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1 Abstract

Mitochondria are important cell organelles that supply the organism with energy.
Important metabolic processes take place in them. The diploma thesis is about the
mitochondrial complex Il of the respiratory chain.

Within the last years, several crystal structures of various species have been solved
with inhibitors. The protein consists of three catalytic units, whereby an extrinsic
domain, the so-called ISP, can assume different positions. There are two binding sites
in cytochrome b, which divide the electron transfer into two pathways, the Qo-side and
Qi-side. These two active centers work together for the formation of ATP and the
different conformations of ISP allow further classifications into three groups of inhibitors.
If the important redox reactions of mitochondria are interrupted, it can lead to
mitochondrial dysfunction and diseases such as cancer or other metabolic disorders.
In the last decade, in silico models have generally increased and gained in importance.
A lot of studies exist that have explained co-crystallized bc1-complexes with the
binding mode of inhibitors in bovine and chicken complexes. An already existing crystal
structure of the human complex render possible to run induced-fit docking approaches
in the human complex, which has a high sequence identity with the bovine and chicken
complexes. Subsequently, pharmacophore modeling helped to evaluate the docking
experiments and the results were linked and evaluated with the machine learning
platform Knime.

Finally, a list of drugs with potential mitochondrial toxicity was created for further

experiments.

VI



2 Zusammenfassung

Diese Arbeit beschaftigte sich mit dem mitochondrialen Komplex Il der Atmungskette.
Die Mitochondrien sind wichtige Zellorganellen, die dem Organismus als
Energielieferant dienen und in denen wichtige Stoffwechselprozesse stattfinden.

Das Protein besteht aus drei katalytischen Einheiten, wobei eine extrinsische Domane,
das sog. ISP, verschiedene Stellungen einnehmen kann. Das Cytochrom b weist zwei
Bindungsstellen auf, durch die der Elektronentransfer aufgeteilt wird. Durch diese
Aufteilung in zwei aktive Zentren und der unterschiedlichen Konformation des ISP
kénnen drei Klassifizierungen der Inhibitoren erfolgen.

Werden in den Mitochondrien diese wichtigen Redoxreaktionen unterbrochen, kann
dies zu mitochondrialen Dysfunktionen und Erkrankungen wie Krebs und
Stoffwechselstérungen fuhren. Um solche Nebenwirkungen von Arzneimitteln
frhzeitig zu erkennen, werden mittlerweile Computer-unterstitzte Analysen
durchgefuhrt. In der Forschung haben in den letzten Jahren in silico Modelle
zugenommen und an Wichtigkeit gewonnen.

In den letzten Jahren wurden einige Kristallstrukturen von verschiedenen Spezies mit
Inhibitoren und deren Bindungsmodus aufgeklart.

Eine bereits vorhandene Kristallstruktur des humanen Komplexes, der eine hohe
Sequenzahnlichkeit mit den Rindern oder Huhner Komplexen aufweist, erlaubte auch
im humanen Komplex induced-fit Docking Versuche durchzuflhren.

Anschlie®end durchgefuhrte Pharmakophor Erstellung half bei der Evaluierung der
Docking Experimente. Die Auswertung der Ergebnisse erfolgte mit Hilfe maschinellen
Lernens mit der Plattform Knime.

Schlussendlich entstanden Listen mit potenziellen Arzneimitteln, die eine
mitochondriale Toxizitat aufweisen und in weiteren Experimenten ausgewertet werden

konnen.

VI



3 Introduction
3.1 Mitochondria

Mitochondria are the “energy factory” of eucaryotic cells, that produce Adenosin-

triphosphate, the most important fuel of many reactions. They have an outer membrane,
inner membrane and between them is Intermembrane space. The inner membrane
has Cristae, which expands the surface of the inner mitochondrial membrane,
enhancing its ability to produce ATP.

The mitochondria not only serve as a supplier of energy, but also have other functions,
such as storing calcium’, initiating apoptosis? and synthesizing iron-sulfur clusters3.
The last one is also an important element for some complexes of cellular respiration.
Their remarkable role in many areas of cell functions and cell communication also
results in their great importance in the development of diseases such as cancer,

neurological diseases and metabolic diseases.*

3.2 Respiratory chain

One of the most important function of the mitochondria is the respiratory chain. There
are 4 transmembrane proteins, located in the inner membrane, which produce a

transmembrane proton electrochemical gradient as result of the redox reactions.
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Figure 1: Complexes of the mitochondrial Respiratory chain®



Each protein complex accepts the electrons and complexes |, Il and IV use the energy
to pump protons into the intermembrane space from the mitochondrial matrix.

The resulting transmembrane proton gradient is used to make Adenosintriphosphate
(ATP) via ATP-synthase.?®

3.2.1 Cytochrome bcs complex

The focus of my thesis is on cytochrome bc1 complex, also called Ubiquinole-
cytochrome-C-oxidoreductase or simply Complex III.

It is a dimer with 22 chains and each monomer contains 11 subunits in eukaryotes.
There are three following essential catalytic units with prosthetic groups, cytochrom ¢
(yellow ribbon) with one heme c; cytochrome b (green and blue ribbon) with two hemes
(low potential bL and high potential bH); and Rieske Protein with the lron-sulfur-center
(red ribbon). 7

Figure 2: human dimer bc1-complex with the three essentials catalytic

Color code: green - J-chain of cytochrome b; blue > V-chain of cyt. b; yellow - cytochrome c; red >
ISP
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Figure 3: View of the dimeric cyt b and ISP in the bc1-complex’

Cyt. b-sym

There are eight transmembrane helices, which are named sequentially from A to H. The two b-type
hemes are labeled bL and bH. Also, the two binding pockets Qo and Qi are displayed. The ISP docking
crater is also shown, where the interaction between ISP and cyt. b takes place.

The subunit cytochrome b, in which the binding sites Qo and Qi are located, is
anchored in the membrane with eight transmembrane helixes. The subunits
cytochrome c1 and ISP are only embedded in the membrane with one transmembrane
helix. A difference between the head domains of cyt c1 and ISP is that cyt c1 is rigid

and flexibility is possible in the extrinsic ISP domain.”

The two active centers for the redox reaction are shown in Figure 4 as Q-Cycle

mechanism. It also depicts three examples of inhibitors for each binding mode.
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It shows the ubiquinole (QH2) oxidation site near to the positive membrane side,
referred to as Qo site, and the ubiquinone (Q) reduction site near to the negative
membrane side, also known as Qin site.

Qo stands for “outer membrane” or Qp for “positive side” and Q; denotes “inner
membrane” or Qn for “negative side”.

Ubiquinone is reduced to ubiquinole/ubihydroquinone (QH2) by complexes | and Il by
accepting two electrons and protons.

Then ubiquinol diffuses to complex Il where the quinol oxidation bifurcates into two
separate pathways.

First, ubiquinole binds to the Qo-site and transfers an electron via the iron-sulfur and
heme c to Cytrochrome c. The result is a ubiquinone semimolecule (Q~), which is
unstable and oxidizes to ubiquinone (Q) when one more electron is released. Then this
electron flows via heme bL and heme bH to the Qi-site, where it will be absorbed by
an ubiquinone molecule and which is thereby stored as semiquinone. In this first half
cycle, two hydrogen atoms are pumped into the intermembrane space.

In the second cycle, an ubiquinol (QH2) binds again and the electron transfer takes
place analogously, with the ubiquinol being regenerated at the Qi center and released

back into the Q-pool.



In summary two electrons are transferred from ubiquinol to cytochrome c, two protons
were removed from the matrix and then four protons were released into the

intermembrane space. &-1°

3.3 Inhibitors of bc1-Complex

The classification of the inhibitors can be divided into three groups by the two active
centers. Class P binds to the Qo side, class N to the Qi side and class PN binds to
both places. In some studies, it is reported that the electron transfer leads to a change
in conformation of the protein, whereby a movement of the iron-sulfur protein is
observed.”® This determination of the mobile iron-sulfur domain allowed a more
specific subdivision of the inhibitor classes for the Qop site. Depending on the
conformation of ISP, the class P can split in Pm, mobile conformation, and P, fixed
conformation, groups. A place above the Qo pocket is called ISP docking crater, where

the the extrinsic domain can temporarily bind via His161.”

The inhibitors stigmatellin, UHDBT, and famoxadone stabilize the ISP domain, so they
are assigned to the P; class.” The Class Pn includes myxothiazole, MOAS and
Azoxystrobin, which ensure the mobilization of the ISP region.’

NQNO'" and Ascochlorin'? are examples of ligands, who can bind in both pockets.



4 Aim of the thesis

In the last few years, the term “in silico” has become more and more important in
science. Computer-based research is gaining more priority, which means that possible
adverse effects can be identified at an early stage. Biochemical, pharmacological and
toxicological processes are virtually simulated and analyzed. It ensures more safety

for clinical studies and certainly reduction in animal experiments.

The aim of my diploma thesis was to identify substances that show mitochondrial
toxicity via inhibition of the respiratory complex and possibly to further evaluate them
experimentally. The computational work was structure based, using software for
docking experiments and pharmacophore modeling.

There are many co-crystallized structures from bos taurus and gallus gallus organism
with ligands on PDB accessible, which were tested by redocking experiments. The
ligands were also analyzed in the human complex by induced-fit docking. In the next
step, structure-based pharmacophore modeling was conducted.

Finally, a virtual screening was performed with a data set from Drugbank and evaluated

by using a Knime workflow.

- - \, Induced Fit Drugbank
Docking Studies >Redocklng > Docking > Docking
Pharmacophore Drugbank

modeling > e > 2l >Screening :

Knime workflow

Figure 5: Steps of the Thesis



5 Material and Methods

5.1 Data Collection
5.1.1 Protein Data Bank

Protein Data Bank (PDB) provides access to 3D structural data of large biological

molecules including Proteins, nucleic acids and complex assemblies. X-ray is one of
the most important methods for structure analyses, followed by NMR-spectroscopy
and electron microscopy.

There are many crystal structures available for the mitochondrial protein bc1-complex.
In the following tables all PDBs of the various species Bos taurus (Table 1), Gallus
gallus (Table 2), and Sacharomyces cerevisiae (Table 3) are summarized. Some
important interactions of the inhibitors with the side chains of the binding pocket from

the bovine complex, that have been described in studies, are also listed.

H-bond other
Inhibitor PDB Method | Resolution
Interaction Interactions

Qo-Site
Azoxystrobin’ 1SQB | Glu271 Met124 X-Ray |2.69A
Phe128
Tyr131
lle46

Pro270
Phe274
Ala277
Leu294
lle298
Myxothiazol’ 1SQP | Glu271 Ala127 X-Ray |2.7A
Tyr273
Stigmatellin A’ 1SQX | Glu271 Met124 X-Ray |3.0A
2A06 Ala125 2.1A
1PP9 Met129 2.1A
lle146

Pro270
Ohe274
Leu294




MOAS’

15QQ

Glu271

Gly142
lle146
Pro270

3.0A

UHDBT’

1SQV

Tyr131

Met124
Val145
Pro270
Tyr273
Phe274

X-Ray

2.85 A

Famoxadone'

1LOL

Glu271

Phe91
Met124
Gly142
lle146
Tyr131
Tyr273
Tyr278

X-Ray

2.35A

Fenamidone®

5KLV

X-Ray

2.65A

Stigmatellin A +

Antimycin®

1PPJ

X-Ray

2.1A

JG1447°

2FYU

2.26 A

Qi-Site

Antimycin A™

INTK

Ser35°
Asp228 A

Phe220 °
Leu197 °
lle27 °
Trp31 2
Gly38
Met190

2.6 A

NQNO"

1NU1

Ser205

Phe220 °
His201 #
Asp228 A
Leu200 *
Tyr224
Lys227

X-Ray

32A

SCR0911"

50KD

Ser35°

Phe220 °

X-Ray

31A




6FO6 | His201 # Asp228 A CryoEM | 4.1 A
Ser205
MJM170"8 5NMI Ser35 ° X-Ray |3.5A
His201 #
Phe220 °
Asp228 A
Ser205 °
Pro24 ~
lle27
Trp31
lle39
lle42
Phe18
GSK932121" 6FO0 CryoEM | 4.1 A
4D6U X-Ray |3.1A
GW84452019:20 4D6T X-Ray |3.57 A
WDH2G7? 6HAW X-Ray |3.45A

Table 1: Crystal structures of bos taurus bc1-complex with inhibitors divided in the two binding site
modes

Legend of the Table 1:
° conserved residues in all species

A conserved residues in bovine, chicken and human bc1-complex

Inhibitor PDB Method Resolution

Qo-site
Azoxystrobin 3L71 X-Ray 2.84 A
Famoxadone 3L74 X-Ray 2.76 A
MOA?2 3TGU X-Ray 2.7 A
Fenamidone 3L75 X-Ray 2.79 A
Stigmatellin 3H1J X-Ray 3.0A

21BZ

2BCC
Kresoxym-I-dimethyl 3L72 X-Ray 3.06 A




Crocacin A, 3CWB X-Ray 3,51 A

CrocacinD (idoinated)

Triazolone 3L73 X-Ray 3.04 A

Trifloxystrobin 3L70 X-Ray 2.75 A

Qo + Qi-site

Stigmatellin + Antimycin?3 3BCC X-Ray 3.7A
3H1I 3.53A

Ascochlorin?* 3H1L X-Ray 3.21A

Table 2: Crystal structures of Gallus gallus bc1-complexe with inhibitors
Inhibitor PDB Method Resolution

Qo-site

Atovaquone 4PD4 X-Ray 3.04 A

Stigmatellin 2|1BZ X-Ray 2.30 A

HHDBT 1P84 X-Ray 2.50 A

Table 3: Crystal structures of the Yeast bc1-complexe with inhibitors

Furthermore, the following inhibitors could be found in a literature research

Oudemansin?®, Funiculosin?®, Ametoctradin?’2¢, Pyrimoprh, ELQ2712°, Picoxystrobin,

Pyraclostrobin, Cyazofamid?®, Amisulbrom?®, Hydramethylnon, Pyrimorph.

The structures of the 30 used inhibitors for the docking experiments and virtual

screening are displayed in Table 4, for each binding side.

10



Qo-site

Ametoctradin

Atovaquone

Azoxystrobin

Crocacine-lod

Famoxadone

Fenamidone

11




HHDBT

V\/\ﬁ/::jAT\>

JG144

B

Kresoxim-I-dimethyl

Kresoxim-methyl

o
o
N \0 /N (o}
(o} O/
MOA (Methoxy-acrylate-stilbene) MOA-F
/O
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Myxothiazole

Picoxystrobin

F F o/
\N \0 (0]
H ] F .
Pyraclostrobin Stigmatellin A

~

‘ (0]

SSaay

Trifloxystrobin

UHDBT
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Qi-site

Antimycin

%

A4

Cyazofamid

GSK932121 GW844520
. '
MJM150 SCR0911
UOR®
7

14



WDH2G7

Qo + Qi site

Ascochlorin

NQNO

15



unkown binding site

Funiculosin

Hydramethylnon

Table 4: Structures of the 30 inhibitors
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5.1.2 Promals 3D
Promals 3D is an online tool to align several protein sequences and structures. 3° It
was used for comparing the various species Bos taurus, Gallus gallus, Sacharomyces

cerevisiae und Rhodobacter spharoides with the human sequence. (Table 5)

5.1.3 Uniprot

Universal Protein Resource is an online science database that provides protein
sequence and functional information. The three institutes European Bioinformatics
Institute (EMBL-EBI), Swiss Institute of Bioinformatics (SIB) and Protein Information

Resource (PIR) have been working in cooperation on the database since 2002.3’

5.1.4 Drugbank

Drugbank, a free available databank, grant access to bioinformatic and chemical
information on drugs and their target structures. The first version 1.0 of Drugbank was
published in 2006 and has been expanded over the years. The database, 2021 latest
released Version 5.1.8, contains 14.583 drug entries including 2.701 approved small
molecules drugs, 1.499 approved biologics (proteins, peptides, vaccines and
allergenics, 132 neutraceuticals and over 6.653 experimental drugs (discovery-
phase).3233 This platform makes it easier for natural scientists such as chemists,

pharmacologists or pharmacists to access relevant data for their work and research. 33

5.2 Docking Studies

Molecular docking is indispensable these days. The computer-aided research, as
already mentioned at the beginning, is of great importance and enables predictions in
the protein-ligand interaction. In the algorithms, interactions such as Coulombic
interactions, Van der Waals forces or hydrogen bonds are included in order to be able
to calculate the bonding possibilities. Lead compounds can be found and optimized
using the docking strategies. 3*

Over the years, the view of a rigid system of protein-ligand binding has further
developed. The so-called “key and lock” principle, first described by Emil Fischer in
1894, was replaced by the “induced-fit” model. Ligands and their target protein cannot
be seen as a rigid system, there is always a certain amount of movement and flexibility

possible.

17



There are several programs with different search algorithms and scoring functions for
docking, each application has its own advantages and disadvantages.
This thesis mainly performed with Glide and Induced-fit docking from Schrddinger in

Maestro. Some docking studies with Gold were also tried.

5.2.1 Software
5.2.1.1 Maestro (Schrddinger)

Schrédinger is one of the most popular program developers for docking experiments
and virtual screening.

Some applications from Schrodinger, such as “LigPrep” and “Glide”, are operated via
the Maestro graphical user interface. It is used to visualize structures that, as in our
case, can be imported using a PDB file.3®

Schrodinger's application uses the “Protein Preparation Wizard” to provide the protein
preparation. This is necessary to ensure chemical correctness and to optimize the
structures for use with Glide. The crystal structures are only reconstructed by electron
density. Incorrect side chains can occur in the PDB structures and have to be corrected.
Schrodinger also offers ligand preparation using “Ligprep”. Therefor, several
processing steps are carried out in order to optimize the structures, for example the

protonation state or tautomeric are important.

Glide

Glide (Grid-based Ligand Docking with Energetics) is a docking program that uses
algorithms for conformation generation, torsion optimization and energy minimization.
Ligand poses are generated and rated, which are ultimately ranked by scoring.

You can choose between three docking precision modes, HTVS (high-throughput
virtual screening), SP (standard precision) and XP (extra precision). The first method
is the fastest, but also a very limited screening. The most powerful is the XP mode, but
it takes more time to calculate.

At the end, poses are generated along with a number of properties, such as scoring
function, ligand efficiency metrics and various indices to discriminate ligands with

similar docking score values.

18



Induced-Fit Docking

A rigid receptor model is assumed for glide docking. Some movement of the receptor

or ligand is taken into account, but in some cases this may not be sufficient. If a ligand
binding contributes to the conformation change, the whole system must be assessed
more flexibly. For this purpose, it combines the Glide and Prime Refinement, which

allows the receptor in the binding site to better adapt to the shape of the ligand. 3¢

5.2.1.2 GOLD

GOLD (Genetic Optimization for Ligand Docking) is a genetic algorithm for docking
flexible ligands into protein binding sites. The program is well established for docking
experiments and achieves reliably pose prediction performance and good results in

virtual screening.3"38

5.2.1.3 Visualization programs

MOE

Molecular operating environment, is a program for scientific research. It can be used
for Ligand-based or Structure-based drug design, Docking studies and Virtual
Screening. For this thesis it was used for visualizing the crystal structure in order to

decide which residues should be flexible for the docking in GOLD.

Pymol (Schrbdinger)

It is another application to visualize 3D structures, which was also used for comparison

of the binding sites and check the interactions with the ligands.

5.3 Pharmacophore modeling

The interactions of a ligand with the target are defined by physicochemical interactions
such as hydrogen bonds, dipole/dipole interactions, ionic interactions, and hydrophobic
interactions. Their arrangement in the 3D-space are called pharmacophore. The
pharmacophore modeling and virtual screening of databases helps to identify new hit

structures.

5.3.1 Software
LigandScout is a program to create structure- and ligand-based pharmacophore

models. It works with algorithms for performing alignments and interpreting and

19



customizing ligand-macromolecule interactions. The program automatically creates
pharmacophore models after loading PDB files, which you can edit and refine. It
contains in-silico screening of compound libraries, and tools for analyzing the
performance of the models. 3°

Version 4.4 was used for the pharmacophore modelling of both binding sites.

5.4 Knime Workflow

Knime, an open source software, is an analytic platform for creating data science

workflows. You can easily construct workflows to link, filter and visualize large amounts
of data. The tasks are represented as nodes, this enables data to be read, written,
transformed and models to be created and visualized. Many workflows, nodes and
components are provided by the Knime hub so they can be downloaded and used

easily.

5.4.1 Pareto Ranking

Data are ranked without improving one property and without having to worsen another
at the same time. The results from the docking experiments and the pharmacophore
screening could be combined and subsequently analysed by machine learning. The
ranking was carried out by pharmacophore fit-score and docking-score.

The pharmacophore fit-score is calculated by the number of matching pharmacophore

features and the RMSD of the pharmacophore alignment.®

20



6 Results and Discussion

The first step during the literature research was a summary of the existing PDBs and
inhibitors, which are listed in Table 1 and Table 2.

Many crystal structures (PDB: 1LOL, 1INTK, 1NU1, 1PP9, 1PPJ, 1SQB, 1SQP, 1SQQ,
1SQV, 1SQX, 2A06, 2BCC, 2FYU, 2IBZ, 3BCC, 3CWB, 3H1J, 3HLI, 3L70, 3L71, 3L72,
3L74,4L75, 3TGU, 4D6T, 4D6U, 5KLV, 5NMI, 50KD, 5XTE, 6FO0, 6FO6 and 6HAW)
have been aligned with the PDBEeFold webserver to be able to compare them visually.
This step was necessary because different programs and their algorithms generate

different coordinates.

We compared the amino acid sequences of four species with PROMALS 3D, which
are shown in Table 5. For the alignment you have to enter the protein sequences in
FASTA format (available from UniProt), the protein structure with the PDB, and the
selected chain of the binding pocket.

Homo sapiens:

5XTE - Cyt B = Chain J+V = UniProtKB P00156 (CYB_HUMAN)

Bos Taurus :

1SQB - Cyt B > Chain C - UniProtKB : P00157 (CYB_BOVIN)

Gallus gallus :

3L71 - Cyt B > Chain C+P - UniProtKB : P18946 (CYB_CHICK)

Rhodobacter sphaeroides :

6NHH > Cyt B = Chain A+E - UniProtkKB Q02761 (CYB_RHOSH)

Saccharomyces cerevisiae :

2IBZ - Cyt B - Chain C - UniProtKB : P00163 (CYB_YEAST)

21



PROMALS3D Result

http://prodata.swmed.edu/promals3d/results/p...

Colored PROMALS3D ali q in ali d order)
Conservation: 55 5 5 95 9 95555 595 95595 99 99 995 599995 599596 96 959 9 596699
Sp_Q02761_CYB_RHOSH_Cytoc 1 MSGIPHDHYEPRTGIEK-WLHSRLPIVALAYDT-IMIPTPRNLNWMWIWGVVLAFCLVLQIVTGIVLAMHYTPHVDLAFASVEHIMRNVNGGFMLRYLHA 98
6nhh_chainA_pee7 1 --GIPHDHYEPRTGIEK-WLHSRLPIVALAYDT-IMIPTPRNLNWMWIWGVVLAFCLVLQIVTGIVLAMHYTPHVDLAFASVEHIMRNVNGGFMLRYLHA 96
6nhh_chainE_poes 1 --GIPHDHYEPRTGIEK-WLHSRLPIVALAYDT-IMIPTPRNLNWMWIWGVVLAFCLVLQIVTGIVLAMHYTPHVDLAFASVEHIMRNVNGGFMLRYLHA 96
sp_P00163_CYB_YEAST_Cytoc 1 - M-AFRKSNVYLSLVNSYIIDSPQPSSINYWWNMGSLLGLCLVIQIVTGIFMAMHYSSNIELAFSSVEHIMRDVHNGYILRYLHA 83
2ibz_chainC_pee6 1 - M-AFRKSNVYLSLVNSYIIDSPQPSSINYWWNMGSLLGLCLVIQIVTGIFMAMHYSSNIELAFSSVEHIMRDVHNGYILRYLHA 83
sp_P0157_CYB_BOVIN_Cytoc 1 - MTNIRKSHPLMKIVNNAFIDLPAPSNISSWWNFGSLLGICLILQILTGLFLAMHYTSDTTTAFSSVTHICRDVNYGWIIRYMHA — 84
1sqgb_chainC_pee3 1 - -TNIRKSHPLMKIVNNAFIDLPAPSNISSWWNFGSLLGICLILQILTGLFLAMHYTSDTTTAFSSVTHICRDVNYGWIIRYMHA 83
sp_P18946_CYB_CHICK Cytoc 1 - -MAPNIRKSHPLLKMINNSLIDLPAPSNISAWWNFGSLLAVCLMTQILTGLLLAMHYTADTSLAFSSVAHTCRNVQYGWLIRNLHA 85
3171 _chainC_pee4 1 - -MAPNIRKSHPLLKMINNSLIDLPAPSNISAWWNFGSLLAVCLMTQILTGLLLAMHYTADTSLAFSSVAHTCRNVQYGWLIRNLHA 85
3171 _chainP_pees5 1 - APNIRKSHPLLKMINNSLIDLPAPSNISAWWNFGSLLAVCLMTQILTGLLLAMHYTADTSLAFSSVAHTCRNVQYGWLIRNLHA 84
sp_P00156_CYB_HUMAN_Cytoc 1 - - -MTPMRKTNPLMKLINHSFIDLPTPSNISAWWNFGSLLGACLILQITTGLFLAMHYSPDASTAFSSIAHITRDVNYGWIIRYLHA 84
5xte_chainJ_pee1 1 - TPMRKTNPLMKLINHSFIDLPTPSNISAWWNFGSLLGACLILQITTGLFLAMHYSPDASTAFSSIAHITRDVNYGWIIRYLHA 83
5xte_chainV_pee2 1 -TPMRKTNPLMKLINHSFIDLPTPSNISAWWNFGSLLGACLILQITTGLFLAMHYSPDASTAFSSIAHITRDVNYGWIIRYLHA 83
CONSENSUS_8a: e h+pp.shh.1h.s.hI..P.PpslshhW.hGs1LthCL1IQIITG1hhAMHYOSphphAFtSV . HIARSVp.G@hIRYLHA
hhh hhhhhhhhhhh hhhhhhhhhhhhhhhhhhhhhhhhhhhh hhhhhhhhhhhh hhhhhhhhhh

Conservation: 9999 995 559 59999996 5 595 9 55 59999 9955559999599999995955999 59 55 9 599 595 595 999 59
Sp_Q02761_CYB_RHOSH_Cytoc 99 NGASLFFIAVYLHIFRGLYYGSYKAPREVTWIVGMLIYLAMMATAFMGYVLPWGQMSFWGATVITGLFGAIPGIGHSIQTWLLGGPAVDNATLNRFFSLH 198
6nhh_chainA_pee7 97 NGASLFFIAVYLHIFRGLYYGSYKAPREVTWIVGMLIYLAMMATAFMGYVLPWGQMSFWGATVITGLFGAIPGIGHSIQTWLLGGPAVDNATLNRFFSLH 196
6nhh_chainE_pees 97 NGASLFFIAVYLHIFRGLYYGSYKAPREVTWIVGMLIYLAMMATAFMGYVLPWGQMSFWGATVITGLFGAIPGIGHSIQTWLLGGPAVDNATLNRFFSLH 196
Sp_P00163_CYB_YEAST_Cytoc 84 NGASFFFMVMFEMHMAKGLYYGSYRSPRVTLWNVGVIIFILTIATAFLGYCCVYGQMSHWGATVITNLFSAIPFVGNDIVSWLWGGFSVSNPTIQRFFALH 183
2ibz_chainC_pee6 84 NGASFFFMVMFMHMAKGLYYGSYRSPRVTLWNVGVIIFTLTIATAFLGYCCVYGQMSHWGATVITNLFSAIPFVGNDIVSWLWGGFSVSNPTIQRFFALH 183
sp_P00157_CYB_BOVIN_Cytoc 85 NGASMFFICLYMHVGRGLYYGSYTFLE--TWNIGVILLLTVMATAFMGYVLPWGQMSFWGATVITNLLSAIPYIGTNLVEWIWGGFSVDKATLTRFFAFH 182
1sgqb_chainC_p00e3 84 NGASMFFICLYMHVGRGLYYGSYTFLE--TWNIGVILLLTVMATAFMGYVLPWGQMSFWGATVITNLLSAIPYIGTNLVEWIWGGFSVDKATLTRFFAFH 181
sp_P18946_CYB_CHICK_Cytoc 86 NGASFFFICIFLHIGRGLYYGSYLYKE--TWNTGVILLLTLMATAFVGYVLPWGQMSFWGATVITNLFSAIPYIGHTLVEWAWGGFSVDNPTLTRFFALH 183
3171_chainC_p004 86 NGASFFFICIFLHIGRGLYYGSYLYKE--TWNTGVILLLTLMATAFVGYVLPWGQMSFWGATVITNLFSAIPYIGHTLVEWAWGGFSVDNPTLTRFFALH 183
3171_chainP_p005 85 NGASFFFICIFLHIGRGLYYGSYLYKE--TWNTGVILLLTLMATAFVGYVLPWGQMSFWGATVITNLFSAIPYIGHTLVEWAWGGFSVDNPTLTRFFALH 182
sp_P00156_CYB_HUMAN_Cytoc 85 NGASMFFICLFLHIGRGLYYGSFLYSE--TWNIGIILLLATMATAFMGYVLPWGQMSFWGATVITNLLSAIPYIGTDLVQWIWGGYSVDSPTLTRFFTFH 182
5xte_chainJ_poo1 84 NGASMFFICLFLHIGRGLYYGSFLYSE--TWNIGIILLLATMATAFMGYVLPWGQMSFWGATVITNLLSAIPYIGTDLVQWIWGGYSVDSPTLTRFFTFH 181
5xte_chainV_p002 84 NGASMFFICLFLHIGRGLYYGSFLYSE--TWNIGIILLLATMATAFMGYVLPWGQMSFWGATVITNLLSAIPYIGTDLVQWIWGGYSVDSPTLTRFFTFH 181
Consensus_aa: NGAShFFhhh@hHh . +GLYYGSY . . .cC..NW.16h11h1hhhATAFhGYhhs@GQMSEWGATVITSLNtAIP.16Gpsl.pW1hGG. tVsssTIpRFFthH
Consensus_ss hhhhhhhhhhhhhhhhhh hhhhhhhhhhhhhh ee hhhhhhhhh hh hhee hhhhhhh
Conservation: 55599 966 95 559 95599595 9 5655595 599 5 65 5 95 99596965 5999 99559599995
Sp_Q02761 CYB_RHOSH Cytoc 199 YLLPFVIAALVATHIWAFHSTGNNNPTGVEVRRTSKAEAQKDTVPFWPYFIIKDVFALAVVLLVFFAIVGFMPNYLGHPDNYIEANPLSTPAHIVPEWYF 298
6énhh_chainA_peo7 197 YLLPFVIAALVAIHIWAFHSTGNNNPTGVEVRRTSKAEAQKDTVPFWPYFIIKDVFALAVVLLVFFAIVGFMPNYLGHPDNYIEANPLSTPAHIVPEWYF 296
6énhh_chainE_p0e8 197 YLLPFVIAALVAIHIWAFHSTGNNNPTGVEVRRTSKAEAQKDTVPFWPYFIIKDVFALAVVLLVFFAIVGFMPNYLGHPDNYIEANPLSTPAHIVPEWYF 296
sp_P00163_CYB_YEAST Cytoc 184 YLVPFIIAAMVIMHLMALHIHGSSNPLGI-------- TGNLDRIPMHSYFIFKDLVTVFLFMLILALFVFYSPNTLGHPDNYIPGNPLVTPASIVPEWYL 275
2ibz_chainC_p006 184 YLVPFIIAAMVIMHLMALHIHGSSNPLGI-- TGNLDRIPMHSYFIFKDLVTVFLFMLILALFVFYSPNTLGHPDNYIPGNPLVTPASIVPEWYL 275
sp_P00157_CYB_BOVIN_Cytoc 183 FILPFIIMAIAMVHLLFLHETGSNNPTGI SSDVDKIPFHPYYTIKDILGALLLILALMLLVLFAPDLLGDPDNYTPANPLNTPPHIKPEWYF 274
1sgb_chainC_p00e3 182 FILPFIIMAIAMVHLLFLHETGSNNPTGI-- SSDVDKIPFHPYYTIKDILGALLLILALMLLVLFAPDLLGDPDNYTPANPLNTPPHIKPEWYF 273
sp_P18946_CYB_CHICK Cytoc 184 FLLPFATAGITIIHLTFLHESGSNNPLGI-- SSDSDKIPFHPYYSFKDILGLTLMLTPFLTLALFSPNLLGDPENFTPANPLVTPPHIKPEWYF 275
3171_chainC_p004 184 FLLPFAIAGITIIHLTFLHESGSNNPLGI SSDSDKIPFHPYYSFKDILGLTLMLTPFLTLALFSPNLLGDPENFTPANPLVTPPHIKPEWYF 275
3171_chainP_p005 183 FLLPFAIAGITIIHLTFLHESGSNNPLGI-- SSDSDKIPFHPYYSFKDILGLTLMLTPFLTLALFSPNLLGDPENFTPANPLVTPPHIKPEWYF 274
sp_P00156_CYB_HUMAN_Cytoc 183 FILPFIIAALATLHLLFLHETGSNNPLGI-- TSHSDKITFHPYYTIKDALGLLLFLLSLMTLTLFSPDLLGDPDNYTLANPLNTPPHIKPEWYF 274
5xte_chainJ_p0o1 182 FILPFITAALATLHLLFLHETGSNNPLGI TSHSDKITFHPYYTIKDALGLLLFLLSLMTLTLFSPDLLGDPDNYTLANPLNTPPHIKPEWYF 273
5xte_chainVv_p002 182 FILPFITAALATLHLLFLHETGSNNPLGI-- TSHSDKITFHPYYTIKDALGLLLFLLSLMTLTLFSPDLLGDPDNYTLANPLNTPPHIKPEWYF 273
Consensus_aa: @11PFIIAAhhhhHIhhhH.hGSSNPhGL. .. .. ... ptp.DpIlPh@sY@hhKD1hs1hlhhL.hhhhh.@.PshLGCPDNYh . tNPLSTPSpI.PEWYh
Consensu: s hhhhhhhhhhhhhhhhhh hhhhhhhhhhhhhhhhhhhhhhhh hhh hh
Conservation: 955969995 5 55 99555 56955 9 55 9 56 555555 65 555555 95559 5 5 95 555 95
sSp_Q02761 CYB_RHOSH_Cytoc 299 LPFYAILRAFTADVWVVQIANFISFGIIDAKFFGVLAMFGAILVMALVPWLDTSPVRSGRYRPMFKIYFWLLAADFVILTWVGAQQTTFPYDWISLIASA 398
6nhh_chainA_p0o7 297 LPFYAILRAFTADVWVVQIANFISFGIIDAKFFGVLAMFGAILVMALVPWLDTSPVRSGRYRPMFKIYFWLLAADFVILTWVGAQQTTFPYDWISLIASA 396
6nhh_chainE_p0o8 297 LPFYAILRAFTADVWVVQIANFISFGIIDAKFFGVLAMFGAILVMALVPWLDTSPVRSGRYRPMFKIYFWLLAADFVILTWVGAQQTTFPYDWISLIASA 396
sp_P00163_CYB_YEAST_Cytoc 276 LPFYAILRSIPDKL -LGVITMFAAILVLLVLPFTDRSVVRGNTFKVLSKFFFFIFVENFVLLGQIGACHVEVPYVLMGQIATF 357
2ibz_chainC_p006 276 LPFYAILRSIPDKL -LGVITMFAAILVLLVLPFTDRSVVRGNTFKVLSKFFFFIFVFNFVLLGQIGACHVEVPYVLMGQIATF 357
sp_P00157_CYB_BOVIN_Cytoc 275 LFAYAILRSIPNKL -GGVLALAFSILILALIPLLHTSKQRSMMFRPLSQCLFWALVADLLTLTWIGGQPVEHPYITIGQLASV 356
1sgb_chainC_p003 274 LFAYAILRSIPNKL GGVLALAFSILILALIPLLHTSKQRSMMFRPLSQCLFWALVADLLTLTWIGGQPVEHPYITIGQLASV 355
sp_P18946_CYB_CHICK Cytoc 276 LFAYAILRSIPNKL ~GGVLALAASVLILFLIPFLHKSKQRTMTFRPLSQTLFWLLVANLLILTWIGSQPVEHPFIIIGQMASL 357
3171_chainC_p004 276 LFAYAILRSIPNKL ~GGVLALAASVLILFLIPFLHKSKQRTMTFRPLSQTLFWLLVANLLILTWIGSQPVEHPFIIIGQMASL 357
3171_chainP_p005 275 LFAYAILRSIPNKL GGVLALAASVLILFLIPFLHKSKQRTMTFRPLSQTLFWLLVANLLILTWIGSQPVEHPFIIIGQMASL 356
sp_P00156_CYB_HUMAN_Cytoc 275 LFAYTILRSVPNKL GGVLALLLSILILAMIPILHMSKQQSMMFRPLSQSLYWLLAADLLILTWIGGQPVSYPFTIIGQVASV 356
5xte_chainJ_p0o1 274 LFAYTILRSVPNKL GGVLALLLSILILAMIPILHMSKQQSMMFRPLSQSLYWLLAADLLILTWIGGQPVSYPFTIIGQVASV 355
5xte_chainV_p002 274 LFAYTILRSVPNKL GGVLALLLSILILAMIPILHMSKQQSMMFRPLSQSLYWLLAADLLILTWIGGQPVSYPFTIIGQVASV 355
Consensus_aa: L.hYAILRthsscl... ..GVIhhh.tIL1hh1IPhhcpS. .Rt..@+sh.phhF@lhhhshlILsblGt..hphP@.hhtbIAoh

hhhhhhhhh hhhhhhhhhhhhhhhhhh hhhhhhhhhhhhhhhhhhh hhhhhhhhhh
Conservation: 59 955 9 5 695
Sp_Q02761 CYB_RHOSH Cytoc 399 YWFAYFLVILPILGAIEKPVAPPATIEEDFNAHYSPATGGTKTVVAE 445
6nhh_chainA_p007 397 YWFAYFLVILPILGAIEKPVAPPATIEEDFNAHY -
6nhh_chainE_p008 397 YWFAYFLVILPILGAIEKPVAPPATIEEDFNAHY -
sp_P00163_CYB_YEAST Cytoc 358 IYFAYFLIIVPVISTIENVLFYIGR-
2ibz_chainC_p006 358 IYFAYFLIIVPVISTIENVLFYIGR-
sp_P00157_CYB_BOVIN Cytoc 357 LYFLLILVLMPTAGTIENKLLKW--
1sgb_chainC_p003 356 LYFLLILVLMPTAGTIENKLLKW--
Sp_P18946_CYB_CHICK Cytoc 358 SYFTILLILFPTIGTLENKMLNY
3171_chainC_p004 358 SYFTILLILFPTIGTLENKMLNY--
3171_chainP_p005 357 SYFTILLILFPTIGTLENKMLNY--
sp_P00156_CYB_HUMAN_Cytoc 357 LYFTTILILMPTISLIENKMLKWA-
5xte_chainJ_p0o1 356 LYFTTILILMPTISLIENKMLKW
5xte_chainV_p002 356 LYFTTILILMPTISLIENKMLKW 378

Consensu;
Consensu;

a

h@FhhhL11hPhI1thIEp.hh. . ...
hhhhhhhhhhhhhhhhhhhh

1of1l 10/21/19, 1:42 PM

Table 5: Sequences of the bc1-complex from the various species

It shows a high sequence identity between the species, especially in the bovine,
chicken, and human complex. The high conserved residues are indicated by symbols
in Table 1.
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Qo-site

Qi-site

Figure 6: human complex with both binding sides
A meaningful interaction of the Qo-site takes place in the PEWY-sequence, there is

usually a hydrogen bond to Glu271. Many of the Class P inhibitors form this important

hydrogen bond, like the inhibitor stigmatellin in the figure below 714

Figure 7: PDB 1SQX with the co-crystalized inhibitor Stigmatellin and the h-bond to Glu271

The residues lle146 of the cd1 helix and Pro270 and Glu271 from the PEWY sequence

form a narrow constriction in the binding pocket, where planar substrates or inhibitor

head groups can insert.”
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Figure 9: Qi-binding side of the human complex with the most important residues
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Qo-site

Qi-site

Glutamic acid /Glutamate 271

Aspartic acid/ Aspartate 228

Tyrosine 273 Serin 35
Methionine 124 Histidine 201
Phenylalanine 128, 274 Lysine 227
Isoleucine 146 Tryptophane 31
Proline 270 Phenylalanine 220
Alanine 277 Proline 24
Leucine 294 Isoleucine 39, 42
Valine 145 Leucine 200

Table 6: Comparison of the two binding sites of the most important amino acids

There are many hydrophobe, aromatic-aromatic and m-interactions in both binding

sides.

A study?’ describes a sequence identity of the bovine cyt. b (1PPJ) of 50.92% with
yeast (3CX5), 74,67 % with chicken (1BCC) and 49,08% with Rhodobacter capsulates.

The identity analysis of the amino acid sequences of bovine, chicken and human was

also investigated in MOE to prove the similarity of their binding pockets. It matched in

arange of 72.4 — 78,8%. (Figure 10 and Figure 11)

1 3 5 8 11

22 25

1:5XTE.)

3:5XTE.V

5:1SQB.C

8:1SQX.C

11:1SQP.C

14:15QQ.C

17:1SQV.C

20:1L0L.C

22:5KLv.C

25:2FYU.C

Figure 10: Comparison of the PDBs identity between cyt. b of bovine and human complex
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1:5XTE.J

3:5XTE.V

28:3L71.C

31:3CWB.C

34:3L72.C

37:3L73.C

40:3L74.C

43:3L75.C

46:3L70.C

49:3TGU.C

52:3H1J.C

Figure 11: Comparison of the PDBs identity between cyt. b of chicken and human complex

6.1 Docking
6.1.1 Glide Docking Experiments

The first step was to simulate the reproducibility of the inhibitors in their crystal
structures by redocking in Maestro 19-3.

The following PDBs, in Table 7 and Table 8, were selected for the redocking
experiments.

PDB | Inhibitor

1SQP | Myxothiazole
1SQQ | MOAS

1SQX | Stigmatellin
1SQV | UHDBT

3L72 | Kresoxim-l-methyl
3L70 | Trifloxystrobin
1SQB
3L71
3H1L | Ascochlorin

Azoxystrobin

Table 7: used PDBs for the Qo-Site Redocking
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PDB | Inhibitor
INTK | Antimycin
5NMI | MUM

1NU1 | NQNO
3H1L | Ascochlorin
50KD | SCR0911

Table 8: used PDBs for the Qi-Site Redocking

The protein preparation was prepared with the “protein wizard panel” using the default
settings. Ligand preparation was done with die LigPrep panel. The Glide Grid was

generated centroid of the ligand and the XP mode was selected.

As far as the docking was successfully reproducible, this was checked visually by
demonstrating the most important interactions or with their overlaid PDB compared,
which are enumerated in Table 1.

There were reproducibility problems only with Azoxystrobin. Either there were no
outputs after the docking try or the ligand was always flipped in the binding pocket and
therefore cannot establish the essential interactions.

Because of these issues, we tried it with the other docking program GOLD. For this
purpose, as mentioned at the beginning, the positions of the amino acid side chains of
the various ligands were analyzed, since with GOLD the side chains have to be

selected manually for a certain flexibility.
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Figure 12: Docking Result of Azoxystrobin (green from docking, orange from PDB) in GOLD

Unfortunately, the results were the same as with Maestro, always in a flipped position.
(Figure 12)
Stigmatellin could be reproduced with GOLD.

Docking Experiments with drugbank

Further docking runs were carried out by screening drugbank to find drugs that inhibit
Clll. The PDB of the inhibitors antimycin A (1PPJ), myxothiazole (1SQP) and
stigmatellin A (1SQX) were selected because they represent the three different classes
of inhibitors. The protein preparation was performed in maestro 19-3 using the Protein
Preparation Wizard. The center of the grid was the centroid on the respective inhibitor,
the SP mode was used with the standard settings, and one pose per ligand was

generated in the output.

The following known inhibitors were found among the results of the docking
experiments. Unfortunately, no antimycin was found with 1PPJ, but famoxadone
(docking score: -7.178), myxothiazole (d.s .: -5.176) and azoxystrobin (d.s .: -4.21).

With the PDB 1SQX myxothiazole (d. s.: -12.25), and famoxadone (d.s.: (-9.318.) were
found. With the third PDB 1SQX, famoxadone (d.s .: -8.909) and myxothiazole (d.s.: -

8.393) were also found.
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The results, especially the docking scores, were used for the evaluation with the

pharmacophore modelling in a Knime workflow, which will be explained later.

Docking Experiments with 30 Inhibitors
The PDB of the inhibitors antimycin A (1PPJ), myxothiazole (1SQP) and stigmatellin

A (1SQX) were selected because they represent the three different classes of

inhibitors. The ligand preparation of the 30 inhibitors was performed in maestro 19-3
using Ligprep. The other settings were the same as for the previous docking

experiment with drugbank.

The scores were also included in the evaluation at the end for the machine learning.

6.1.2 Induced-fit Docking Experiments
Maestro 19-3

We wanted to show the similarity between the species and docked six of the inhibitors
into the Qo-site of the human complex. We decided for induced-fit docking, because
this method allows a better flexibility and adaptation of the protein-ligand interaction
during the docking process. There is only the nature crystal structure available of the
human complex (PDB: 5XTE).

First, the human complex was reduced so that the work process was shortened. The
larger the protein, the longer the induced fit docking runs. The protein preparation of
5XTE was performed after the chain reduction in Maestro with the protein wizard panel.
The chains K, O, W, X, Y were deleted to make the protein smaller.

Since there are no bound ligands in the human crystal structure, the side chains had
to be determined in order to generate the grid for the docking.

The selected residues were Phe128, lle146, Pro270, Glu271, Ala277, Leu294, Met124.
At the beginning only 8 inhibitors were docked, stigmatellin, MOA, trifloxystrobin,
famoxadone, fenamidone, JG144, myxothiazole, and NQNO.

The first docking try was performed with the complex's V-chain, but the process was
aborted after a short time. Then the next docking experiment was attempted in the J-
chain of the bc1-complex, which was successful.

It was a mystery why it didn’t work in this chain because the sequence should be equal
to the dimeric J-chain. Unfortunately, we could not find out why it is not possible to

dock in the V-chain of the human complex.
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Regrettably, the results were not satisfactory because the ligands were docked too far

outside and could not enter the essential interactions with the binding pocket.

We tried the next docking experiment with an artificial membrane because the binding
site is very close to the outside of the membrane. Perhaps the calculations of the
algorithms would give different docking results and stigmatellin would also form the
desired hydrogen bond.

We also no longer used all of the previously selected side chains, but focused the glide
grid on 128, 270, 271, 146. Thus, the remaining residues 124, 294, and 277 were left

out, as they are perhaps too far outside of the binding pocket.

The results were successful for the best-scored ligands so far, because the important
hydrogen bond to Glu271 could be demonstrated with MOA, trifloxystrobin,
famoxadone, fenamidone, myxothiazole and JG144.

Only stigmatelline was again a little too far outside the binding pocket so that no
interaction with Glu271 could be established. This could possibly be due to the lack of
water in the binding site. In the case of bovine crystal structures, there is a water atom
in the binding pocket that could possibly help stabilize the ligand binding.

A hydrogen bond to Glu271 was also formed to NQNO. This cannot be visually
compared with the crystal structure of the bovine complex, since in its PDB only the
Qi-site NQNO is shown. The hydrogen bond from NQNO to Glu271 was described in

a study, so the interaction was evaluated positive and reproduced.

GOLD
First, the PDBs had to be compared with the human complex in order to determine
which side chains had to be selected flexibly. In GOLD it is indicated manually which

residues should be movable.

The first docking experiment was determined with the coordinates X: 9.6771, Y:
132.3063, Z: 80.9657 of the Qo-site, a selected point to define a center in the binding
pocket. You can choose 10 flexible side chains, these were Met124, Phe128, Tyr131,
Met130, lle146, Glu271, Tyr273, Phe274, Leu275, Leu294. The following ligands were
docked Azoxystrobin, Famoxadone, Fenamidone, JG144, MOA, Myxothiazole,
Stigmatellin and UHDBT.
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For the second docking experiment the coordinates X: 8.8592, Y: 128.5908, Z: 824553
were defined, a selected point to define a center in the binding pocket.

The last docking attempt has the coordinates X: 7.77264, Y: 132.2520, Z: 80.8911, a
comparison of the ligands from the aligned bovine complex to set a point in the binding
pocket.

The results of all three dockings were unsuccessful because the desired interactions
could not be established. The docked inhibitors are always too far outside and not

inserted in the middle of the pocket.

6.2 Pharmacophore modeling

The preparation of the pharmacophores was a challenge, as the inhibitors have quite
different structures and interactions, especially in the hydrophobic outer part of the
pocket. Due to the three classes of inhibitors, it was not possible to create one
pharmacophore scaffold, and therefore two pharmacophores were generated for each

binding pocket.

6.2.1 Qo-Site

The following PDBs were used for this binding side to create two pharmacophores of
the different binding modes.

For the first pharmacophore (Figure 13) with the inhibitor Myxothiazole (1SQP), a
hydrogen bond acceptor to the nitrogen of Glu271 (red vector), two fixed and one

optional hydrophobic interaction (yellow spheres) were created.
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Figure 13 Qo-site pharmacophore 1

The second pharmacophore (Figure 14) was generated with the PDB 1SQX, bound
with Stigmatellin, with one hydrogen bond donor to the oxygen of Glu271 (green sphere)

and two hydrophobic areas (yellow spheres).

Figure 14 Qo-site pharmacophore 2
These two pharmacophores were finally combined for the Qo-binding site during the

screening.
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6.2.2 Qi-Site

For the second binding pocket, two pharmacophores were created with the PDB 1PPJ
of the inhibitor Antimycin. The other ligands were also included for this Site in order to
determine the hydrophobic properties, which are more on the outside of the pocket and
differ more between some inhibitors. We overlaid the ligands to decide where we
should set the hydrophobic areas (number 1 + 2 spheres in Figure 15)Figure 15 Qi-
site both pharmacophores. The pharmacophores contain one fixed (red sphere) and
one optional (red dotted sphere) hydrogen acceptor, a hydrogen donor and three
hydrophobic interactions, two of them are arranged differently in the models. The first
pharmacophore is with the number one of the hydrophobic areas and the second is

with number two, as you see below. (Figure 15)

Figure 15 Qi-site both pharmacophores

The pharmacophores for both binding sides were evaluated with a screening of the 30
inhibitors library, which was created beforehand.

During the screening of the self generated ligands library, the following 12 hits were
found for the Qo site with the two pharmacophores 1 or 2: Azoxystrobin, Fenamidone,
MOA, Kresoxim-I-dimethyl, Kresoxim-I-methyl, Ametoctradin, JG144, Myxothiazole,
Picoxystrobulin, Crocacine lodine, NQNO and Stigmatellin.

In the case of the other binding pocket, the control with the 30 inhibitors library retrieved
6 hits: Antimycin_A, Aschoclorin, Funiculosin, GSK932121, GW844520, NQNO.

For further analysis, the “pharmacophore fit score” function was used in Knime.
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6.3 Knime Workflow

In order to be able to combine the data collected from the docking experiments and

the pharmacophore models, a workflow was created in Knime.

Docking experiments of drugbank with 1PPJ, 1SQX and 1SQP were combined with
pharmacophore screening of drugbank in order to link the structure-based scores.
For the evaluation, the docking experiment was carried out with the 30 inhibitors in the
PDB 1PPj, SQX and 1SQP and this hit list was also linked with the pharmacophore
screening of the 30 inhibitors.

Finally, the docking experiments with the pharmacophore screening of drugbank and
the docking experiment with the pharmacophore screening of the 30 inhibitors were
linked and evaluated by Pareto ranking, which includes the structure-based docking

score and pharmacophore fit-score.

Qo-binding site (inhibitor class Pm) - 1SQP without H
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Figure 16: Knime workflow for the Qo binding site with the PDB of 1SQP

Among the top 20 of the Pareto ranking in the 1PPJ PDB, antimycin was listed in rank
1 and GSK932121 in rank 2 of the 30 inhibitors. This can be rated as a successful

control, as they were ranked high as known inhibitors.
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Figure 17: Top 20 Pareto Ranking of 1PPJ

recovery of myxothiazole with the drugbank ID DB04741 in rank 1.

Tue Feb 18 15:24:49 2020

In the top 20 of the PDB 1SQP, myxothiazole was found in rank 2, picoxystrobin and

MOA in rank 3 and kresoxim-I-dimethyl in rank 4. A positive success here was the
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Figure 18: Top 20 Pareto Ranking of 1SQP

The top 20 of the PDB 1SQX resulted in a rank 1 for stigmatellin and myxothiazole out
of the 30 inhibitors, as well as a rank 3 for myxothiazole with the drugbank ID DB04741.
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7 Conclusion

In this thesis, structure-based in silico methods were used to identify substances that
may have mitochondrial toxicity. The first redocking attempts were successful except
for azoxystrobin. Even with the change of the program and thus different calculation
algorithms, the reproducibility of azoxystrobin was not successful. Unfortunately, it was
not possible to find out why this inhibitor led to negative results in the docking
experiments.

Another goal was to dock the existing inhibitors in the human complex. The high
sequence identity of the human complex with the bovine and chicken complex
suggests that already co-crystallized inhibitors should lead to the same binding results
here as well. However, it turned out that it was not possible to carry out the docking
process in both cytochrome b chains of the dimer. This raises the question to what
extent the dimers of the human complex are identical. According to our sequence
check, these should be identical. Because of that it cannot be explained why the
docking experiments did not work in both chains. Furthermore, the desired interactions
could not be successfully demonstrated in the human complex with all used inhibitors.
In this work, chains of the protein were removed in order to accelerate the docking
process; further docking attempts with the whole protein could possibly lead to different
results. After all, it is known that there are three classes of inhibitors and that these
cause different conformations of the protein.

The preparation of the pharmacophore turned out to be difficult because the inhibitors
have very different structures. The binding pocket is unfortunately very far out in the
membrane, so that the outer area is very spacious. In both binding pockets,
hydrophobic properties predominate, such as Ar-Ar interactions or m-interactions,
whereby specific interactions such as hydrogen bonds could only be defined in the
head region.

It was therefore necessary to create 2 pharmacophores for each binding pocket, with
which the screening was carried out.

Thanks to machine learning, the respective hit lists could be linked to one another and
evaluated in Knime. The Pareto ranking made it possible to assign substances to
different ranks, rank 1 containing the best docking scores and pharmakophor fit scores,

which in turn indicate a high specificity as an inhibitor.
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