane with a limited amount of NBD-
labeled PC lipids and also limiting the time of transport. Further disadvantages of SUVs
are the size and the effect of curvature on translocation velocities. Both problems might
be solved with giant unilamellar vesicles (GUVs). Size, curvature and extraction can
be ignored in GUVs, but unfortunately GUVs are more unstable and difficult to handle
than SUVs.203

Regarding an experiment with bile acids, one has to ensure the proteoliposome
integrity. Based on the current data (see chapter 2), bile acids should be used below
their cmc. Since bile acids tend to integrate into the leaflets or accumulate at the leaflet
surface, they could create a local high concentration although overall concentration is
below the cmc. Hence, they might destabilize the liposomes or extract lipids. Therefore,
testing the effect of bile acids on the liposomes in advance is necessary and can also

serve as a control experiment.

4.5.2 Transport in a cell-based assay

To completely understand the transport by ABCB4 and to investigate the exact
mechanism of bile acids and cholesterol, a suitable transport assay is needed. Since
ABCB4 is a PC lipid floppase, a classical transport assay that measures export across
a membrane is not appropriate for ABCB4. One possibility via cell-based assay is the
extraction of lipids by BSA.2527 However, as stated at the beginning of the discussion

(4.5), lipid translocation, surface presentation and extraction seem to be different steps
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and there is no guarantee that extraction is equivalent to transport. It may allow
monitoring the general differences in the abundance of PC lipids in the outer leaflet but
not the translocation rate by ABCB4. It gets even more complex if bile acids are added,
since bile acids extract lipids Hence, similar to the reconstitution system discussed in
the section above (4.5.1), an assay to directly monitor PC flop is required. One futuristic
and not yet tested alternative might be the use of brominated PC lipids and quenching
by tryptophan incorporation. Since tryptophan quenching occurs in a range of four to
five times less than the size of a membrane (~8A 2%4 vs 30A to 40A 2%5), a well-
positioned tryptophan mutant would allow to monitor the position of the lipid. Especially,
if PC flop is really performed along TMH1, one could introduce tryptophan mutants to
create an asymmetry at different ends of TMH1. This would enable the analysis of the
possible crucial position in TMH1. Of course, the mutants have to be tested with
regards to the protein function. In case these ABCB4 mutants can also be integrated
in a membrane (e.g., a cell membrane, liposomes or membrane vesicles), this should
allow a proper transport monitoring. Subsequently, bile acids may be added to the
system at levels which do not destroy the membrane. This would enable to investigate
the effect of bile acids on the translocation process.

What about the polarized cell system with stable transfected Na*-taurocholate
cotransporting polypeptide (NTCP), ABCB4, ABCB11 and ABCG5/G87? In 2016, the
group of Bruno Stieger managed to stably transfect the LLC-PK1 cell line with the three
ABC transporters of the bile triumvirate and NTCP, which is necessary for bile acid
uptake.30 It was possible to cultivate these cells in trans-well plates creating a pseudo
basal and apical membrane. The transporters were correctly located within the
membranes and also active. This system was further used to study the effect of
antifungal drugs on ABCB4 and its role in DILI. However, it is remarkable how it was
possible to create a cell-based system representing a hepatocyte with a functional bile
formation system. Not only does it enable studying the passage of bile acids through
the cell but it might also enable us to study ABC transporters as integrated entities.
Additionally, the response of the three ABC transporters towards their mutual
neighbors’ substrates could be investigated. The system has a high potential to
investigate the different scenarios occurring during bile formation. Furthermore, it
allows to test the effect of the absence, inhibition or changed activity of the ABC

transporters. Furthermore, the important mutants in ABCB4, ABCB11 and the change
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in bile can be studied. It has the potential to provide deeper insights into the mechanism
of protection by (Nor-) UDCA or other drugs. Due to the NTCP and bile acid passage
through the cell, the side of the ABC transporter through which bile acids effect ABCB4
and ABCG5/G8 could be identified. However, this system might not provide insight
about the mechanism of action of bile acids on these two transporters. In both cases,
a detailed transport assay is required. If the assay (for example bromide quenching for
ABCB4) can be transferred into this cell line, it would be a convenient tool which might
allow more detailed study of the bile triumvirate than done earlier. Nevertheless, it is
imperative to first understand the mechanism behind transport and it would also
provide some insights into ABCB4 research. Monitoring the transport could allow better
differentiation between translocation, accumulation and extraction of PC lipids and
subsequently solve the mystery behind modulation of ABCB4 by bile acids and
cholesterol.
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An meine Mutter, die mich ebenfalls bei allem unterstitzt hat und mir gerade in den
Sprachen sehr geholfen hat. Du hast mich gelehrt, dass Fleif3, Willenskraft und ein Ziel
vor Augen mit Talent Uberfligeln kann. Auch bist du ein Vorbild hast mir gezeigt
schwierige Situationen zu meistern. Du hast mir immer Ruckhalt gegeben und bei
allem unterstutzt.

An meinen Bruder, der mir auf seine Art gezeigt hat, dass jeder seinen Weg gehen
muss und trotzdem am Ziel ankommt. Dass man auch mal gegen den Strom
schwimmen und Fehler machen muss. Ich bin dankbar, dass du mein Bruder bist und
wir uns nach einer doch manchmal kniffligen Schul- und Teeangerzeit mittlerweile so

gut verstehen.

Auch allen weiteren Mitgliedern unserer doch recht grolen Familie und allen
Menschen, die mich auf ihre Art im Studium und der Promotion unterstiutzt haben -
aber leider hier keine Erwahnung finden konnten — mdchte ich meinen Dank

aussprechen.
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Appendix — Declaration

IV. Declaration

Ich versichere an Eides Statt, dass die Dissertation von mir selbststandig und ohne
unzulassige fremde Hilfe unter Beachtung der ,Grundsatze zur Sicherung guter
wissenschaftlicher Praxis an der Heinrich-Heine-Universitat Dusseldorf® erstellt
worden ist. Daruber hinaus ist die Dissertation, in der vorgelegten oder in ahnlicher
Form, bei keiner anderen Fakultat eingereicht worden, noch hat es einen erfolglosen

oder erfolgreichen Promotionsversuch gegeben.

(Ort, Datum) (Tim Kroll)
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