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1. Introduction

1.1 The Enterohepatic Circulation and Recycling of Bile Acids

Primary Bile Acids (BA) are generated from cholesterol during a complex
cascade of synthesis in the liver, then conjugated with taurine or glycine and
stored in the gallbladder as a major component of the human bile. BA function
as detergents to aid digestion and are facilitating the absorption of fats, fat-
soluble vitamins and the solubilization of cholesterol, which are released in the
intestine through contractions of the gallbladder when having a meal.! Their
activity as emulsifying agent is possible because of their amphiphilic structure
containing one hydrophilic (hydroxyl-groups) and one hydrophobic side
(methyl-groups and steroid scaffold).?

The Enterohepatic Circulation can be summarized as a process of BA
recycling between the liver and the intestine mainly facilitated by the two
transporters NTCP and ASBT.

Due to the efficient work of those transporters, over 90% of BA can be
reclaimed from the intestine and brought back to the liver trough the systematic
blood circulation, which results in less than 10% de novo hepatic synthesis.>*
Those primary BA that circumvent the reabsorption via ASBT in the terminal
ileum, are further on chemically modified by colonic enterobacteria and

transformed into secondary BA via bacterial 7-dehydroxylation.

1.2 NTCP and ASBT: Striking members of the SLC10 Family

The solute carrier family 10 (SLC 10) consists of seven influx transporters of
Bile Acids (BA), steroidal hormones or a diversity of substrates, which are
involved in physiological processes of the human body.*

The first two discovered members, NTCP (SLC10A1) and ASBT (SLC10A2)
are both sodium-dependent co-transporters of bile acid and therefore

contribute a major part to the enterohepatic circulation (EHC).®



NTCP, also called sodium/taurocholate co-transporting polypeptide, is
exclusively located in the sinusoidal membrane of hepatocytes in the liver and
responsible for the uptake of BA from the portal blood circulation into the
hepatocytes.

ASBT, further known as the apical sodium-dependent bile acid transporter, is
mainly expressed in the brush boarder membrane of enterocytes (ileocytes) in
the terminal lleum. Its major task is the initial uptake of BA across the
enterocyte brush border membrane and therefore clears BA from the ileum to
the portal blood vein, where they are, as a part of the EHC, again being
redelivered to the liver via NTCP (figure 1).*

ASBT is known to have a narrow substrate specificity, transporting solely
bile acids. In contrast it's shown that NTCP additionally transports sulfo-

conjugated BA and steroid sulfates (oestrone-3-sulfate, DHEAS e.g.).4®
Two NA* dependent BA transporters

ASBT = SLC10A2 NTCP = SLC10A1
apical sodium dependent bile acid transporter na-taurocholate co transporting polypeptide
-> Enterocytes (terminal lleum) -> Hepatocytes (liver)
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Figure 1: The Enterohepatic circulation and the contribution of ASBT and NTCP.*
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ASBT being responsible for the initial BA uptake from the intestine and transport to the
portal circulation. Whereas NTCP clears BAs from the portal blood vein and returns them
into the hepatocytes as a part of the BA recycling process.

NB: in this picture another SLC10 family member, SOAT (SLC10A6) is marked, who is
structurally closely related to ASBT but strictly transports sulfated steroids. Therefore

SOAT is used as another source of information.



In this regard NTCP and ASBT can be seen as the leading and rate-
limiting mediators of BA-uptake and homeostasis in the liver and

intestine.*

1.3 Structure of native Bile Acids

Since BA are the major physiological substrates of ASBT and NTCP it is
important to pay attention to the structural requirements of those natural
compounds in order to understand the prevailing transport mechanisms and
their different substrate preferences:

As mentioned above primary BA are synthesized from cholesterol in
hepatocytes, hence they consist of a steroidal scaffold and possess different
hydroxylation patterns. Generally, they are di- or tri-hydroxylated at position
C3, C7 andlor C12, with each hydroxyl-group in «a-position, except
Ursodeoxycholate and its conjugated derivatives (3-position).

Furthermore, BA can be divided into unconjugated BA (free carboxylic acid)
or conjugated BA (glycine or taurine substituent) at position C24 (table 1).
Secondary BA are deduced from primary ones, that escaped the reabsorption
by ASBT, via 7-dehydroxylation or 7-epimerisation (c- to 3-OH) by the bacterial
metabolism in the small intestine. Again, there is an additional classification in
unconjugated and conjugated secondary BA.

The Nomenclature of the different BA can be seen in table 1.3

Table 1 Bile acid nomenclature and structure 2

RZ Ra R4
bile acid (C-7) (C-12) (C-24)

[m====m=Tn I

i 0 ! Primary Bile Acids

i ! cholate OH OH  OH

: AR i glycocholate NHCH>COOH

b ceeen ‘___1 taurocholate NH(CHz)2SOgH
chenodeoxycholate OH H OH
glycochenodeoxycholate NHCH2COOH
taurochenodeoxycholate NH(CH2)2S03H

Secondary Bile Acids
; deoxycholate H OH OH
‘ glycodeoxycholate NHCH.COOH

taurodeoxycholate NH(CH2)2S0sH
lithocholate H H OH
glycolithocholate NHCH2COOH
taurolithocholate NH(CH2).SOsH
ursodeoxycholate OH (B) H OH
glycoursodeoxycholate NHCH2COOH
tauroursodeoxycholate NH(CH2)2S0sH



Generally both proteins are known to transport each physiological di- and tri-

hydroxylated BA, preferring conjugated over unconjugated ones.®

1.4 Transporter abnormalities and correlated diseases

Due to the importance of the function and contribution that NTCP and ASBT
perform in the EHC, transporter abnormalities such as mutations can be
involved in serious gastrointestinal disorders.

For example, loss of functions caused by point mutations of ASBT (Thr262Met;
Leu243Pro) are linked to Primary Bile Acid Malabsorption (PBAM). The
inherited PBAM is accompanied by symptoms such as severe diarrhea,
steatorrhea along with an elevated excretion of BA and therefore lowered
plasma cholesterol levels and malnutrition."#

It is likely that some other diseases like Familial Hypertriglyceridemia or
Idiopathic Chronic Diarrhea are linked to the downregulation of the uptake
transporters NTCP and ASBT.

Furthermore it is believed that malfunctions or downregulation of the BA
transporter ASBT are further affecting the intestinal function and could be
involved in Chronic lleitis, Cholesterol and Black Pigment Gallstone disease,

Crohn’s disease, and even the contribution to Colon cancer is debated.’

Since NTCP is the leading transporter for hepatic BA uptake, transport
impairing single nucleotide polymorphisms (SNPs) could affect liver function
or drug disposition. The therapeutic effect of many drugs is known to be
dependent on the intact enterohepatic circulation. The deviation from normal
re-absorption processes could have unpredictable consequences e.g. on the
half-life or plasma level of the drug.” Yet little is known about the impact and
occurrence of SNPs causing loss of functions regarding hepatocyte damage,
consequences on cholesterol excretion or assumed rising serum BA levels,

which strengthens the need for further investigation.®



2. Aim of thesis

Since ASBT and NTCP are known to have a key role in the EHC, they have
been more and more in the focus of research aiming to treat
widespread diseases like Hypercholesterolemia.

ASBT inhibition would lead to a high elimination rate of not-absorbed BA via
fecal excretion and as a consequence reduce plasma cholesterol levels.

In order to compensate the lack of recycled BA the hepatic de novo synthesis
would be propagated, leading to a greater cholesterol consumption.
Additionally, an up-regulation of hepatic LDL receptors and therefore

increased plasma LDL-cholesterol uptake into the liver can be seen."#

Secondly ASBT is an interesting target for prodrug approaches, since it is

likely to improve oral bioavailability by utilizing its uptake mechanism.

Two different ways of tackling the problem could be imaginable: On one hand
it’s possible to link a drug to a natural substrate of the transporter, so called
“Trojan Horses” for delivery of therapeutics mentioned by Polli et al.> On the
other hand, “substrate mimicry” can be performed, where the 3D structure of
the drug mirrors natural substrates, in order to enhance the active transport.
This procedure could lead to tremendous success of targeted delivery for
currently poor bioavailable drugs due to the localization of NTCP in the liver
and of ASBT in the ileum.

Because of all these diverse mentioned application possibilities the aim of my
thesis is to understand the determinants of the substrate’s specificities
and gaining insight in the transport mechanism of ASBT and NTCP.
Moreover, it would be valuable to understand the crucial structural differences
causing the boarder substrate specificity of NTCP and discovering the reason
for ASBT's strict limitation to BAs. Based on this knowledge it would be
possible to either synthesize new compounds or conduct virtual

screening of already existing drugs. This would allow a classification and



repurposing as substrates or inhibitors, thus achieving the above-

mentioned benefits.

Due to the complexity of this topic we essentially concentrated on the
elucidation of ASBT as a key target and then applied the gained information to
analyze NTCP.



3. Material and Methods

3.1 Homoloqy Modeling

The methodology of Homology Modeling is based on the assumption that
functionally related proteins share common structural properties and
therefore own similar fold-motifs. As there is only a limited number of
possible folds, two proteins with a sequence identity of about 30% to 40% are
likely to share similar shapes, which builds the foundation to postulate
comparable transport mechanisms.® SLC transporters seem to constitute an
exception and allow to draw structural conclusions even from low sequence

identity about only 10% due to a common evolutional conserved fold motif."°

In absence of an experimentally determined crystal structure of the target-
protein, homology modeling is a reliable computational prediction method
which allows an accurate structure prediction. The sought three dimensional-
structure is calculated, in respect to a known phylogenetic related template,
based on the knowledge that a protein’s fold can be deduced from its primary
amino acid sequence.

Since the applied structure prediction is based on probed structures of close

related proteins (homologs) it’s also known as “Comparative modeling”.
The process consists of four major steps (figure 2):

At first the template selection is done, aiming to identify a known structure
closely related to the target protein. This can be done with a tool called BLAST
(Basic Local Alignment Search Tool) or HHPred (Homology detection and
structure prediction by HMM-HMM comparison). By comparing protein
sequences BLAST evaluates and ranks considerable matching proteins
according to their similarity, making them suitable to be chosen as a template
structure.’?'® HHPred applies a similar procedure for identifying the most
homologous protein sequence and moreover allows to discover targets with

(semi)conserved motifs, through sequence search.'
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Figure 2: Major steps of Homology Modeling

An iterative process which is highly dependent on the accuracy of the underlying chosen

homolog-template.

Another important source of information about the chosen protein is the Protein
Data Bank (PDB), which contains crucial data of the template crystal structure

such as ligands or mutations.

The sequence identity between template and target should ideally be above
40% or higher, since then according to Sali et al the modeled protein atoms
are expected to differ only with an RMSD" of 1 A (Angstrém) because of great
correspondence between the x-ray structure and the selected protein.'
Interestingly, a lot of SLC transporters share the same fold despite lower
identities (< 30% till 10%), which is an additional challenge for the modeling
process.’® The second step, the template-target alignment, is conducted
with an alignment tool such as PROMALS3D.'® Here the structural and

sequence information of the known homolog and the targeted protein are

Root-mean-square deviation: a quantitative measure of similarity between proteins



combined in order to obtain an accurate predicted alignment of the
sequences.'’

The alignment is then used to generate the actual homology model. This is
done with the help of tools like MODELLER."® As an output a 3D structure is
obtained, that satisfies the spatial constraints set as accurate as possible. The
focus is set to e.g. conformational limitations of the main-chain due to the type
of occurring amino acids, dihedral angle restraints or main-chain N-O
distances as Sali et al specify in their work."®

The fourth step is the model refinement, where the alignment can be
manually adjusted by minimizing gaps or aligning functionally important

residues, the process itself is iterative until a suitable model is generated.®

3.1.1 Validation by Enrichment

The Validation is done by Enrichment, to assess the performance and
predict the capacity of the attained model to discriminate between known
ligands and decoys using docking. Decoys are compiled by the webtool DUD

E (Database of Useful Decoys: Enhanced).'%8

Decoys are molecules generated with similar physicochemical properties e.g.
molecular weight, quantity of hydrogen bond donors and acceptors but a
diverging 2D topology to serve as a negative control for the enrichment
procedure. They are originally designed to not actually bind the target protein.
The calculated Enrichment Curve displays the ratio of ranked known ligands
(true actives) in respect to the screened database (in %), additionally
containing the generated decoys. The model evaluation is then done by
calculating the AUC (area under the curve) of the enrichment plots,
representing how the docked poses of the known ligands are better ranked as
compared to the poses of the non-binding decoys against the generated

homology model.

The obtained data is used to improve the homology model by refining side
chains, inspecting the binding site for regions of shifted amino acids or uncover

misalignments on the protein to reach AUC scores far better than 50%.2021.22.23



3.2 Docking Study

The process of molecular docking is performed to predict the orientation of a
ligand placed in the binding site of a protein (= ligand pose) and therefore gain
information about the stated interactions. As a result a depiction of the ligand-
receptor complex is obtained.?* For unknown structures docking against a
homology-modeled protein is a widely spread opportunity to elucidate the
interactions of a protein and its ligand.?®

This enables us to create a possible binding hypothesis for less investigated
proteins. The docking was conducted using the molecular docking program

Glide provided by Schrodinger.?8

3.2.1 Ligand and Protein Preparation

The protein and ligand preparation steps are done to ensure chemical
correctness and optimization of the structures for further usage in the docking
process with Glide.

The Ligand Preparation can be done in the “LigPrep panel” and secures an
optimally processed ligand e.g. with added hydrogens or various ionization
states and correct chiral properties to start the docking procedure with.

Using the “Protein Preparation Wizard panel’, the refinement and
hydrogenation of input files can be conducted, since usually PDB input files
only consist out of heavy atoms, sometimes contain incorrect bond orders or

atomic clashes.?6: 27

3.2.2 Receptor Grid generation

Since the aim of ligand docking is to identify, predict and depict relevant
interactions between different ligands and a receptor, the correct shape and
important protein properties need to be defined. The so called “grid”
determines the conformational area of the protein’s ligand binding site which
is considered to be investigated during the docking process itself.? This grid

set-up can be done by using Glide’s “Receptor Grid Generation panel”.

10



Most of the time this is done manually according to structure and known
properties of the binding site. The more precise space limitation are set during
this step, the more precise docking poses and scoring values can be expected

afterwards.?®

3.2.3 Docking of ligands

As shortly mentioned above, docking of ligands is a widely used and
acknowledged computational tool to identify, predict and depict relevant
interactions between different ligands and a receptor (protein). It enables the
illustration and explanation of ideal protein-ligand interactions, allows to
estimate binding affinities of various ligands, and paves the way for
screening new unknown ligands. It yields for an exhaustive elucidation of a
protein’s transport mechanism and preferred ligands based on rational

docking calculations.?8:30

For the calculations Schrodinger’s docking program Glide (Grid-based Ligand
Docking with Energetics) was used.?® Glide has been designed for docking
calculations with a rigid receptor structure and if chosen flexible ligands in
order to dock a large number of ligands with a suitable output in moderate time.
Whenever more precise output is required, time-consuming calculations as
induced fit docking needs to be operated (see 3.3 Induced Fit Docking).
The standard docking protocol for Glide includes the former mentioned protein
preparation, ligand preparation, grid generation and finally the docking process

itself.

As an output a so called “ligand pose” is acquired containing the ligand’s
specification and spatial orientation in relation to the protein’s binding site.
Glide is able to sieve and narrow down the calculated ligand poses within the
ongoing process through a sequence of hierarchical filters which rates ligand
poses according to various values as GlideScore, an adapted version of the
ChemScore and used for binding affinity prediction and rank-ordering, or
calculated energies between the ligand and receptor. This hierarchical process
of selection aims to terminate irrelevant ligand conformations and therefore

provides accurate ligand poses for further investigation.30-2¢

11



3.3 Induced Fit Docking (IFD)

Since the standard docking process in Schrodinger’s Glide is performed with
a rigid receptor this may lead to a wrong/excessive energy penalty for ligands
preferring interactions with a slightly alternated receptor conformation as the
one used from the input file. This could lead to a wrong classification as a “non-

binder” of an actual active compound or poor scoring of “true binders”.?'

In fact a receptor is able to alter its binding site to complement the binding
mode of a ligand, this circumstance will be considered by exhaustive induced
fit docking calculations.

The idea behind these calculations is based on the so called “induced fit
theory” originated by Koshland, assuming the protein-ligand interactions to be
a permanent process of binding site adaption depending on the current ruling
ligand properties, resulting in multiple possible binding site conformations.32
In order to evade this falsely ranking of ligands it is often suggested
that both, the protein (receptor) and the ligand, should be assumed as flexible
during the docking procedure. The probability of misleading docking results
can be reduced and additional protein conformations can be achieved.?*
This concept is implemented in Schrédinger’s induced fit docking protocol,
which uses Glide and Prime to execute the calculations of new receptor side
chain conformations and various ligand binding modes.333

These time- and processing power-consuming calculations can be carried out
when e.g. x-ray structures of the ligand-protein complex are missing and can
be seen as a tool to predict the actual binding mode and its stated interactions

for this chosen conformation.3’

The induced fit docking protocol procedure can be divided into three major
steps: first, various ligand poses are calculated with Glide by regularly docking
the ligand into the initial protein structure, then, as a second step, Prime
performs the “actual induced fit” part by adapting each binding-site to its
specific output-ligand. In the end the ligand is then redocked into these newly
obtained receptor conformations, assessed and graded according to the

GlideScore for redocking and the Prime energy.?'

12



3.4 Heatmap and PLIF

The Heatmap calculated is based on the Protein Ligand Interaction
Fingerprints data (PLIF). The PLIF is a tool that merges all interactions
between the ligand and the protein depicting it as a Fingerprint scheme, in
order to reveal frequent interaction patterns. Features such as “hydrogen
bonding, hydrogen bond acceptor or donor and ionic interactions” are taken
into account for the Fingerprint creation.3* The PLIF input data was calculated
with Maestro using the “Interaction Fingerprints” panel, then uploaded to MOE
(Molecular Operating Environment), a molecular modeling software, where an
inhouse script was used for creating a Heatmap. This Heatmap is a graphic
representation of the occurring protein-ligand interaction types
(hydrophobic, polar,...) plotted against the involved amino acid (aa) residues

and illustrated with a color code.3%

3.5 Ligand-based Pharmacophore Modeling — Phase

In 1909 the novel concept of “Pharmacophores” was introduced by Paul
Ehrlich, which are described as a “molecular framework that carries (phoros)
the essential features responsible for a drug's (pharmacon) biological activity”.
A Pharmacophore model resembles a 3D description of critical chemical ligand
properties (=features) needed to interact with a receptor (=protein).
On one hand structure-based Pharmacophore models can be generated,
directly deriving necessary features for binding from crystal structures of the

protein-ligand complex reflecting the essential properties for interaction.

On the other hand the ligand-based approach is made, in absence of x-ray
structure information, by using superimposed structures of known active
binders to identify and accumulate common features.36:3"

Due to the fact that a homology model is only an approximation and some
interactions could be left unaccounted, we opted for the ligand-based
approach. Using known BA substrates of ASBT as a training set served to
identify so called “common Pharmacophores”. Considering only shared ligand

features enables to establish a common pharmacophore hypothesis, a

13



detailed description of ligand binding illustrated on the basis of displayed steric
features.38

All calculations were conducted in Schrodinger’s application Phase.39:40

14



4. Results and Discussion

4.1 Homology Modeling of ASBT and NTCP

So far neither the crystal structure of human ASBT (hASBT), nor of human
NTCP (hNTCP) could be solved. However, as x-ray structures of two
prokaryotic homologs ASBTnwm and ASBTys were available, we were able to
build our homology models on the basis of information obtained by these
templates. The crystal structures of the homolog ASBTnm are acquired from
Neisseria meningitidis with 26% sequence identity and 54% similarity to
hASBT. Furthermore, strictly conserved binding site residues and a shared
common motif can be seen.

The two conformational structures of ASBTys were resolved from Yersinia
frederiksenii with 22% sequence identity and 59% similarity towards hASBT.
Additionally, a molecule of TCH (Taurocholate), a physiological ligand, bound
to the binding site of the inward-open state is included, providing essential
information. In addition, a similar topology and conserved binding site residues
can be found, which makes it to a valuable template.5*"

An overview of the homolog properties can be seen in table 2.

Both of the homolog organisms were used to build three different homology
models of hASBT with the advantage of altered conformations (inward-open,
outward-open) of the transport cycle and differing ligands bound, in order to
gain as much structural information as possible.

Likewise we built two homology models of NTCP, based on the same
prokaryotic homologs, in the inward-open (3ZUY) and outward-open (4N7X)
conformation, to facilitate the comparison of those two BA transporters within

altered conformations.

15



Table 2 Summary of Homolog properties

ASBTys ASBTnm
22% sequence identity 26% sequence identity
59% similarity to hASBT 54% similarity to hASBT
PDB ID: 4N7X PDB ID: 3ZUX
outward-open artificial mutation
PDB ID: 4N7W PDB ID: 3ZUY
inward-open inward-open
Citrate in binding site TCH in binding site
(inward open) (inward open)
— from crystallization buffer — physiological ligand

4.1.1 Structure of ASBT and NTCP

According to several hydrophobicity analyses and experimental data
Hagenbuch et al. came to the conclusion that human ASBT and NTCP consist
out of an odd number of transmembrane domains (TMDs), most likely

seven or nine.42:6

Sequence analysis exhibited 10 TMDs of the ortholog ASBTnm, arranged into
two inverted 5 TMD repeats which deviates from the assumption of seven or
nine TMDs for hASBT.

It is still speculated and not entirely clarified whether hASBT and NTCP are
assembled by 9-TM or 7-TM sequences. Doring et al argue in 2012 that,
because of an inexistent and therefore unpredictable first bacterial
transmembrane segment, hASBT consists out of 9 segments, while Swaan
and his group’s topological prediction experiments from 2004 favored the 7-
TM assumption.*243 It is further speculated if so called “substrate sensible re-
entrant loops” are a potential reason for these ambiguous outcomes of several
hydrophobicity analyses through the years. These special loops are winding

towards the membrane, partly entering and then reversing to its origin. Their

16



reason for forming and influence is often unrevealed and requires further
inspection.*344 Supplementary analyses are also needed according to Swaan
and colleagues to evaluate the suitability of ASBTnm for depiction of
mammalian ASBT as it is not completely clarified if this bacterial homolog
transporter exclusively transports bile acids.*

Since a 9-TM model was built by Geyer et al. and Zhou et al. (appendix 1), we
decided to build our model according to their more recent findings and
therefore excluded the first bacterial transmembrane region for our
calculations as suggested in their work.4145

A comparison of the transmembrane topology between the prokaryotic and
mammalian ASBT (predicted with seven TMs) can be seen in figure 3 and a

depiction of hASBT's secondary structure in figure 4.4% 4

Panel domain

Intracellular
cavity

Figure 3: Transmembrane domain topology of hASBT(A) and ASBTnm (B)

(A) Depicting the possible seven TM assembling and assumed
interactions of hASBT s amino acid residues with the bile acid substrates
(B) Comparing the 10 TM structure and steric representation from
template homolog ASBTnwm (derived from its crystal structure) .

EXOFACIAL

cyTosoLic

Figure 4: predicted secondary structure of hASBT
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The ten bacterial transmembrane (TM) segments are
assembled as following described: The first two TM
Segments (TM1 and TM2; TM6 and TM7) are forming the
typically “V-motif shape” and create the scaffold domain.
The core motif consists out of three helices (TM 3 to TM5

and TM8 to TM10) and is forming the transport domain

(also see figure 3B).
Furthermore, a particular characteristic feature entitled as Figure 5: Alignment

of crossover region
the “crossover region” (figure 5)*' can be seen, including in ASBTxs (light blue)

the discontinuous TMs 4a,b and 9a,b which are ?,{Li)ASBTNM (dark
intersecting at their breakpoints.

Another known example for discontinuous transmembrane helices is the
sodium/proton antiporter NhaA. Interestingly, NhaA and ASBTnm share an
RMSD?t of 2.9 A, which shows an unexpected similarity of these two
independent transporters.>4 Indeed ASBT is not related to NhaA, but they are
defined by mutual motifs and a similar fold, which could help understanding

the transport mechanism.

As ASBT and NTCP need to bind two sodium ions (Na*) in order to translocate

one BA molecule, two sodium-binding sites (Na1,Na2) could be discovered.
They are located in the core domain close to the crossover region. These ion-
coordinating residues are highly conserved within the bacterial homologs and
as well as the mammalian ASBT and NTCP N

(including human see PROMALS alignment A Tl. /\I <

figure 27).541 ,;D - B =
) @2

The inspection of the distinct X-ray s

e
Figure 6: elevator mechanism
homologous protein in various 1o

structures available of the bacterial

transport domain (pink) is
conformations, suggested an “elevator (ranslocating the substrate with a
perpendicular movement across the

mechanism’(figure 6) of transport.'® In this membrane, whereas the scaffold
domain (light pink) remains static.

T Root-mean-square deviation: a quantitative measure of similarity between protein structures

RMSD = 1-3 A for similar proteins
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model, the protein can be divided in a transport domain, moving across to
the membrane, containing major parts of the binding site, and a static scaffold
domain.

For ASBT the conformational change from outward- to inward-facing states is
characterized by only a small slide movement of its transport domain as
compared to other transporters like NhaA (figure 7 A and B).46

As the substrate binds to the transport domain, the conducted perpendicular
movement allows the electrogenic driven translocation from the extracellular-
into the intracellular-side of the membrane, accomplished with the substrate

release.510.46

Movement of ASBT

extracellular

intracellular

ASBT,, (4N7W) ASBT,, (4N7X)

inward-open J...transﬁon domain outward-open
2...scaffold domain

Figure 7A: The movement process of the elevator transport mechanism for the two
bacterial homologs. The arrows are indicating the movement of the protein alternating its
two structural conformations. The pink transport domain moves across the membrane to
aid substrate release, while the scaffold domain (cyan blue) remains rather rigid.
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Figure 7B: Postulated movement process
of human ASBT with superimposed
structures of the inward- and outward-open
conformation

: outward open (modeled from 4n7x)
Green: inward open (modeled from 4n7w)
The proteins are aligned with their statically
fixed scaffold domain (pale color) to allow
the visualization of the movement carried
out by the transport domain (bold colors)
between the two states.

4.1.2 Template selection and Alignment

As above stated the bacterial homolog sequences of ASBTnm and ASBTyrare
suitable templates for the homology modeling process. The primary sequence
of each protein was downloaded in the .fasta format from UniProt, a database
with a broad collection of protein sequences and further functional
information.4” The sequences of hASBT (UniProtKP: Q12908), hNTCP
(Q14973), ASBTnm (Q9KO0A9) and ASBTYr (tr_C4ST46) were uploaded to
PROMALS3D, an alignment web tool, which combines the structural and
sequence information of the known homolog and the targeted protein in order
to obtain an accurate predicted alignment of the sequences. As an output a
colored alignment with predicted secondary structure and information about
the amino acid conservation is obtained (see figure 27: PROMALS3D

alignment of SLC10 family members; chapter 4.5 Phylogenetic Relationships).

4.1.3 Model building, assessment and refinement

This obtained PROMALS3D alignment was copied to in a text file in a .pir
format (figure 8A), which is run with a python script (build.py) developed for
MODELLER (figure 8B), a software for comparative modeling of proteins
(homology modeling)."® First only five preliminary models were built according

to each corresponding homolog-pdb file for an initial evaluation. On the bases
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of the PROMALS alignment we were able to conduct further manual
optimizations such as inserting small shifts, cutting loops or parts of the C
termini by editing the pir file with a focus on the binding site residues. After

each optimization step the DOPE scores were checked.

Figure 8A: Align.pir - Sequences are inserted in .pir format and then further adjusted for an
optimal resulting model

>P1;asbt

sequence:asbt:1::LAST:::::
MNDPNSCVDNATVCSGASCVVPESNFNNILSVVLSTVLTILLALVMFS-MG
CNVEIKKFLGHIKRPWGICVGFLCQFGIMPLTGFILSVAFDILPLQAVVVLIIGCCPGGTASNILAYWVD
GDMDLSVSMTTCSTLLALGMMPLCLLIYTKMWVDS—-GSIVIPYDNIGTSLVSLVVPVSIGMFVNHKWPQK
AKIILKIGSIAGAILIVLIAVVGGILYQS——AWIIAPKLWIIGTIFPVAGYSLGFLLARIAGLPWYRC
RTVAFETGMQNTQLCSTIVQLSF/LNVVFTFPLIYSIFQLAFAATFLGFYVAYKKCHGKN. *

>P1l;4n7w

structureX:4n7w: 1 :A:LAST :A:::-1.00:-1.00
————MLVKITRLFPVWALLLSVAAYFRPTTFTGIGPYVGPLLMLIMFA-MG
VTLRLDDFKRVLSRPAPVAAATFLHYLIMPLTAWILAMLFRMPPDLSAGMVLVGSVASGTASNVMIYLAK
GDVALSVTISAVSTLVGVFATPLLTRLYVDATISVD————- VVGMLKSILQIVVIPITAGLVIHHTFTKT
VKRIEPYLPAMSMVCILAIISAVVAGSQ-SHIASVGFVVIIAVILHNGIGLLSGYWGGKLFGFDESTC
RTLATIEVGMQNSGLAATLGKIYF/SPLAALPGALFSVWHNLSGSLLAGYWSGKPVKKDQE. *

Figure 8B: python script (build.py) which runs MODELLER

# Homology modeling with multiple templates

from modeller import * # Load standard Modeller classes
from modeller.automodel import * # Load the automodel class
log.verbose() # request verbose output

env = environ() # create a new MODELLER environment to build this model in

# directories for input atom files
env.io.atom_files_directory = ['.", '../atom_files"']
# Read in HETATM records from template PDBs
env.io.hetatm = True

env.io.water = False

a = automodel(env,

alnfile = 'aln.pir', # alignment filename

knowns = ('3zuy'), # codes of the templates

sequence = 'asbt') # code of the target
a.starting_model= 1 # index of the first model
a.ending_model = 100 # index of the last model

# (determines how many models to calculate)

o

.assess_methods = (assess.GA341,
assess.DOPE,
assess.DOPEHR,
assess.normalized_dope)

o

.make() # do the actual homology modeling

After the refinement was suitably completed, one hundred models of each
conformation and each transporter were built to retrieve a sufficient variety of
binding site conformers.

In between some of the top scored models were uploaded to PyMOL*, a

molecular visualization program for preliminary inspection (figure 9).
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Figure 9: First actual homology

(=N
: j model of hASBT modeled from
7' 3ZUY (inward open). Showing

the two required sodium ions
fé\vifiime (purple spheres) for transport
< 'v;;;fi‘;:ggg and a physiological BA ligand
£ site (TCH) ready for release, as well
£ ) an included water molecule.

| \
b
VX/ s > TCH
Ligan
¢ (Ligand)

The final decision which of the exploratory models were chosen for further
docking studies was on one hand depending on the re-docking results of TCH
and finally made by means of the enrichment process. For our further
investigation steps we initially proceeded with the inward open conformation
of hASBT modeled from 3ZUY, since the bound substrate TCH was already
included in its binding site. This served as a good starting point to examine

possible interactions stated in the human protein

4.1.4 Re-Docking of TCH for Binding site refinement

Before calculating the enrichment curve, it was necessary to inspect and
prepare the models” binding site in order to ensure mutual matching

interactions between the ligand and protein for each complex.

During the literature research we found a mutation study that was conducted
by Zhou et al. transforming putative relevant polar residues of ASBTys ‘s
binding site to Alanine or Valine. This was done to demonstrate how the loss
of polarity from these residues would influence substrate binding of TCH as
compared to the wild type. Those residues were expected to be involved in
hydrogen bonding with hydroxyl-groups of the substrate Taurocholate (TCH)
in a hypothetical horizontal binding pose. Three of the mutations (T106V,
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N259V, H286A) happen to decrease TCH binding by more than 20%, which

suggests that these residues are involved in ligand binding (figure 10).4!

Conservation of important residues

Mutation studies of ASBT,
v ASBT,,, x-ray hASBT
(@3zuy) (from ASBT )

Asn264

P water
GIn287

100

secilic *H-TCA bind ng (%)

Mutations that reduce binding by
more than 20% relative to the

wild-type protein are labelled in Thril2
red

i A X
Thr106 (/ .{ N

A B

TCH C

Figure 10: Showing the conservation of important residues:

Inspired by the mutation study of Zhou et al in ASBTvyr (A) an
inspection of corresponding residues was done for ASBTnm, since
it contained the actual substrate TCH bound (B). The strict
conservation of residues could be observed and compared to our
human ASBT model (C). Binding site of best ranked model with
correct oriented GIn287 able to interact via hydrogen bond
network with ligand TCH (D).

When inspecting the binding site of ASBTnwm (inward open) in PyMOL and
according to their alignment, we found out that the residues mentioned were
highly conserved within the two homologs and most of the SLC10 family
members (see PROMALS3D alignment — chapter 4.5 figure 27). Moreover, a
water molecule located in the binding site could be observed interacting on
one side with the oxygen of TCH via a hydrogen bond and with Histidine 294
(His294) on the other side, serving as a putative linker. Therefore we
concluded that the water molecule is possibly involved in the binding

process of TCH and other BA substrates. (figure 10)
Next, when inspecting our model of hASBT (template ASBTnm) we found

Asparagine (Asn) and Threonine (Thr) to be conserved too, but instead of His
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a Glutamine (GIn287) was present. This GIn is likewise able to form a
hydrogen bond with the above-mentioned water molecule. Since it is
conserved in 5 out of 7 human SLC10 members (PROMALS3D alignment —
figure 27) we hypothesized that this water is necessary for binding the
substrate in the inward open conformation and thus was included in our
models.

Provided with this important additional information we started to narrow down
the number of homology models to work with by measuring the distances of
the hydrogen bond forming water and the nitrogen or oxygen of GIn287. By
choosing only models with a distance smaller than 3 A (Angstrém) we wanted
to ensure that the possibility for hydrogen bond interactions is given. We ended
up with eleven models for the “nitrogen-distance”, four models for the
“‘oxygen-distance” of GIn to the water molecule and five models with the best
DOPE score of hASBT (modeled from 3ZUY) in the inward open
conformation (figure 11). For the outward-open conformation the most
representative model was chosen according to the highest DOPE score
ranking, since no ligand was resolved in the bacterial homolog and barely
some information regarding protein ligand interactions was available. A
detailed information and values about this selection process can be seen in

appendix 2.

After the preliminary distance selection of adequate models, the binding site
refinement step via Re-Docking started. Here we wanted to ensure that the
protein’s binding site was prepared in a suitable way where the known binding
pose of TCH could be reproduced. Most importantly, hydrogens were added
to the protein by using the Protein Preparation Wizard tool from the
Schrédinger suite, among other preparations such as optimization and
minimization steps.*® Their correct orientation was adjusted using the
Interactive H-bond Optimizer panel. Arranging the hydrogen bond network
and therefore providing a suitable environment was a challenging task, but

provided the fundament for placing a valid docking grid.
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Figure 11:

Created Homology
models of hASBT
After measuring the
r distances only the most
hASBT modeled from accurate models were
AS;‘I:;?;“UY) hASBT modeled from %E?"?:ﬁ;;om shortlisted for further
- TEH bound Aisl?:a‘;ﬁ];? outward open investigation and in the

end model 57 was

chosen as the most

Distance Measurement representative

homology model for
hASBT. For NTCP

model 96 was selected

Mdi22, mdl51, mdl44, mdl28,
mdl98, mdl72, mdl60, mdl41,
mdl64, mdl77, mdl85

Mdl19, mdla4,

mdl15, mdI23 according to the best

ranking.

NB: The ‘oxygen-distance”
measurement  was  added
afterwards for the reason that as
well the nitrogen and the oxygen
are capable of interacting with
the water molecule. As Gin gets
flipped the calculation was
added since it was unclear to
that point what conformation

Mdl 57 was prevailing.
— best DOPE score
and best AUC

Re-Docking of TCH

After many misleading attempts the hydrogen bond interaction network was

finally defined by the following way: One hydroxyl-group of TCH (labeled as
; attached to C3) is interacting with Thr110 by contributing its Hydrogen,

therefore serving as a Hydrogen Bond P 5

. TCH’s hydroxyl-group labeled as C\'
R2 (attached to C7) is interacting with the

water molecule by receiving the hydrogen, | &, R2: Acceptor
and therefore is a Hydrogen bond - 7 -

Figure 12: Bile Acid scaffold and
function of residues

Acceptor (figure12).

Moreover, this water molecule is donating its hydrogen to interact with

GIn287 to complete the assumed hydrogen bond network (figure 13).
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(grey/green):

A) Hydrogen bond network of GIn287 (blue), water molecule and R2 of TCH
B) R1 of TCH interacting as a hydrogen bond donor for Thr110 (pink)

Sometimes, depending on the model, a side chain rotamer of the amino acids
Thr110 or GIn287 had to be produced by using PyMOL’'s “Mutagenesis
Wizard”.#® This step was essential to enable hydrogen bond interactions. By
means of above-mentioned settings the grid for every chosen model was
calculated by using the Receptor Grid Generation panel of Schrodinger’s

Maestro in order to represent the .

proteln’s pl’OpertIeS needed for Receptor grid: | From file ~ || Display receptor

File name: [de-grid_constrwaterThr md157rota/glide-grid constrWaterThr mdl57rota.zip|| Browse.

Ligands | Settings | Core | Constraints | Torsional Constraints = Output

d OCk| n g . Select constraints to use in docking. Constraints can be grouped. Each group of constraints must be
satisfied. Optional constraints can be defined within a group.

Total number of constraint matches requested: 1 (Maximum is 4)

Hydrogen-bond constraints 7=

Group 1(1 required) | Group 2 (0 required) | Group 3 (0 required) | Group 4 (0 required)

Available constraints (2 in use)

were applled for re-docking TCH Use Name Receptor Constraint Type Ligand Feature

C:HOH:
vl 366:0(hbond) H-bond Donor (4 patterns)

Donor (4 patterns)

using the above listed residues: ¥ mmsem "o
Thr110 via oxygen as a Donor

and the water molecule (H20) as
Must match: A/

All (@ Atleast: |1 [

a Donor via the oxygen (fiQure i sasicionony stersocin

1 4) Job name: |glide-dock SP 1 asbt mdl57rota TCH ACC DON e Run

Host=localhost:8, Incorporate=Append new entries as a new group [©)]

Figure 14: Constraints tab of the Ligand Docking

panel: chosen constraints for Re-Docking TCH
After detecting all the basic settings needed, the re-docking of TCH was
conducted for every model and then inspected via PyMOL. The constraints
and settings for docking got iteratively improved until a valid docking pose was

reproduced for every model.
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We aimed to generate an environment where choosing at “least one
constraint” in the docking panel (figure 14 — red arrow) was enough to
accurately dock BAs, because we wanted to bias the docking procedure as
little as possible by setting too strict constraints.

For example (figure 15): when Re-Docking of TCH to Model 98 (Thr-
Rotamer) superimposed to the crystal structure binding pose of TCH (grey),
only minor differences between the tail positions can be seen, which were

considered as nonrelevant at this stage of docking.

Figure 15: Re-docking of TCH in mdl 98 (inward open)

The re-docked TCH (cyan) is perfectly superimposed to the binding
pose of the homologous crystal structure (grey) due to a complex
setting of constraints and a profound preparation of our models

(chosen grid space is depicted as a purple square)

Our conclusion seems to be supported by the QSAR Pharmacophore model
created in 1999 by Werner Kramer and his group, which contains one

hydrogen bond acceptor and one donor feature for rabbit ASBT. 50

4.1.5 Model validation by Enrichment

As stated before the enrichment process is a method for estimating the
accuracy of built homology models by assessing the ability to discriminate

between known ligands and generated decoys. The calculated enrichment
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curve displays the ratio (in %) of ranked known ligands (true actives) in
respect to the screened database (decoys + true actives). We docked all
known BA-substrates of ASBT according to a review of J. Geyer and their
originated decoys by DUD E (table 3 — yellow highlighted BA).®

The calculations were run with an “in house script” that was firstly automatizing
the docking procedure of BA and decoys in Glide, secondly ranked them
according to the Glide DOPE score and then calculated the AUC values. Out
of the given data model humber 57 performed best with an AUC of 61.607
% docked with at least one constraint (Thr or water) matching (figure16).
Interestingly, model 57 holds also the best ranked normalized DOPE score
of -0.65323.

This model was then chosen for further docking studies, since it was the best

one to distinguish between true ligands and decoys.

100 100

—  Model e — Model
== Random e == Random
K
.

logAUC= 23.857

AUC=61607 | gl el

1 0 1 2
20 a0 &0 B0 00 & 10 i w
% Of ranked database % of ranked database

Figure 16: Calculated Enrichment curve of model 57 showing an acceptable
result of AUC = 61%, which represents the probability of finding an active
better ranked than an inactive.

Moreover our model loses accuracy (worse than random selection) of proper
discrimination after screening around 70% of our database.

An AUC value of around 61% was fine for our use, but surely it could be
considered to opt for more optimizations of this model, to attain better AUC
values. The right panel shows the enrichment curve in a semi-logarithmic

scale.
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4.1.6 Modeling and preparation of hANTCP

The same steps and procedures of homology modeling and binding site
refinement were executed for hNTCP. Likewise one hundred models of
each conformation were generated for NNTCP. The inward open
conformation was as well modeled on the template 3ZUY (ASBTnm with
water molecule included), and the outward open conformation on the
template 4N7X (ASBTyy).

When inspecting NTCP’s inward open conformation it was revealed that
ASBT s Thr110 is replaced by Asn103 (Asparagine — N) which is also capable
of interacting via hydrogen bonds with the labeled R1- hydroxyl-group of TCH.

The Ra2-hydroxyl-group of TCH is, as shown for ASBT, also interacting with the
included water molecule. Again a hydrogen bond network could be
established by connecting TCH's hydroxyl-group (R2) via the water molecule

to NTCP’s GIn289.

A necessary reduction of the produced models was done by measuring the
distance of Asn103’s nitrogen (hNTCP) to R1’s oxygen (TCH). By setting

this threshold we obtained 10 models with a measured distance under 3.2 A.
Furthermore, the 5 best ranked models, according to the DOPE score, were

added to our selection (appendix 2- excel sheet of chosen models).

As done for ASBT the hydrogen bond interactions and grids were prepared as

following: The hydroxyl-group of TCH labeled as R1 is serving as a hydrogen
bond donor and TCH's hydroxyl-group labeled as Rz (interacting with the

water molecule) is a hydrogen bond acceptor. When re-docking TCH
acceptable binding poses could be retrieved in hNTCP (inward open) by using

these settings.
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4.2 Docking of BA in ASBT inward open conformation

4.2.1 Preparation and Receptor Grids

After the intended accuracy of our models could be observed in the enrichment
curve, we started our docking studies with model 57 (inward open hASBT)
choosing the same constraints as for the re-docking procedure, the water
molecule, and Thr110. Also former protein preparation (Protein Preparation
Wizard) and ligand preparation (LigPrep) settings of model 57 were applied.
This time all known transported BA substrates (table 3) with available
experimental data from transport assays were selected as ligands to be
docked.® These calculations were performed in Glide?® with the intention to
notice differences in interactions or receive different binding poses which

would explain the substrate specificity or selectivity of hASBT.

4.2.2 Docking of ligands — Affinity inward open

Based on our docking results an attempt to explain the experimentally seen
preference of C7 - a-hydroxyl groups (labeled as R2) (Cholate, CDC, DC,
LC and corresponding conjugates) over C7--OH (UDC and conjugates)? can

be made. Taking a closer look at the presence or absence of established
hydrogen bonds with this specific water molecule could be a first starting point

to understand the variety and difference in affinity of primary and
secondary BAs (table 3 - experimental Ki/Km values).®

The difference of primary and secondary BAs is most importantly defined by
the distinction of a a-hydroxyl group (R2) attached to C7 or none. Secondary
BAs would either have no hydroxyl-group attached to R2 ( C7 = H) or UDC and
its conjugated derivates would own a [-hydroxyl group (see figure1) which

seems to have a major impact on the transport affinity.>
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Table 3: An overview of BA substrates transported by ASBT and
NTCP with corresponding Ki or Km values illustrating differences in
specificity between the two transporters and intern substrate affinity
X...no experimental values available

Abbreviation Substrates ASBT NTCP
Primary Bile Acids
Cc Cholate Km= 33 — 37 yM|Km= 6 - 34 uM
GC Glycocholate X Km=27 uM
TC Taurocholate Km= 12-18 yM |Km= 6 - 34 uM
CDC Chenodeoxycholate Ki= 3.3 uM X
GCDC Glycochenodeoxycholate | Ki=5.7 uM X
TCDC Taurochenodeoxycholate | Ki=6.1 uM Km=5 uM
secondary BA
DC Deoxycholate Ki=6.3 uM X
GDC Glycodeoxycholate Km=2 uM X
TDC Taurodeoxycholate Ki= 17.2 uM Km= 7.4 uM
LC Lithocholate n.t. n.t.
GLC Glycolithocholate X X
TLC Taurolithocholate X X
ubDC Ursodeoxycholate Ki= 75 uM X
GuUDC Glycoursodeoxycholate | Km=24.1 uM X
TUDC Tauroursodeoxycholate Ki= 28 uM Km= 14 yM
Bile acid sulfates
CDC3S |[Chenodeoxycholate-3-sulfate not tr?rr]lip))orted substrate
TLC3S Taurolithocholate-3-sulfate Iégggitg.A,]S Etl\/l | (;?‘,gtz)itol_\lgtcppm
Steroid sulfates
Oest3S Oestrone-3-sulfate n.t. Km= 27-60 uM
DHEAS DHEAS n.t. transported
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For example, when docking TC, CDC, UDC and LC in model 57 (hASBT:
inward open) with mentioned donor(R1)-acceptor(R2) settings, and constraints

only set on Thr110, the following differences of interaction can be seen (figure
17).

A) TC (grey, a-OH at R2) establishing a hydrogen bond with water molecule
B) CDC (orange, a-OH at Rz - superimposed to TC) forming a hydrogen bond

C) UDC (green, 8-OH at Rz- superimposed to TC) not interacting with the water molecule
due to B-configuration of hydroxyl-group

D) LC (blue, no OH at Rz) also no interaction
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TC (R1=R2=R3= OH) forms a hydrogen bond with the water molecule having

an a-OH (R2) as an acceptor, which could be linked to the experimentally
observed high affinity and good transport rate.

CDC (R1=R2=0H, R3=H) is also showing an interaction of & -R2-OH with the
water, as well as a low K| indicating to be a good inhibitor and has a lower
transport rate. UDC is not able to interact with the binding site water when
being docked with the same constraints, attributed to the different steric

orientation (tilted away) of the [-OH (R2). This observation reinforces our

hypothesis that an absence of water interaction, in this case due to the -OH
orientation, is decreasing the affinity, as observed from the experimentally

measured weak inhibition (high Kij).
LC (R1=OH, R2=R3=H) is as well not establishing hydrogen bonds with the

water molecule, because of the absence of the R2 hydroxyl-group.

Interestingly, no transport or inhibition of LC is measured in ASBT.

Together with other steric reasons the discovery of these stated hydrogen bond
network interactions could play a crucial role in defining the difference of
substrate affinity for ASBT.

Drawing a connection to the observation made by Polli et al.3 that CDC exhibits
a greater inhibition potential than UDC and considering the experimental
values of transport assays for TC, CDC and UDC and our findings could be a

starting point of explaining a difference in substrate affinity by presence

or absence of C7.a-OH.

In the end we could observe that for hASBT the attained binding poses of all
BA were found to set up analog interactions and therefore created similar
binding poses. This was also the case for the resulting docking poses of
hNTCP. Since no unique or additional interactions could be seen, we
concluded that the substrate selectivity is very likely to be made in the
outward open conformation. This assumption would go along with the fact,
that molecules are fist exposed to the extracellular side of a protein and have

to match the needed properties in order to be transported as a substrate.
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4.2.3 “Structural water”’ Hypothesis

Overall, our results show that the hydrogen bond networked formed between
the previously mentioned water, the ligands and the binding is very likely to
play an important role in the distinct BA affinities. We might even consider it as
a structural water, meaning it is located inside hydrophobic pockets aiding to
stabilize the protein’s structure via strong hydrogen bonds.5" To proof our
hypothesis it would be necessary to perform a water analysis through
molecular dynamic (MD) simulations to distinguish structural from bulk
water. Different fluctuation patterns and calculated binding energies would
then allow a prediction of structural water, buried in the binding site, or bulk

water just located on the protein’s surface.%?%3

4.2.4 Comparison for NTCP

As apparent from table 3, NTCP has a broader substrate specificity>
including bile acid sulfates and steroid sulfates (Oestrone-3-sulfate, DHEAS).
Since this circumstance was adding more complexity to the transport pattern,
slightly different adaptions in the grid preparation for the re-docking had to be
applied for hNTCP.

Preparing the hydrogen bonds to obtain a single suitable grid for the “nitrogen
distance models” was impossible, so we excluded them and started to refine

the remaining ten models with the best scores. A big obstacle was the matter

of fact that, whenever using the same settings as for ASBT (TCH: R1 =

hydrogen bond donor, R2= acceptor) we could, as expected, successfully
dock the already known bile acids, but were not able to retrieve reasonable
binding poses for sulfated BAs or steroid sulfates. This indicates that two
grids are necessary to acquire valid binding poses for each species of
substrate, which we interpret as a non-ideal condition. Due to a limitation of
time and available information about hNTCP we paused the enrichment plans
of NTCPs inward open models. Moreover, we decided to carry out our docking
studies for NTCP (inward open) with the best ranked DOPE score model 96.
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4.3 Induced Fit Docking of BA in ASBT (outward open)

As previously mentioned due to identical docking results and interactions
made in the inward open conformation of hASBT we further hypothesized that
the selectivity has to be defined in the outward open conformation. As
there is no structure of a template in complex with a ligand available in this
conformation, Induced Fit Docking was performed to characterize binding
modes for primary and secondary BAs. Furthermore, due to the flexible
approach of both the ligand and protein, in this special docking method we
aimed to obtain more precise docking results.

We built our models using the homolog template ASBTys (PDB ID 4N7X)
crystalized without any ligand bound (apo form). Relying on accessibility data
investigating the possibility of a theoretical horizontal binding site by Zhou
et al.*! we run a binding site search ourselves for additional information (figure
18A). To predict the ligand binding site FTSite, an application of the FTMap
server, was used to determine and rank the possible areas.5* A combination
of the pink and green pocket seems to reinforce the above stated hypothesis

of a horizontal binding pocket (figure18B), as there is evidently enough space.

A Proposed ASBTyr transport mechanism: B
(I1): Na* binds to Na1 and Naz
— facilitating binding of TCH (lll) horizontally

2Na" @ . B le acid
outward open

th Inward open
o

Hypothetical states - - -

Figure 18: Inspecting the outward open conformation

A) Proposed transport mechanism by Zhou et al. suggesting horizontal binding of TCH

B) FTSite binding site prediction of ASBTyr (4N7X): Three predicted pockets in pink, blue
and green with the interacting residues shown as sticks in corresponding colors. Combining
the green and pink pocket would support a horizontal binding mode.

pink: transport domain; cyan: scaffold domain
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As mentioned previously, we could not perform enrichment calculations in this
conformation and therefore we chose the best ranked model according to the
Z-DOPE score.

The grid box for ligand placement was set according to our latest knowledge
by choosing the three mutated residues of the template homolog 4N7X
(Asn266, GIn287, Thr110) and an implicit membrane was added too. This
step is intending to simulate the hydrophobic environment on the protein and
improves the accuracy of calculations for transmembrane proteins such as
ASBT.

We divided the known transported BAs into four groups according to their
common hydroxylation patterns and substitution profile (table 4). This
was done as a preparation for the following clustering step of the IDF docked
output poses of the substrates. Aiming to compare the existing properties and

interactions of every group’s best populated cluster among each other.

Table 4: Grouping the Bile Acids
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Grouping the bile acids according to their hydroxylation pattern as a
prearrangement for the clustering process:

Group 1 (R1,R2,R3 = OH): Chol, GC, TC

Group 2 (R1, R2 = OH): CDC, GCDC, TCDC

Group 3 (R1, R3 =OH): DC, GDC, TDC

Group 2B (R1= a-OH, R2= 3-OH): UDC, GUDC, TUDC
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Thereby we expected to see differences of interactions for each group and
elucidate the internal difference of substrate selectivity for ASBT and
differences of specificity between ASBT and NTCP.

Additionally, the fact that despite the similar scaffold and properties a

noticeable variety of affinities are given within the different BA species, is very

interesting (see Ki/Km in table 4).

4.3.1 Clustering based on Volume Overlap

After the IFD was performed the complexes were clustered based on the
volume overlap (using the "Clustering Based on Volume Overlap” panel in
Maestro).3® The calculation of the overlapping volume matrix was based on
SMARTS* (Simplified Molecular Input Line Entry System) of the common
atoms (scaffold of BA and additional common carbon atoms) using single
linkage with a fixed atom radius of 0.5 A. We clustered groups 1&2, 1&3 and
1&2B according to their common binding pose to compare the impact of
different hydroxylation profiles on binding.

From each most populated cluster one representative binding pose was
selected that met the requirements of being the most common pose and
having the best possible ranked score.

Our final aim was to use these selected clustered poses of each group to build
structure-based pharmacophores in order to depict and rationalize the
substrate specificity and to screen databases for new compounds in the future.

The procedure of pharmacophore building will be the topic of the next chapter.

4.3.2 Trend in orientation of clustered poses

After the clustering on common binding poses was finished, it was revealed
that individual binding poses could be observed for primary and secondary
BAs. In particular two yet unnoticed amino acid residues were brought into our
focus: It could be observed that Thr267 and Ser294 are establishing

A language for describing molecular patterns
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hydrogen bonds with hydroxyl groups of R1 (C3) and R2 (C7) of primary
BAs leading to an “upstanding” position of the steroid scaffold. For
secondary BAs only one hydrogen bond was established with R2 (C7)

inducing a “downward bending” of the steroid scaffold (figure 19) .

)

Glycochenodeoxycholate - ™. ~3 I

Figure 19: Clustered poses of IDF docking: primary (A,C) and secondary
(B,D) bile acids docked in hASBT outward open conformation. A clear
trend of orientation can be seen either being tilted “up” or “down”
depending on established hydrogen bonds.

Taking a look at the inward open conformation of hAASBT we saw that Thr267
is interacting with Ser290 via hydrogen bond, assuming to act as a kind of
lock mechanism to fasten the inward open state and possibly aid the release

of the substrates.

4.3.2.1 Selectivity: “Ser-Thr-Lock Theory”

The homolog templates contain as well two hydrogen bond forming Ser
residues located exactly at these positions. This lead to our initial hypothesis
of the “Ser-Thr-Locking mechanism”. We are trying to correlate the internal
selectivity profile of hASBT with this dynamic mechanism of BAs interacting
with Ser and/or Thr in accordance with the assumed binding position.
Interestingly, when paying attention to the conservation of these residues

within the SLC10 family many substitutions can be seen: Thr267 is replaced
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by Val263 (for ANTCP) and lle (hSOAT). Ser290 is substituted by Met287 (for
hNTCP) and a Gly (for h\SOAT SLC10a6— not shown) (figure 20).

We first suspected that the variation of these residues and their attributed
properties (hydrophobic, polar...) could be, among other mentioned reasons,
a trigger for the different selectivity between ASBT (SLC10A2), NTCP
(SLC10A1) and SOAT (SLC10AG6).

Figure 20: Comparing residues of hASBT
(grey) and hNTCP (yellow) in outward open
position:

ASBT —> NTCP
Threonine 267 —  Valine 263
Serine 290 —  Methionine 287

However, this theory needs to be further investigated, because when trying
to transfer our plausible docking poses from hASBT (figure 19) to hNTCP the
bulky Met287 was obstructing the binding site. BAs could not identically bind
to the assumed horizontal binding pocket, requiring further comprehensive

analyses.

As well we hypothesize that the substrate specificity of ASBT and NTCP is
ascribed to an interplay of BAs configuration (quantity of OH; a or 3 position),
interactions with transporter specific amino acid residues essential for
substrate recognition and resulting spatial limitations. A combination of these
factors are, from our point of view, likely to determinate whether bile acids,

sulfated BAs or steroids are being transported or not.

4.3.2.2. Affinity calculations of clustered poses

Due to the fact that our IFD poses for the outward-open conformation could

not be validated by enrichment yet, we wanted to see if the calculated binding
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affinities of our selected IFD poses were correlating with available literature
data and therefore would reinforce our docking output. In fact we tried to
confirm the placement of our poses with a correlation of calculated binding
affinities between receptor and ligand (AG - delta G) and empirical Ki/lKm
values. To add higher confidence to our estimation the binding free energy
calculations were run with three different software packages. We used MM-
GBSA calculation of Schrodiger’s Prime®® via command line, LigandScout’s
Interactive Binding Affinity Estimation® panel (binding affinity surface score)
and BioSolvelT’s SeeSAR®’ calculated affinity values for our chosen poses.
Prime uses for calculating free binding affinities ( AG - delta G ) the well-
established method of MM-GBSA (Molecular mechanics with generalized
Born and surface area solvation) calculation. The estimation of binding
affinities (in kcal/mol) is based on the interaction properties of the ligand and
protein by subtracting the sum of calculated energy of the ligand and receptor
from the calculated energy of the complex.%®

Subsequently, through comparing the obtained data we wanted to be able to
see if the calculated binding energies go along with the measured values,
which would then confirm our docking poses and thus reinforce our theory of

substrate affinity.

Overall our computed ranking of the rated BAs is not entirely corresponding to
the known affinity values of transport, but LigandScout’s binding affinity score
was so far the most reliable parameter for ranking the substrate’s affinity as
shown in table 5. The obtained MM-GBSA values are fitting into the expected

threshold of inaccuracy, but SeeSAR’s AG values seem to be distributed
randomly. For example GCDC, a secondary BA, having the second lowest Kij

in this table (5.7 uM), is ranked third place by MM-GBSA calculation (-77,242
kcal/mol) and got accurately classified to a “mM to pM”-affinity-range by
LigandScout’s binding affinity score (-22,74) (figure 21). But SeeSAR’s

calculation of a Ki around 6068uM differs greatly from the experimentally

evaluated data.
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Binding Affinity Score: -22.74

. Figure 21: Interactive Binding

. Affinity Estimation of GCDC.
LigandScout was used to
depict the binding affinity
surface of the IFD pose of
GCDC in hASBT outward
open and calculate a binding
affinity score (see grey
square). The estimated affinity
- is also accompanied with a
barometer indicating the
range of affinity (molar to
picomolar).

Table 5: Merged output of affinity calculations of ASBT (outward open, with implicit
membrane) compared to experimental values of transported BA substrates. The ranking of
the BA is made according to their measured Ki/Km values

Red value ...lowest affinity; value...highest affinity

Primary BA are marked with a background color, secondary BA with color

NB: indicating the smaller the value, the more affine; Km and Ki values have been separated since
they cannot be compared.

ASBT outward open
(membrane)
Experime Ligand
Maestro -Prime ntal MMGBSA Scout Range | GLIDE SeeSAR
clustered poses Ki AG Binding |ofunit | gscore [ Mean (uM)
(LM) affinity score
CDC_gr1_2 Ki= 3.3 -73,713 -10,42 Mto mM| -11,597 4557,7
mM to
GCDC_ 01 gr1 2 | Ki=5.7 | -77,242 -22,74 uM | -11,576 | 6086,1
(best)
TCDC_Gr1_2 Ki=6.1 | -52,466 2049 | MV -12,222 | 6827700,7
DC_new_01_gr1_3 | Ki=6.3 -77,696 -10,11 mMm | -10,457 | 209356,7
TDC_01_gr1_3 | Ki=17.2| -92,758 526 | Wi |-12253 | 32411
TUDC_02_gr2B | Ki=28 | -84,002 051 | orey | -10.545 | 4171102,6
M
UDC_new_gr2B Ki=75 -73,718 -2,67 (secon)d -11,175 23387,2
worst
GDC_01_gr1_3 Km=2 | -83,228 8,95 |Mtomm|-12,217 79,7
Km= 12-
TC_01_gr1_2 ,” -94,080 993 |momv|-12.182| 862981
TC 01Gr1 3 Kmf 81 2| -94,080 993 IMomm|-12182| 862981
TC 01 Gr2B Kmf 81 2| -94,080 993 IMomm|-12182| 862981
GUDC_01_gr2B Km=24.1) -91,615 -9,08 MtomM| -12,936 | 43036705,6
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However it must be pointed out that it is very complicated to draw the
connection between assessed Ki/Km values and computer calculated binding
energies especially with the aim of further application as a prediction method.
It has been shown that for example MMGBSA values are able to retrace and
comparatively rank affinities of congeneric molecules, but are not able to
calculate absolute true values.>® As well it has to be mentioned that surely one
limiting factor here and for other predictions is the accuracy of our developed
homology models, as all our conclusions are strictly depended on their
qualities and correctness.

Finally our hope was to establish a generalizable protocol or finding a suitable
prediction tool to confidently assess binding poses e.g. for inhibitors or yet
unknown substrates. Creating this workflow couldn’t be fully accomplished
and will surely require more time, rigorous improvement and probably
adaptions when transferring it to hNTCP. Once achieved this will be a handy
method for affinity ranking to confirm predicted binding poses and ultimately

will allow a better classification of new substrates or inhibitors.

4.3.3 Heat map and PLIF

As prior mentioned we used the PLIF tool to transform 3D protein-ligand
interaction data into a “structural interaction profile”, and then finally to
summarize these results via a heat map.35%° In this heat map a color code -
increasing in intensity - represents the corresponding quantity of ligands
involved for this residue specific interaction. This was done to point out the
most important residues for binding and to visualize the prevailing kind of
interactions.

For generating PLIFs we used all IFD protein-ligand complexes calculated
from our ASBT outward open model, not only our selected clustered poses
(mentioned in 4.3.1 Clustering based on Volume Overlap). By doing so we
wanted to avoid biasing the outcome of preferred interaction patterns through

pre-selecting poses.
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Figure 22 shows the polar interaction matrix of hASBT depicting the count
of ligand and residue interactions. Likewise the interaction matrices of
hydrophobic, hydrogen bond donor and acceptor interactions have been

closely inspected to ensure the integrity of the heat map.

99zusy
19244l
892uIo

200 A

1l “ll“ ‘ i

50 -

N
Bl ol

1 mm
®
= _JH NI | Y N N Y Y N I A |

-]
=

04

T T ? T ;
Count of ligand
A3 Al59 Az04 A266 8287 interactions

Residues

Figure 22: PLIF of Polar Interaction matrix

Only common interactions displayed (of the binding site) above the average count
number have been taken into account for visual inspection, but all visible interactions
have been included for the heat map creation. As striking interactions classified
would be Thr130, Thr167, Ser171, Asn266, Thr267, GIn268.

NB: Thr110 got excluded, since it was used as a constraint for docking and as well
aa residues over count 280, since they were not part of our model.

According to the frequency of common interactions stated in this heat map
(figure 23) we tried to trace back the function of extensively mentioned
residues by comparing them to the primary sequences of our PROMALS3D

alignment (figure 27) to enhance our structural information.
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Figure 23: Heat map of ASBT (outward open) illustrating the common protein-
ligand interactions. The x-axis shows the residue number of the amino acids and
the y-axis displays the kind of interaction stated. Residue Thr267 e.g. states polar
interactions with over 100 ligands of our IDF docked protein-ligand-complexes,
pointing out that this specific residue could be of great interest in respect to
specificity.

The greater the count of ligand involved in interactions, the darker violet the color
scale.

Following residues were particularly frequently represented in the heat map
and should be mentioned (table 6 A and B):

Table 6 A and B: Summary of important residues of heat map and known related
function or further information. Residues in bold establish a great amount of
interactions and need to be closely investigated.

* suitable for mutation to proof importance for interaction

Table 6 A Acceptor
Gly108 Asn266
crossover region, highly crossover region, highly
conserved conserved
Thr267 -
Donor
Thr167 * Ser171*
interacting with tail ! interacting with tail
— not conserved !
(Leu for NTCP;
Cyst for SOAT)
Asn266 GIn268
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Polar Hydrophobic
Thr39 Thr130 Leu38 Leud2
conserved
(not SOAT)
Thr134 Asn164 Ala111 Leu115
Thr167 Ser171* Leul172 lle205
interacting with tail Interacting with tail
Asn266 Thr267* lle208 Ala209
Conserved strictly Involved in
Ser/Thr binding theory
GIn268 Thr272 Met264 Leu269
conserved conserved
(not SOAT)
Table 6 B

Concluding it can be said that, when looking at these interacting residues
mentioned in table 6 in PyMOL (depicted as a surface), we get a rough first
impression of the binding pocket’s properties. The possible horizontal binding
site could be divided in a polar region, where hydroxyl-groups of BAs interact

and a lipophilic region, where the conjugated C24-tail region establishes

interactions (figure24).

Figure 24: PyMOL session of major interacting
residues — ASBT outward open (grey):

Indicating a polar interaction area (olive green)
for the “head region” (hydroxylated BA- -
scaffold) and a lipophilic area (pink) interacting
with the C24-tail hydrocarbon chain of the BAs
“tail region”.

Interestingly, interactions of previously mentioned cruc?al residues could be
observed: For example frequent interactions could be detected in our heat
map for Thr267, which we are speculating to be involved in our “Ser-Thr-Lock
Theory” of ASBT (chapter 4.3.2.1), giving us another evidence of the

significant position of this amino acid. Therefore we would suggest a mutation
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of the latter mentioned residue and investigation of the influences on binding,
in order to proof our concept of the “Locking mechanism”. Also mutations of
Ser171 and Thr167 would provide useful information, since these residues are
interacting with BAs tail regions and we further hypothesize that here is also a
mechanism of determining selectivity and affinity.

Still an ongoing process is the generation, evaluation and comparison of
established linkages of IFD docked BA substrates for NTCP in the outward
open conformation. Later the same procedure could be applied for known
inhibitors to unravel the structure-activity relationship. By carving out the
difference of common interactions between BA and inhibitors we would gain
further information about the mechanism of affinity and selectivity for hAASBT
and hNTCP.

4.4 Ligand-based Pharmacophores of known ASBT substrates

As stated before, generating a ligand-based Pharmacophore is a handy way
of identifying and characterizing the ligand’s steric and physicochemical
features necessary to interact with the target protein and cause
pharmacological effects. Thereby we expect to understand the crucial
features needed for interaction on those models, that could be further used

for virtual screening to discover and rank new ASBT-substrates.

Our training set consists of the selected representative pose for every group
out of the clustered IFD Docking complexes for model 53 outward open
(mentioned in 4.3.1 Clustering based on Volume Overlap). These receptor-
ligand complexes were uploaded to Schrédinger’s application Phase.®® Then
it was assured that all ligands were aligned according to their maximum
common structure by using the “Superposition panel”. For every member of
each single group one structure-based Pharmacophore was created using the
“‘Develop Pharmacophore Model" panel (Receptor- Ligand complex).
Afterwards those selected features were merged into one general
Pharmacophore, representing each group’s shared attributes. One big
advantage of using receptor-ligand complexes was to obtain so called

‘excluded volumes”™ outlining the protein-occupied space, where
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consequently no features can be placed. By doing so we expect our
Pharmacophore models to gain selectivity.

Our aim was to rationalize substrate specificities of hASBT by using
Pharmacophores and to further clarify the differences of affinity within the
individual BAs by comparing their associated “group-pharmacophores”,
assuming that exposed differences or similarities of chemical and steric
features could lead to complementary perception of interaction. Likewise,
ligand-based pharmacophores could be built for ANTCP’s known substrates
and then representative features of both transporters could be compared in
order to rationalize substrate specificity.

For each group a so called “ePharmacophore model™8, an automated
method to determine which features contribute essentially to the binding
process, and one with manually chosen features was generated to compare
the influences of different chosen chemical attributes. This double procedure
was a necessary step intended as an internal validation as during the process
we noticed that sometimes a questionable amount and/or placement of the
features was set by the integrated predicting algorithm of the Pharmacophore
panel. For example, once only one single feature was chosen to define the
whole molecule’s steric space and chemical features, which is understandably
too little information to characterize the required 3D pattern responsible for
ligand-protein interactions.

Every single developed pharmacophore hypothesis was validated via the
‘hypothesis validation step”, scoring the model’s ability to differentiate
between known substrates and generated BA decoys (from DUD-E). More
precisely, the Phase Hypo Score along with the BEDROC, a parameter
measuring the model’s performance in discriminating ligands from decoys,

was considered to assess the quality of performance.
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An example for the evaluation steps (enrichment) of group-2-pharmacophore
can be seen in figure 25.

100

80

60

Percent Actives Found

0 20 40 60 80 100

Rank Title

1GDC 6 GUDC

2 Chol 9 CDC
3GCDC 14 DC_new
A4TUDC 15 TCDC

Group 2: CDC, GCDC, TCDC 5 UDC_new

Figure 25: Depiction of Group 2 -assigned Pharmacophore model (manually
chosen).

A) Generated Pharmacophore with following chosen features: A/D, A/D, H, H.

Red spheres represent a hydrogen bond acceptor (A), blue spheres symbolize a
hydrogen bond donor (D)-feature, green spheres represent hydrophobic features
(H). The light blue spheres around the molecule represent the excluded volumes
defined by the molecular environment, calculated to prevent steric clashes.

B) The hypothesis validation graph, underneath the list of ranked BAs (rank number)
over decoys. It is aimed to score better than the random selection of molecules
(vertical grey line).

Figure 26 shows the final version of our four manually generated
pharmacophores per group, and the associated features are listed in table 7.
We agreed on optimizing and progressing our studies with the manual chosen
pharmacophores, since they were more accurate in ranking the BA during the
validation process than the automatically generated ePharmacophores (see

appendix 3 for the inadequate selected features of the ePharmacophores).
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Group 1: TC,Chol, GC Group 2: CDC, GCDC, TCDC  Group 3: DC, GDC, TDC Group 2B: UDC, GUDC, TUDC

Figure 26: The four finalized pharmacophores depicting the evaluated features needed for
the grouped BAs to interact with hASBT.

Table 7: Table of the manually chosen features to depict the steric and chemical features
supposed to be needed to interact with hASBT in the outward open conformation.

abbreviations: Acc...Acceptor, Don...Donor

Manual Tail
Pharmacophore R1 (C3) R2 (C7) R3 (C12) (C24) note
LIS 1 X X Acc X X
(Cholate, GC) TC
Group2: 2 hydrophobic
CDC, GCDC, TCDC Acc&Don Acc&Don X X foatures
Group 3: 2 hydrophobic
DC, GDC, TDC Don X Don X features
Group 2B: 2 hydrophobic
UDC, GUDC, TUDC Acc&Don Don X X foatures

After all proposed hypotheses have been validated and the enrichment ranking
of the known BAs was observed, concerns were raised whether these
generated pharmacophores were able to represent the 3D patterns needed to
cause a pharmacological effect in a correct way. Therefore we suspect them
of being not suitable for screening new ASBT-substrates yet. Firstly we
reckon these models of being too general, since they were wrongly ranking
“non-group-BA-members” as hits during the validation process. Furthermore,
a majority of the pharmacophores could not reliably assign and rank substrate
members of their associated group. This can be partly explained with the
remarkably similarity of the chosen BA molecules for the training set, as only

minor differences causing them to be divided into different groups. Although
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we are strongly convinced that it is possible to characterize and rationalize the
determining factor responsible for substrate specificity by using a ligand-based
pharmacophore approach, we suggest that our procedure needs to be
reconsidered and maybe a modified approach by for example using a different
software. Moreover, the grouping of the active ligands (training set) should be

reconsidered or adjusted, in order to simplify the selection of features.

4.5 Phylogenetic relationships within the SLC10 family

Phylogenetic analyses have shown to be a powerful method of gaining overall
information of evolutionary related proteins. Therefore a multiple sequence
analysis of different homolog proteins is performed. Structural information can
be derived from distinct patterns as strictly conserved residues, rather
required e.g. for structural stability or a certain functional role (ligand
interaction sites, catalytic site). Often these residues are involved in ligand-
protein interactions. Since nature is known for re-using patterns that have
proven their functionality, various information can be received from detecting
similarities of structure or sequence of related proteins. Highly variable
residues can be a sign of protein specific properties, causing the difference of
substrate specificity for instance evolved through various evolutionary

differentiation processes.5162

With respect to the sequence analyses and phylogenetic relationship studies
of Geyer et al.® and Ming Zhou et al.*' we started to analyze our performed
PROMALS3D alignment in more details, looking for regions ascribed with
distinct functions. The sequence alignment was conducted containing the
primary sequences of the two homologs ASBTnm, ASBTys, hASBT (uniport ID:
Q12908), hNTCP (uniport ID: Q14973), hSOAT (SLC10A6, uniport ID:
Q3KNWS5) and their complementary mammal species (rat, mouse, pig, rabbit,
horse). The idea was to track the conservation of residues and patterns
within different species and thereby to identify residues involved in the

substrate recognition and translocation process.
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ASBT and SOAT are the two most homologous members of the SLC10 family
(sisters within clade 1)® having a sequence similarity of about 70%. Therefore
we hoped to find out the reasons why SOAT is able to additionally transport
steroid sulfates, while ASBT is strictly bound to non-sulfated BAs.

NTCP, a more distinct relative to ASBT (still in clade [), with about 63%
sequence similarity, has a broader spectrum of transported substrates
(sulfated) than ASBT.® As stated many times before in this thesis, NTCP is
another helpful target for comparing the differences in structure related

substrate specificity.

A great number of mutations (SNPs) and structural important residues
mentioned in different sources have been collected and added to our
generated PROMALS alignment'® (figure27 page 1 and 2) as a starting point
of the sequence analysis. Then systematically all the gained information was
used to draw structural and functional conclusions out of the given alignment

and our previous findings.
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Colored PROMALS3D alignment (sequences in aligned order)

RNTCP SLC10a1 hASBT SLC10a2
Conservat;on‘

J 6QVE0_HORSE
Ty I}LIG? I3LIGT7 PIG Solu

tr_G1T8C3 GLT8C3_RABIT So
sp_Q9CXB2_SOAT_MOUSE_Sclu
sp_ Q?DEX SOhT RAT Salute
sp_| leal
tr F?AQHB F?AQHB HORSE So
sp Q28727_NTCP2 RABIT Tle

P?OITQ NTCP2 MOUSE Ile

tr_I3L735 I3L735_PIG Unch
sp_Q14973_NTCP_HUMAN Sodi
tr_F7CX83_FICX89_HORSE_So
tr F154B1 F1S4B1 PIG Solu
sp_008705_NTCP_MOUSE_Sodi
sp_P26435_ NTCP RAT Sodium

Conseruation‘
tr F6QVBO_FeQV S0
tr I3LIG? I3LIG7 PIG Solu
SP_Q3KNWS_SOAT_HUMAN_Solu
tr_GLTBC3_GLTBC3_RABIT So
sp_QYCXB2_SOAT_MOUSE_Solu
sp_Q70EX6_SOAT_RAT Solute
sp_062633 NTCP2 RAT Ileal
tr_FTA9HB8_F7ASHE_ HORSE_So
sp_Q28727_NTCP2_RABIT Ile

i P70172 NTCPZ MOUSE Ile

tr I3L735 I3L735 PIG Unch
sp_Q14973_NTCP_HUMAN Sodi
tr FICXBO FICXB9 HORSE So
tr_F154B1_F154B1_PIG_Solu
sp_O08705 NTCP_MOUSE Sodi
sp_P26435_NTCP_RAT Sodium

tr IBLIGT IBLIGT PIG Solu
tr_GlT8C3_GLT8C3_RABIT_So
sp_QY9CXB2_SOAT_MOUSE_Solu
sp_ Q?{)E:XS SOAT RAT_Solur,e

sp_Q€ h2633 NTCP2 RAT Ileal
tr F?A?Hﬁ F?R9HB HORSE So
sp_| 023?27 NTCP2 RRBIT Tle

i P70172 NTCP2 MOUSE Ile

tr_I3L735 I3L735_PIG Unch
sp_Q14973_NTCP_HUMAN Sodi
tr_F7CX89_FTCXB8Y9_HORSE_So
tr_F1S4B1_F154B1_PIG_Solu
sp_008705_NTCP_MOUSE_Sedi
sp_P26435_NTCP_RAT_Sodium
Consensus aa:

Consensus_ss;

Conservation:
tr F6QVB0_FEQVE0
tr I3LIGT I3LIGT

HORSE So

PIG Salu

tr_G1T8C3_GLTBC3_RABIT_So
sp_|! QQCKBQ SOAT_| MOUSE Solu
sp_| Q?OEX& SORT RAT Solute
su?_.;eal

tr FTAHS FTASHE HORSE So
sp_(28727_NTCP2_RABIT Ile

si P70172 NTCP2 MOUSE Ile

e e e e I N
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Figure 27— page 1: PROMALS3D alignment of SLC10 family members NTCP, ASBT and SOAT from
different species (human, rat, mouse, pig, rabbit, horse).
According to the manual: Representative sequences are marked with magenta names and are
colored according to predicted secondary structures (red: alpha-helix, blue: beta-strand). If the
sequences are listed in aligned order, other sequences underneath a representative sequence are
part of the same pre-aligned group.

NB: residues mentioned in previous chapters may differ in their numbering from the seen residues here this is the case,
because during the refinement process some adaptions were made and residues got cut. Therefore in this alignment

e.9.GIn297 (uncut version) equals GIn287 (cut version) mentioned in chapters above.
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tr I3L735 I3L735 PIG Unch 204 LIVLIAVIGGVLYQS--AWIIEPKLWIIGTIFPLAGYSLGFE
sp_Q14973 NTCP HUMAN Sodi 198 CSVAVIVLSAINVGKSIMFAMTPLLIATSSLMPFIGFLLGYV|
tr_ F7CX89 F7CXI9 HORSE So 198 FSVAVAALSATNVGKSTMFVMTPHLLATSSIMPFIGFLLGYI
tr F154B1 F154B1_PIG Solu 198 CATAVTVLSVLNVGKSTLFVMTPHLVATRSLMPFTGFLLGYL
Sp700|7057NTCP7M0USE756C{1 198 LSVAVTVLSVINVGNSIMFVMTPHLLATSSLMPFTGFLMGYI
sp_P26435 NTCP_RAT Sodium 198 LSVAVTALSVINVGNSIMFVMTPHLLATSS PFSGFLMGYI[LLSALFQLNPSCRRTISMETGFONIQLCS | 267
Consensus aa: h.lhibVhtsl.h.....@.hpspLhhht. IWRAAGE. hGEHLtE . Ih.bs.p. .RT 1t "ETGhONHQEC,

Consensus ss: hhhhhhhhhhhhhhh hhhhhhhhhhhhhhhh hhhhhhhhhhhh hhhheeeehh hhhhh

NTCP: Ser267Phe’
retained Sulfate transport
TCH uptake reduced by 98%

RLAGQSWDRCRTVALETGMQNTQLCS 271
SALFCLNGRCRRTVSMETGCONVQL \';b 267
SALFRLNGRCRRTVSMETGCONVQLCS] 267
SALFRLNARCSRTVCMETGCONVOQLCS| 267
SALFRLNPSCRRTISMETGFONVQLCS| 267

Pro290Ser
Crohn’s diseage
77577585 7 7
0_HORSE_So 272 TMLOLSFTARELV
tr IjLIG? IjLIG7 _PIG Solu 272 TMLOLSFTAEQLVQYLS
Els) Q3KNW5 SOAT HUMAN Solu 272 TMLOLSFTAEHLVQNLS
triGlT8C37GlT8C37RABIT780 262 TMLOLSFTAEYLVOQI
sp_0Q9CXB2 SOAT MOUSE_Solu 271 AMLOLSFSAEYLVQLLN
Sp 070EX6 SOAT __RAT . Solute 271 AMMQLSFSAEYLVQL
292
tr F7A9H8 F7ASHB HORSE So 292 TIVQLSFTYEELNYVF

Conservation: 57 87959 5885 7 5555 5 75 5
L AYKMYKRRMKSKHRKKKPGCAEACHKK 333
AYKMYKRSLENKHSSRSPGCADTCHEK 333
---AYQOTYKRRLENKHGKKNSGCTEVCHTR 333
LLDGFLIVA----==-—~ AYOTYKRRLKNKQRRREPEHVEGCPKQ 323
WLHGLLIVA-—----—~ AYQAYKRRQKSKCRROHPDCPDVCYEK 332
WLHGLLIVA- ---AYOAYKRRQKSQYRRQHPECODISSEK 332
[LVFAAIILG "VTYKKCHGEN-——-—~ DAEFLEKTD 327
LVFAAIFLA--—-—--—-IYFGYKKYFREKN-—---—-— NEEFPESKD 327
Sp Q28727 NTCP2 RABIT Ile 273 TIVQLSFSPEDLTYVET DAEFPDIKD 328
P70172 NTCPZ MOUSE Ile 272 TIVQLSFSPEDLNLVFTRPLIYTVEQLVFAAVILG-—-—————IYVTYRKCYGEN-———-—— DAEFLEKTD 327
272 TIVQLSFTPEELNVVET iL YLS ****** KAEIPESKE 327
tr_I3L735 I3L735 PIG_Unch 272 TIVQLSFTPEELNLVFT --EAPWPDYLV 333
sp_0Q14973 NTCP HUMAN Sodi 268 TILNVAFPPEVIGPLFF --DKTKMIYTA 323

[&]

([CHeN SN SN eN ]

tr_ F7CX89 F7CXI9 HORSE_So IGPLFFEPLLYMIFQLEEGLLLIA-~--~-----LFRCYEKMKPSK~-~--~ DKTKMIYTA 323
tr F184B1 F154B1_PIG Solu EVIGPLFFFPLLYMLFOLGEGLLFIA--~------TFRCYEKTKLSK-----~ DKMKTISAA 323
Sp700|7057NTCP7M0USE756C{1 PPEVIGPLFF ---IFRCYLKIKPQK DQTKITYKA 323
sp_P26435 NTCP_RAT Sodium TILWTFPPEVIGPLFFFPLLYMIFQOLAERLLIIT - —-----~ IFRCYEKIKPPK------ DQTKITYKA 323
Consensus aa: ! .1s.1h. 9 -PPe-- - p-.b...p.
Consensus ss: hhhhhhhh

SBT: § T 7  GIn2s7 (water interaction)

5 strictly conserved in 5 out of
Lock mechanism
7 human SLC10 members

Conservation

334 377
tr IELIGT IjLIG? _PIG_Solu 334 366
sp Q3KNW5 SOAT HUM.AN Solu 334 377
tr G1TEC3 GlTSCj RABIT So 324 387
sp_ Q9CXB2 SOAT MOUSE Solu 333 Q---PRETSAFLDKGDEAAVTLGPVQPEQHHRAAE----LTSHIP----—----——===——— 373
sp_ Q?OEXE SOAT RAT sclute 333 Q---PRETSAFLDKGAEAAVTLG---LEQHHRTAE -—--LTSHVP- - 370
sp_Q6 _NTCPZ RAT Tleal 328 348
tr F7A9HS F7AGHS HORSE S0 328 -—————--—-——————GEKVSESSLHKVNEGFQPDEK —————— == === === == ——mmmmm ———mmmmm = 348
sp Q28727 NTCP2 RABIT Ile 329 =—-——=--———==——TKTEPESSFHOMNGGFQPE-=—======= === — o mm e 347
P70172 NTCPZ MOUSE Ile 328 348
328 348
tr_I3L735_I3L735_PIG_Unch 334 —~GVNLVHCGIFPENY ——————— = ———————— ——————— ———————— ———— 353
sp_Q14973_NTCP_HUMAN_ Sodi 324 349
tr_ F?CX89 F7CXI9 HORSE So 324 349
tr F154B1 F154B1 PIG Solu 324 ---—-------——-DSTEETIPTALGNGTHKGEE---CPPTOP SV mmmm—mmmmmm m o mmmmm e 352
sp 008705 NTCP MOUSE Sodi 324 -SPNGLNSGQ 359
sp_P26435 NTCP RAT Sodium 324 --------------AATEDATPAALEKGTHNGNI----PPLQPGP----==-=--====-—- SPNGLNSGQ 359
nsensus aa: S I i} o
P p——

Figure 27 — page 2: PROMALS3D alignment
ff“f“"aﬁlf“ 0_HORSE_So of SLC10 family members NTCP, ASBT and
tr I3LIGT I3LIGT PIG Solu SOAT from different species (human, rat,
Sp. Q3KNW5 SOAT HUMAN Solu -== NTCP SLC10a1 . .
tr GLT8C3 _GLTEC3 _RABIT So - mouse, pig, rabbit, hOI’SG)

sp_QSCKB2_SOAT_MOUSE_Solu -—-
0EX6 SOAT RAT Solute -

sp TNTCPZ RAT Tleal Every passage is completed with two lines,
tr F7A9H8 F7A9H8 HORSE S —_— H H H
op 078727 NTCP2 RARIT Tle showing the consensus amino acid
P70172 NTCP2? MOUSE Tle T aenreon. | S€Quence (Consensus_aa) and consensus
- a .
tr 13L)35 131735 P1G Unch predicted secondary structures
N T— o (Consensus_ss). Showing conserved aa
“*Séfﬂﬁﬁéiéﬁﬁaﬁéﬁ*z”? oo e residues in bold and uppercase letters.
S odl .
SE P26435 NTCP RAT Sodium 360 MAN 362 Predicted secondary structure symbols:
1 PP H . . .
Cw p—— alpha-helix: h; beta-strand: e.

The following observations could be made:

Since the option “aligned” was chosen for the input sequences, closely related
sequences will be placed next to each other, confirming the above-mentioned
close relation of ASBT and SOAT.

Overall, mutations in strictly conserved regions are generally leading to

severe consequences for the affected individuum. For example, a single
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punctual mutation (SNPs) observed in ASBT's sequence (Leu243Pro or
Thr262Met) is associated to Primary Bile Acid Malabsorption (PBAM).
PBAM is a disease leading to major gastrointestinal issues and an increased
fecal BA excretion due to the fact that ASBT’s transport function is impaired.*
Furthermore, a “signature motif (ALGMMPL)” (aa position 137-143) is
strictly conserved in ASBT, NTCP and SOAT through the species. Its
function remains undefined so far, but it is speculated that specific residues
obtain a key function for transport and membrane expression. More specifically
cysteine mutagenesis for Met141 and Pro142 resulted in a decreased uptake
of TCH, indicating a crucial role for the functionality of ASBT.®

Moreover it was revealed that the membrane-bound P142 is likely to pair with
G139 (grouping GxxP as a motif; x...any aa), probably to initiate a Proline-
induced structural helix-change (helix packing) (figure 28 A). Pro142 is
conserved within many species from SLC10A1 to SLC10A6, hence an
important role of latter residues concerning the transport cycle of ASBT cannot
be denied. Additionally it is worth to mention the negatively charged Asp122,
preserved within the species of SLC10 family and putatively interacting with
sodium. Asp124 is conserved within ASBT and SOAT and could affect
substrate (BA) binding. All these mentioned structural predictions by Swaan et
al.%% are based on the seven transmembrane (TM) topology for ASBT and
could slightly differ from our ten TM homology model based on latest available
topological information of ASBTyr or ASBTnwm provided by Zhou et al.*!
Trp118 is a residue that attracted our attention because of its interesting
position change during ASBT’s conformational change. Inspecting the
outward open position, a state where the transported substrate approaches
ASBT from the extracellular side, Trp118 is tilted forwards and seems to block
the substrate’s exit route with its bulky, hydrophobic indole-side chain
(figure 28 B). Tryptophan is generally infrequently seen in proteins, because
of its unique and energetic demanding properties. However, It is
acknowledged that Trp plays a determining role in transmembrane proteins,
regrading protein stability (hydrophobic mismatch) and conformational

change.®*
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Provided with this information it would be within the realms of possibility that
this notable and widely conserved aa in ASBT and SOAT’s sequences
contributes to the transport cycle, either functioning as a gate or allowing to

establish aromatic as well as pi-interactions with ligands.®®

Figure 28: A) Depicting the strictly conserved “signature motif’, a possible
interaction between Pro142 and Gly139 is conceivable and assumed to have
structural consequences on the protein structure.

B) Showing ASBT outward (grey) and inward (green) open conformation
superimposed. Trp118 (W) seems to block the exit route of ASBT s substrate and

therefore maybe play a yet undiscovered role as a gate for the transport cycle.

The polar amino acids Thr167 and Ser171 were discovered through our IFD
studies, showing preferred interactions with docked BA’s tail region. We
suspect them, because of their non conservation, to affect the differences of
substrate specificity between hASBT, hNTCP and hSOAT (see chapter 4.3.3
“Heat map and PLIF”).

Noteworthy is also the expected variability of amino acids Thr267 and Ser293
which play a key role in our postulated “Ser-Thr-Lock Theory” for hASBT
(figure 20, chapter 4.3.2.1). Here we suspect the diverging exhibited amino
acids among ASBT, NTCP and SOAT to be the reason of significance. The
almost complete trans-species conservation (ASBT: Ser-Thr, SOAT: lle-Gly,
NTCP: Val-Met) for each transporter itself, but not within even close related

ones, seems to support our hypothesis of causing the differences in
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substrate specificity. No functional involvement in conformational change
can be expected from those residues. Furthermore, a local closeness to
important residues can be seen (Thr262, GIn297) and could additionally be
interpreted as a sign of relevance.

Thr110 and GIn297 should also be mentioned, since those residues have
been part of our “structural water hypothesis” (see chapter 4.2.3). Here we
speculate, on the basis of mutation studies*!, that the putative structural
water is necessary for binding the substrate in the inward open
conformation, when interacting with GIn297 via a hydrogen bond
network. The continuous conservation in 5 out of 7 human SLC10 members
(except P5 and P3 — data not shown) is from our point of view a strong
evidence of relevance and involvement in substrate binding. Thr110’s rather
moderate conservation (exception: all NTCP species — Asn) could be a hint of
different interaction patterns with hydroxylated-BA residue-R1(C3) and hence
resulting differences in affinity between ASBT and NTCP. Finally, one more
interesting residue among the other marked should be mentioned, a punctual
mutation from Ser267 to Phe preserved NTCP’s estrone sulfate uptake, but
reduced TCH and Cholate’s (= BAs) uptake. Because of the immediate vicinity
to mutations causing PBAM in ASBT (Leu243; Thr262) and the strict
conservation of this region, Kim et al.® conclude that this Ser is located in an
area essential for interaction with BA-substrates.

Definitely further investigation, for example mutation studies, will be needed to
verify important residues to be able to entirely explain ligand interactions for

every transporter.
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5. Conclusions and Outlook

As mentioned in the beginning, the elucidation of a protein’s transport
mechanism including a definition of crucial features associated with ligand-
interactions, is never an easy task. It is hard to trace back the inner selectivity-
or affinity-deciding determinant only based on a homology model due to the

complex nature of proteins.

Owing to the fact that only a very limited amount of structural information was
available for hASBT and hNTCP (no crystal structure), we had to build valid
homology models first. After rigorous investigation and according to the latest
state of knowledge we decided to base our model-calculations on two
promising homologs called ASBTys and ASBTnm. When appropriate homology
models for ASBT and NTCP were ensured, we started our docking studies
with the aim of a basic understanding of established interactions between
different bile acid species in ASBT’s inward open conformation. Thereby
we were able to state our hypothesis of a putative structural water involved
in binding (chapter 4.2.3) and could get a hint what defines the variations in

affinity between primary and secondary BAs (chapter 4.2.2).

When thinking about the transport process itself we adapted our approach and
focused on the transporter’s outward open conformation. It is generally
assumed that the initial protein-ligand contact is made in this conformation.*!
For this reason we suspect at this point a first differentiation whether a
substrate is suitable to be transported or not (specificity).

Our induced fit docking studies were carried out for hAASBT with the result of a
so far unrevealed trend of binding, including a distinct orientation for
primary and secondary BAs (chapter 4.3.2).

Further an approach was made to define hASBT s substrate specificity. We
assume it to be a combination of transporter specific amino acid residues,
essentially for substrate recognition (4.3.2.1 “Ser-Thr-Lock Theory”), and the
substrate’s configuration. These calculations have been supplemented by

interaction patterns derived from a heat map.
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All these considerations were made with respect to hNTCP which helped to
gain useful information.

Ligand-based Pharmacophores (chapter 4.4) were built to aid the validation
of our postulated hypotheses, which are unfortunately currently not capable to
provide a convincing explanation.

Finally, investigating the phylogenetic relationship (chapter 4.5) within the
SLC10 family gave a profound overview of stated patterns and aided

evolutional retracement.

In conclusion, it can be said that this diploma thesis is combining structure
based (homology modeling, docking) as well as ligand-based approaches
(pharmacophore modeling) to unravel the reasons for affinity, selectivity and
specificity from different perspectives. This allowed to combine the knowledge
gained from ligand-displayed features and the consideration of steric binding

site characteristics into one comprehensive theory.

This piece of work could be used as a starting point for further research, and
could pave the way for a complete characterization of hAASBT's and hNTCP's
transport cycle. In the future this could lead to new drugs specifically aiming
to inhibit ASBT, offering people suffering e.g. from Hypercholesteremia, a
simple but yet effective therapeutic approach. Therefore, a heat map of
established interactions and pharmacophores based on already known
Inhibitors could be envisioned.

Knowing the exact determinants defining substrate transport could also help

to design BA-linked drugs with enhanced bioavailability.

To reach this goal still some working steps lie ahead, such as verification of
our predicted noteworthy residues via a combination of mutation studies and
transport uptake assays to proof our concept of binding.

As mentioned above our ligand-based pharmacophores should be adjusted
to obtain more precise screening results when searching for new compounds.
Generally it can be said that the drug target ASBT has for sure a wide area of
therapeutic application, which can be expanded the more information is

gathered.
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The process of determining hNTCP's transport cycle could be tackled in the

same way as performed for ASBT in this thesis.

Currently the assumptions stated in this thesis can be seen as hypothetical,
since we have only limited options to proof our rigorous elaborated, but still
theoretical concept so far. Maybe in the near future more information or even
the crystal structures of hASBT and hNTCP will be available, providing insight

in the true mechanism of transport.
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7. Appendix

7.1 Supplemental Material

ﬂ ™1 ) ™ ]
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ASBTwx MNILSKISSFIGKTFSLWVALFAAAAFFAPDTFEWAGPYIPWLLGIIMFGMGLTLEPSDF 60
hNTCP ————=eae- MEAHNASAPFNFTLPPNFGERPTDLALSVILVFMLFFIMLSLGCTMEFSKI 51
hASBT ==MNDPHSCVDNATVCSGASCVVPESNFNNILSVVLSTVLTILLALVMFSMGCNVEIKKF 58
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ASBTyt KRVLSRPAPVAAATFLHYLIMPLTAWILAMLFRMPPDLSAGMVLVGSVASGTASNVMIYL 114
ASBTwx DILFKHPKAVIIGVIAQFAIMPATAWLLSKLLNLPAEIAVGVILVGCCPGGTASNVMTYL 120
hNTCP KAHLWRPKGLAIALVAQYGIMPLTAFVLGEVFRLENIEALAILVCGCSPGGNLSNVFSLA 111
hASBT LGHIKRPWGICVGFLCQFGIMPLTGFILSVAFDILPLOAVUVLIIGCCPGGTASHILAYW 118

™5 | TME
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hNTCP  MKGDMNLSIVMTTCSTFCALGMMPLLLYIYSRGIYDGDLKDKVPYKGIVISLVLVLIPCT 171
hASBT VDGDMDLSVSMTTCSTLLALGMMPLCLLIYTEMWVD-SGSIVIPYDNIGTSLVALVVPVS 177

ASBTyt AGLVIHHTFTKTVERIEPY-LPAMSMVCILAIISAVVAGSQSHIASVGFVVIIAVILHNG 228
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ASBTv IGLLSGYWGGKLFGFDESTCRTLAIEVGMONSGLAATLGKIYFS--PLAALP--GALFSV 284
ASBTwx IGYLLGFFAAKWTGLPYDAQKTLAIEVGMONSGLAAALAARRHFAAAPVVAVP--GALFSV 292
BNTCP  IGFLLGYVLSALFCLNGRCRRTVSMETGCONVQLCSTILNVAFPPEVIGPLFFFPLLYMI 291
hASBT AGYSLGFLLARIAGLPWYRCRTVAFETGMONTQLCSTIVQLSFTPEELNVVFIFPLIYSI 295

ASBTvi WHNLSGSLLAGYWSGKPVKEDQE====mmmmmmmmmn= 307
ASBTwx  WHNTSGSLLATYWAAKAGKHRRP—=———= == —mmmmmmmmmmmm e o mmmm e m e 315
hNTCP  FOLGEGLLLIATFWCYEKFKTPKDKTKMIYTAATTEETIPGALGHGTYKGEDCSPCTA 149
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Appendix 1: Sequence alignment of bacterial homologs ASBTyrand ASBTnwm,
human ASBT and NTCP used by Zhou et al.*® to build their model. This has
been a useful template for us to prepare our homology models. Orange (Na1)
and pink (Naz2) marked residues are interacting with the sodium ions and the
colored rectangles indicate with their numbering the position of transmembrane

helices.



ASBT | Enrichment at least 1

AUC LogAUC
2,952 dist_asbt.B39990022. txt 22 #66 -0,47392 41,107 8,867
2,945 dist_asbt.B39990051. txt 51 #74 -0,45965 32,129 7,329
2,936 dist_asbt.B89990044. txt a4 #16 -0,55287 41,432 12,72
2,927 dist_asbt.B39390028.txt 28 #a7 -0,50764 15,176 3,233
2,921 dist_asbt.B99990098.txt 98 #14 -0,55976 40,355 8,424
2,898 dist_asbt.B39990072.txt 72 #H22 -0,53756 39,529 8,495
2,893 dist_asbt.B39990060. txt 60 #3 -0,60248 25,122 5,337
2,879 dist_asbt.B99990041. txt a1 #75 -0,45952 54,269 11,831
2,828 dist_asbt.B39990064.txt 64 #30 -0,40733 53,853 13,078
2,775 dist_asbt.B99990077.txt 7 # -0,58015 41,27 10,578
2,735 dist_asbt.B393990085.txt 85 #17 -0,55261 50,802 14,113
2,847 dist_asbt.B99990019.txt 19 #7 -0,5772 60,816 21,748
2,816 dist_asbt.B39990084. txt 84 #18 -0,65073 61,421 16,159
2,755 dist_asbt.B89990015.txt 15 #82 -0,44511 60,175 15,897
2,626 dist-asbt-B99990023.txt 23 #71 -0,46242
[ scores or3zu¥ ma cut rom bulasog  normal. DOPEScore  Modelnumber ramk |
asbt.B99990090.pdb -0,58596 920 #5 37,011 9,77
asbt.B99990085.pdb -0,58629 95 #4 50,914 13,389
asbt.B99990060.pdb -0,60248 60 #3 25,122 5,337
asbt.B99990012.pdb -0,61315 12 #2 44,546 13,81
asbt.B99990057.pdb -0,65323 57 #1 best mdI57RotaGIn 61,607 23,857
Scores of NTCP (water) normal. DOPE Score Model number rank
0 2 -0,5592 a3 #5
sle10a1-B99990025-pab- -0,56131 25 #4
5/610a1-B99950057-pdb -0,56265 57 #3
sle10a1-B99990049-pdb- -0,57303 43 #
s1610a1-B999960096-pdb- -0,59384 9% #1 best not possible h bonds with Asn as Acceptor = TCH R1 as Donor
Distance Nitrogen Asn NTCP slc10al Model Model number rank
3,246 dist_slc10a1.B99930016. txt 16 #o1
2,971 dist_slc10a1.B999300609. txt 69 #13
2,95 dist_slc10a1.BI9990095. txt 95 #94
2,877 dist_slc10a1.B98990080. txt 80 48
2,86 dist_slc10a1.B99990021. txt 21 H06
2,854 dist_slc10a1.B98990001. txt 1 #62
2,786 dist_slc10a1.B99990053. txt 53 #64
2,763 dist_slc10a1.B99990031. txt 31 H12
2,758 dist_slc10a1.B99990081. txt 81 #98
2,757 dist_slc10a1.B99890061. txt 61 #78

Appendix 2: Detailed information of all measured distances (oxygen, nitrogen) of our
models (inward open) with associated DOPE score and their ranking. This was done
to reduce of big number of homology models for the enrichment process. The AUC
of each chosen model is noted and as visible model 57 has the best AUC value and
is also ranked first according to its DOPE score.

NB: enrichment could not be executed for ANTCP, since we had not enough structural

information for the binding site preparation.
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ePharmacophore of groups R4 R2 R3 tail
. negative;
group 1: (Cholate, GC) TC X X X Caboxy: Acc
group2: CDC, GCDC, TCDC | Acc | Don X X
group 3: DC, GDC, TDC Don X Don X
group 2B: UDC, GUDC, TUDC| Don X X X

Appendix 3: Summary of picked pharmacophore features by the automatized

selection process of PHASE creating a so called “ePharmacophore”. The selection

of only few and unspecific features lead to an imprecise definition of necessary steric

features and resulted in poor screening results. Therefore these pharmacophores got

excluded.

67



7.2 Abstract

Two prominent members of the SLC10 family, ASBT (SLC10A2) and NTCP
(SLC10A1), play a key role in the Enterohepatic Circulation as sodium-
dependent co-transporters of bile acid (BA). ASBT’s major task covers the
initial uptake of BA from the ileum and its transport to the portal blood vein,
where it is delivered to the liver via NTCP, located in the hepatocyte
membrane. NTCP and ASBT are the leading and rate-limiting mediators of BA
uptake and homeostasis in the liver and intestine.* This circumstance enables
various possible applications (e.g. Hypercholesterolemia treatment) of drugs
acting either as a substrate or inhibitor of ASBT or NTCP.

The aim of this diploma thesis is to unravel the factors determining
substrate specificity and gaining insight in the transport mechanism of
ASBT and NTCP.

Due to a shortage of structural information initially homology models of both
human transporters had to be built in two conformations to trace the substrate
translocation process. Docking studies were conducted with the goal of
understanding the basics of substrate interaction established in ASBT's
inward open conformation. Induced fit calculations for the outward open
state enabled us to hypothesize about a “Locking mechanism” of ASBT
causing substrate specificity, and to observe diverging binding modes for
primary and secondary BAs possibly involved in affinity differences. In
addition, a heat map of binding-involved residues was created as visual aids.
Moreover, certain amino acid (aa) residues have been pointed out to be
strongly involved in binding substrates or causing conformational changes.
To cover the ligand’s contribution ligand-based Pharmacophore models
have been built, which put the focus on important features for binding and
enable screening for new drugs in the future.

Last but not least we concentrated on the phylogenetic relationship of the
SLC10 family, looking at the conservation of particular aa residues within
different species. This was done in order to get a profound understanding of
established patterns needed for function and facilitate evolutionary

retractability.
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7.3 Zusammenfassung

Die beiden Natrium-abhangigen Gallensalztransporter ASBT (SLC10a2) und NTCP
(SLC10a1) tragen einen betrachtlichen Anteil zur Regulierung des Enterohepatischen
Kreislaufes bei. Erst genannter Transporter ist fur die primare Gallensalzaufnahme
(GS) in den lleozyten (Darm) zustandig, Zweiter fir die Aufnahme und Ruckfihrung
der Gallensalze aus dem Pfortaderblut in die Leber. Anhand dieser Schllsselposition
bei der Aufrechterhaltung der GS-Homdostase kénnen pathologische Defekte der
beiden Transporter einen gravierenden Einfluss auf physiologische Prozesse haben
(z.B.: primare Gallensaure-Malabsorption PBAM). Nun kann durch eine gezielte
Hemmung des ASBT-Transporters mit Arzneistoffen eine erhéhte Ausscheidung
von Gallensauren erzielt und somit entgleiste Cholesterinspiegel reguliert werden.

Dies ware ein denkbarer Ansatz zur Therapie von Hypercholesterinamie.

Die Aufklarung der die Spezifitat bestimmenden Faktoren und die Erlduterung der
zugrundeliegenden Bindungsmechanismen des Transportzyklus” von hASBT und

hNTCP waren Ziel dieser Diplomarbeit.

Aufgrund mangelnder struktureller Information der humanen Proteine mussten
zunachst Homologie Modelle beider Transporter in der jeweils ,einwarts-getffneten®
und ,auswarts-geotffneten“ Konformation modelliert werden. Eine Dockingstudie mit
der Innenseite-zugewandten Position des Proteins wurde durchgefihrt, um
grundlegende Kenntnis Gber vorhandene Interaktionen zwischen Substraten und dem
Transporter zu erlangen. Mittels ,Induced Fit“-Berechnungen (induzierte Passform)
konnte eine Hypothese lber eine vermutete Konformationsanderung aufgestellt
werden, die im Zusammenhang mit der Substratspezifitit steht. Ebenso konnten
beim Versuch, die Affinitdt nachzuvollziehen, unterschiedliche Bindungsposen fir
primare und sekundare GS entdeckt werden.

Dariber hinaus wurde eine ,Heat map“ fir die bessere Erkennbarkeit von
bindungsbeteiligten Aminosaure(AS)-Resten erstellt. Auch konnten an der Bindung
oder Konformationsidnderung beteiligte wichtige AS ausfindig gemacht werden.
Erganzend wurden Pharmakophor-Modelle erstellt, um die Beteiligung der
Liganden an der Interaktion nicht auer Acht zu lassen. Dies ermdglicht das
Herausarbeiten der benétigten Molekileigenschaften und das zukiinftige Filtern von
Arzneistoffdatenbanken.  AbschlieRend wurde auf die phylogenetische
Verwandtschaft von verschiedenen Spezies und deren zugehoérigen Sequenzen

eingegangen, mit dem Ziel, wichtige etablierte strukturelle Muster nachzuvollziehen.
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7.4 List of Abbreviations

AA
AUC
ASBT
ASBTy¢
ASBTNm
BA(s)
BLAST
DUD E
EHC
Glide
hASBT
HHPred
hNTCP
IDF

LDL

MM GBSA
MOE
NTCP
PBAM
SMARTS
SNP
TCH
TMD

Amino Acid

Area under the curve

Apical Sodium-dependent Bile acid Transporter
Bacterial Homolog of Y. frederiksenii

Bacterial Homolog of N. meningitidis

Bile Acid(s)

Basic Local Alignment Search Tool

Database of Useful Decoys: Enhanced
Enterohepatic Circulation

Grid-based Ligand Docking with Energetics
human ASBT

Homology detection and structure prediction by HMM-HMM comparison
human NTCP

Induced Fit Docking

Low density lipoprotein

Molecular mechanics with generalised Born and surface area solvation
Molecular Operating Environment
Sodium/Taurocholate Cotransporting Polypeptide
Primary Bile Acid Malabsorption

Simplified Molecular Input Line Entry System
Singe Nucleotide Polymorphism

Taurocholate (a bile acid)

Transmembrane Domains

All used abbreviations for bile acids can be seen in table 3
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