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Abstract

4-Hydroxyphenylpyruvate-dioxygenase (4-HPPD) is a target for chemical herbicides
that has been researched for over 50 years. Triketones are one class of inhibitors of
4-HPPD, which have been examined. Using the 3D crystal structures of 4-HPPD of
the crop Zea mays (PDB: 5YY6) and the weed Arabidopsis thaliana (PDB: 1SP8) the
structural and sequential differences were elaborated with in silico methods. An in-
house data set of 495 triketones was provided by BASF SE. These ligands were
used to create pharmacophore models which were utilized for virtual screening to
discover new bioactive herbicide compounds. The aim was to find a differentiation of
selectivity of the enzyme source and to discriminate active from inactive compounds
by in silico structure analysis combined with ligand-based pharmacophore modeling.
A structure-based distinction between Zea mays and Arabidopsis thaliana is not pos-
sible because the enzymes of both plants do not differ significantly. The distinction in
both crystal structures is only in the different conformations of the C-terminal helices,
which have a gate functionality. There should be more dynamic information about
these helices, as these states are based on the rigid crystal structure to possibly
solve the selectivity aim. Based on the ligand set a satisfying pharmacophore model
could be generated which distinguishes between active and inactive compounds.



Zusammenfassung

4-Hydroxyphenylpyruvat-Dioxygenase (4-HPPD) ist ein seit Gber 50 Jahren erforsch-
tes Zielprotein fur chemische Herbizide. Triketone sind eine Klasse von Inhibitoren
fur 4-HPPD, die in dieser Arbeit untersucht wurden. Mit Hilfe der 3D-Kristallstrukturen
von 4-HPPD der kultivierten Pflanze Zea mays (PDB: 5YY6) und des Unkrauts Ara-
bidopsis thaliana (PDB: 1SP8), wurden die strukturellen und sequentiellen Unter-
schiede mithilfe von in-silico Methoden erarbeitet. Ein BASF-interner Datensatz von
495 Triketonen wurde zur Verfigung gestellt. Diese Liganden wurden verwendet, um
Pharmakophore zu erstellen, die fir das virtuelle Screening zur Entdeckung neuer,
bioaktiver Herbizidverbindungen verwendet wurden. Ziel war es, Selektivitatsunter-
schiede basierend auf den beiden Enzymsequenzen und -strukturen zu finden und
aktive von inaktiven Verbindungen durch in-silico Strukturanalyse in Kombination mit
ligandenbasierten Pharmakophormodellen zu unterscheiden.

Eine strukturbasierte Differenzierung zwischen 4-HPPD von Zea mays und Ara-
bidopsis thaliana ist nicht méglich, da sich die Enzyme beider Pflanzen nicht wesent-
lich unterscheiden. Die Unterschiede der beiden Kristallstrukturen zeigen sich nur in
den spezifischen Konformationen der C-terminalen Helices. Diese sind fiir das Off-
nen und Schliel3en der Bindetasche verantwortlich. Demzufolge missen mehr Infor-
mationen Uber die Dynamik dieser Helices gesammelt werden, da die statischen Zu-
stande der Kiristallstrukturen, keine ausreichende Bewertung zulassen. Basierend auf
dem Satz an Liganden, konnte ein zufriedenstellendes Pharmakophormodell gene-

riert werden, das zwischen aktiven und inaktiven Verbindungen unterscheiden kann.
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1 Introduction

1.1 Herbicides

Over the past 50 years, herbicides have been used extensively in agriculture to con-
trol weeds and ensure crop growth to ultimately provide safe harvests. In order to
meet the challenges of modern farming, extensive research on new herbicides is es-
sential.> In addition to economic aspects (e.g. production costs), next generation
herbicides should also cover a wide range of weeds and deal with possible re-
sistance developments.>? The aim is to discover new chemotypes and modes of ac-
tion of new, environmentally friendly, and efficient herbicides.?3

Farmers from different regions of the world have different strategies for dealing with
weeds. It is an interplay of crop rotation, fertilization and the use of herbicides to in-
crease crop yields,? resulting in improved productivity.* Crops and weeds compete
for water, light, physical space and nutrients. By reducing weeds, all crops such as
maize can achieve a higher crop yield.®® The quality of the crop and yield also suffers
from competition for resources.® It is known that weeds reduce the global crop yields
by up to 34 percent, in case if they are not treated with herbicides.® Nowadays, peo-
ple are increasingly confronted with food shortages. There are several reasons for
this, including the increase in the world's population.?# Also, the increased spread of
weeds must be mentioned.

Thus, weed management techniques play a key role in feeding the world’s population
sustainably.* A sustainable farming depends on the development of new herbicides
as well as plant production systems. The United States Department of Agriculture
(USDA) defines three main aspects of sustainable agriculture. Their aims are to gen-
erate a long-term profit for environmental protection. This includes the sustainability
of land, water, air and the quality of life of farmers and their community.”

By now, there are at least 315 weed biotypes and 183 weed species worldwide that
have already developed resistance against a number of herbicides, making it neces-
sary to search for new chemotypes possibly with a new mode of action (MOA).2
However, the extensive use of herbicides has led to the adaptation of weeds to sub-
stances resulting progressive resistance to herbicides.® Resistance in plants can be

defined as the absence of sensitivity of the organism to the standard dose of the



herbicide, which is associated with a genetic response based on an analogous
MOA.® To address the emerging resistance issue, the Herbicide Resistance Action
Committee (HRAC) was founded by international agrochemical companies in
2010.41° The aim of HRAC is to protect crop yields and to prevent weed resistance to
herbicides worldwide. The HRAC supports both agrochemical companies and farm-
ers, by providing processed information on weed resistance and managing communi-
cation with regulatory authorities.*!! As part of the Global Crop Protection Federation
(GCPF), this cooperation developed an extensive classification system for all availa-
ble herbicides according to their biological target structure.!* Next to the MOA, the
classification system includes the chemical family, and the public name of the herbi-
cide. It is used as an advantageous tool in the cultivation of crops to prevent the se-
lection of herbicide-resistant weeds.%*' MOA of an herbicide is the biochemical or
physical mechanism by which it disrupts or alters one or more of a plant’'s metabolic
processes resulting in the death of the plant.1? The focus of this thesis is on herbi-
cides having bleaching MOA due to inhibition of pigment synthesis. In the appendix
the Table 5 shows the classification of herbicides by HRAC. The first column shows
the mode of action. The next column contains the code consisting of one letter. This
is a symbol of a common group of herbicides targeting the same biological target.
The third column shows the proteins on which the herbicide acts and the last column
the commercial compound.

The HRAC classification scheme is applied worldwide. However, the Weed Science
Society of America (WSSA) classification and the Australian Code System are com-
parable systems that find regional use. Each of these individual systems should be
consulted by users of herbicides. Moreover it should describe the application of herb-
icides with the aim of getting the best results in weed control without causing re-
sistance in countries that rely on particularly intensive agriculture cropping systems.1!
New challenges to herbicides have emerged in recent years. In addition to the re-
sistance problem, there is often low selectivity resulting in toxicity for other organisms
and the extremely high costs of discovering, developing and approving new effective
substances.?

Successful herbicide research is attentive to safety issues and selectivity. Selective
substances usually bind to individual plant enzymes. Binding to the active site of the

target protein achieving selective inhibitory effect in undesirable weeds. To meet the



safety aspect, strict toxicity regulations must be followed to protect humans, animals
and the environment from adverse effects.?

In the last 40 years more than 300 herbicide active substances with diverse modes of
action have been found that bind to different known and unknown proteins organ-
isms.®

Earlier, new substances were discovered whose target structure could be assigned
afterwards. In the meantime, computational chemistry is also being used to advance

the discovery of new active substances and to further optimize them.®

1.2 Computer-aided Chemistry

The knowledge of folk medicine goes back thousands of years. Most of the active
ingredients of plants were found by coincidence and were tested for their specific ef-
fects over this time by trial and error. Centuries later, new knowledge would be estab-
lished through animal experiments. However, not everything can be measured on
animals, for example emotions. Additional factors, such as bioavailability and selec-
tivity, are essential properties that cannot be sufficiently tested using an animal mod-
el. Ethics in relation to animal experiments are another reason why progress in re-
search was necessary. In vitro tests and in silico methods were developed..® The
advantages of in vitro testing are improved control and time savings as fewer re-
sources can be consumed. Unfortunately, no whole organism can be simulated in
vitro. Many studies show that the transfer from laboratory to animal and human
fails.4

In silico modelling is a computer-aided method that takes pharmacological and phys-
iological aspects into account. It is an extension of the controlled in vitro tests and
has the advantages of the two experimental methods already mentioned above. It is
the result of an increased development of computing power and increasing cost sav-
ings. In in silico experiments, researchers have access to a variety of parameters that
make the results useful for a holistic organism.* Computer-aided drug design
(CADD) is also widely used in plant protection research. Attempts are made to pre-
dict the toxicity of substances at an early stage, analyze and simulate substances,
which are usually based on a chemical structure.®1516 Software tools are used to

create models based on experimental data and scientific knowledge. Structure-



activity relationships (SAR) are also utilized.® Structure activity relationship which is
the qualitative relationship between a chemical substance and its bioactivity. Hereby,
there is a correlation between frequently occurring substructures in molecules char-
acterized by predefined descriptors and their bioactivity.16

Toxicological prevention is a scientific challenge in the field of economics, ethics and
technology in crop protection. More emphasis is placed on moral sensitivity, which
should correlate with economic interests. Computational chemistry has several other
advantages in various situations. In particular, it supports research when limited ma-
terial is available for testing, toxicological test data is not available, complex test ma-
terial cannot be produced, and a high-throughput approach is faster and cheaper. In
silico approaches can exclude many chemicals a priori, due to the prediction of toxici-
ty and based on the properties of the chemical.®®> Molecules that cannot be synthe-
sized can also be eliminated.®

In recent decades, research on descriptors of agrochemicals has increased and the
design of bioactive substances has been rationalized. Workflows have been created
to classify and identify pesticides intended for the discovery of novel leads. These
leads are intended to have the broadest possible spectrum of activity and to circum-
vent the resistance problem. Extensive screening of the databases with an enormous
number of compounds is performed, which can be filtered according to various prop-
erties. This method supports drug research by finding bioactive substances for a
specific target protein much faster.®

The aim of CADD is to combine knowledge from publicly accessible and internal da-
tabases to infer ligand target interactions. Thus, certain predictions are to be made
regarding the properties of molecules. Finally, hypothesis on the MOA of new sub-
stances could also be developed.®

1.3 Goals and Motivation

The motivation of this thesis was to discover novel highly active nontoxic herbicide
lead compounds targeting weeds rather than crops. The aim of this work was to
make a selectivity difference between the weed Arabidopsis thaliana and the crop

Zea mays. Another aim was to distinguish between active and inactive compounds,



whereas only triketone compounds were investigated, which are explained in more
detail in chapter 2.3.

To achieve this goal, different computer-based approaches were used and com-
bined. As described in the previous chapter, computational chemistry has many ad-
vantages, which is why some methods are used in this thesis. In a short time, a large
set of data can be effectively aggregated, three-dimensional (3D) representations of
the target under investigation with its ligands can be shown and SARs can be de-
scribed. In order to understand the selectivity difference from the target protein 4-
hydroxyphenylpyruvate dioxygenase (4-HPPD) and to achieve both objectives,
pharmacophore models were generated based on the structure and ligands.
Pharmacophores are used in this thesis to represent molecules on the 3D level and
to show the key elements of molecular recognition. Thus, the most important func-
tional groups can be identified whose influence on the development of new drugs
cannot be avoided (Chapter 3). Pharmacophore models have been gaining more
popularity in recent years.”18 That is why | was particularly enthusiastic about being
able to use this method and thus accompany an important step in research.

Through BASF | had the chance to get to know a variety of computational chemistry
tools. In this way, the advantages of the individual tools could be combined to

achieve the greatest possible output for my project.



2 Background

2.1 Enzyme Source

A distinction is made between the two plants Arabidopsis thaliana (ARBTH) and Zea
mays (ZEAMX). ARBTH and ZEAMX are the official EPPO codes for those plants
created by European and Mediterranean Plant Protection Organization (EPPO) and
can be abbreviated in this thesis.!® ARBTH is one of the weeds that compete for the
resources of plants such as corn. HPPD is an enzyme that occurs in both plants and

in mammals. This thesis deals with the enzyme 4-HPPD.

2.1.1 Arabidopsis thaliana

ARBTH (thale cress or mustard weed) shown in Figure 1 belongs to the family Bras-
sicaceae, is a small, self-pollinating weed and can bear flowers.?>?! |t became an
essential model system in plant research at an early stage.?°-?? Extensive research
has led to the discovery of fundamental biological processes in plants in general.
ARBTH has become one of the most investigated plants due to the generation of var-
ious available information and tools, such as the entire genome sequence, molecular
genetic markers, and the simple generation of transgenic plants.?>23 For example,
biological interactions at the level of organisms have been studied.?° Originally AR-
BTH was chosen because it has many advantages. These include a short generation
time, a suitable size, and a high yield of the seed production of this plant.?* ARBTH is

a weed that is controlled by herbicides on agricultural land.


https://en.wikipedia.org/wiki/European_and_Mediterranean_Plant_Protection_Organization

Figure 1: Arabidopsis thaliana.

It is a weed which grows around the world.?”

2.1.2 Zea mays

ZEAMX from its phylogenetic viewpoint belongs to the family Poaceae. It is also
known as corn and maize and is from genus level Zea with the species Zea
mays.?>2?8 Figure 2 shows a commercial maize field without weed. It can be assumed

that herbicides were utilized to protect maize cultivation from weed.

Figure 2: Corn field.?”



2.2 Enzyme 4-HPPD

Hypertyrosinemia is a hereditary disease in humans which is accompanied with a
deficiency in 4-HPPD activity.?® In humans the type Il tyrosinemia occurs with mostly
mild symptoms in contrast to type | tyrosinemia which shows fatal symptoms in case
it is untreated. Tyrosinemia is caused by an accumulation of fumarylacetoacetate
which results in a lack of fumarylacetoacetase. Reasons can be either that the en-
zyme is saturated or becomes decarboxylated to succinylacetoacetone or suc-
cinylacetone. This can cause liver cirrhosis, first stage liver cancer and anemia.?®
4-HPPD presents a similar target in plants for which agrochemical companies have
put research efforts in the last decades.?*3° 4-HPPD-inhibiting herbicides have the
advantage of broad activity against dicotes.?>3! They are also effective against
weeds that have already developed resistance to other substances.? These herbi-
cides are highly effective so that good results can be achieved at low application
rates, whether before or after sprouting. In addition, they have low environmental tox-
icity®? and good plant selectivity. Many herbicides with this MOA have been present-
ed already or are currently in the process of development.>2°30 4-HPPD belongs to
the category of dioxygenases as a member of the extradiol a-ketoacid-dependent
group.2®33 In most organisms these enzyme catabolize the amino acid tyrosine. It has
been explored that 4-HPPD is located in the cytosol and not exclusively in chloro-
plasts.t3* |t is known that 4-HPPD in ARBTH is found only in the cytosol as it can
be an enzyme both in eukaryotes and prokaryotes.1%313% |n contrast, the enzyme in
ZEAMX is located almost entirely in chloroplasts.''3! Further, there are plants having
the subcellular localization of the enzyme 4-HPPD in both the cytosol and chloro-
plasts for example soybean.1:31.35

4-HPPD is an important enzyme in drug development for human therapy and agro-
chemical research.>2¢ The following chapters will explain the role of HPPD in plants
as a major herbicide target based on its integration in anabolic pathways?® and hence

importance for plant growth.®



2.2.1 Enzyme Structures

It was demonstrated by biochemical characterizations that eukaryotic 4-HPPDs act
as homodimers, but prokaryotic enzymes instead act as homotetramers.211.2937 Bac-
terial and plant enzymes have the equivalent overall fold, but for oligomerizing both
use orthogonal surfaces.?® Until now, all examined 4-HPPDs of mammals act as ho-
modimers with subunits between 43 to 49 kilodalton (kDa).3* However, the sequence
identity of eukaryotic and prokaryotic 4-HPPD enzymes shows a low similarity of
about 30 percent, which is replicated by their diverse oligomeric state.?® Interestingly,
the enzyme 4-HPPD of ARBTH is similar to that of mammals. The homodimers of
both comprise 48 and 49 kDa subunits and can be inhibited with similar compounds,
namely triketones which will be described as inhibitors for ZEAMX and ARBTH in the
following chapter 2.3.28 In plants, the N-termini of 4-HPPD enzymes differ from mini-
mum 30 amino acids in their prolongation in contrast to bacterial and mammalian
orthologs.?®

Several publicly accessible resolved 4-HPPD crystal structures from diverse organ-
isms can be found in the Protein Data Bank (PDB). All crystallized eukaryotic 4-
HPPD structures have a molecular weight of 45 kDa and a similar topology as well as
overall fold.?°

ARBTH 4-HPPD crystals contain one dimer per asymmetric component. The asym-
metric unit of 4-HPPD crystals of the ZEAMX contains two dimers with 44.8 kDa. Be-
cause ARBTH and maize have an equal dimerization mode they both consequently
imitate the physiological oligomerization state in a soluble environment. It is also
known that no higher oligomers are formed in the crystals.?® Comparison of the se-
guences indicate that the both 4-HPPD enzymes have more than 60% sequence
similarity.3®

The tertiary structures of monomers of those proteins are separated in two structural
domains which show an open B-barrel at the N- and C-terminal (Figure 3). They con-
sist of eight B-strands each. It is likely that the flexible N-termini have no direct func-
tion in the catalysis. In contrast, the conserved C-terminal domain has catalytic prop-
erties and contains the active site.?2

Figure 3 shows the crystal structure of the A chain of 4-HPPD of ZEAMX. The yellow

box shows the binding pocket of the enzyme for substrates and inhibitors. The mech-



anism of action (MoA) and the binding mode of these compounds will be discussed in
the chapters 2.2.2, 2.2.3, and 2.3.

Figure 3: Crystal structure of the A chain of 4-HPPD from ZEAMX (PDB:1SP8).
The picture was generated with the tool LigandScout. The protein is shown with the render style
shake. The tertiary structure with the binding pocket (yellow box) is automatically generated by

LigandScout .

The Enzyme 4-HPPD contains a nonheme ferrous ion which is an important co-factor
binding in the C-terminus of the protein.>123137 |t binds noncovalently to a 2-His-1-

carboxylate motif and is positioned in the middle of the 3-barrel where the active site
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is located. The C-terminal helix H11 completes the binding pocket at the exposed
side of the open 3-barrel. On the one hand, this C-terminal helix of the 4-HPPD struc-
tures of ZEAMX shifts towards the active site and shields it from solvent.'1.2°

On the other hand, in the ARBTH structure this helix inclines by about 60° into the
solvent enabling access to the active site. Consequently, it is presumed that helix 11
has the task of controlling the entry to the active side.?® Figure 4 demonstrates the
tertiary structure of the active binding site of the enzyme of ARBTH. Here the alpha-
helix H11 is noticeable at the C-terminus, showing an open gate and thus an acces-
sible binding site (PDB: 5YY6).2° The X-ray crystal structure provides a substantial
insight into the shape of the binding pocket.

alpha-helix H11

Figure 4: Active Site of the ARBTH 4-HPPD including a triketone inhibitor (PDB: 5YY®6).

The surface from the binding pocket is shown around the compound which is located at the open -
barrel next to the C-terminal alpha-helix H11. This helix has a gate regulating function to the active
site. This figure is made in the software LigandScout. The style of the protein backbone is “snake” and

the ligand bonds are shown as stick.
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The active site ferrous iron is indispensable for the interaction between the enzyme
and substrates.?®2%34 |t is mandatory for the catalytic activity and the stabilization of
the binding. This binding imitates the substrate 4-hydroxyphenylpyruvate (HPP) with
its a-keto acid fragment.?®

Fe?* is coordinated by different residues.3!

Figure 5 illustrates the coordination of the nonheme ferrous ion coordinated by

His308, His226, Glu394 and a water molecule.29:37

Figure 5: Active site architecture of 4-HPPD without its co-crystallized ligand (PDB: 5YY6).

The iron is coordinated with the protein side chains and an additional water molecule binding non-
covalently to a 2-His-1-Glu motif. The Maestro software was used to generate the picture of the bind-

ing pocket.

Figure 6 shows the substrate HPP in the binding site. The two oxygen atoms chelate
the iron ion in the binding pocket and thus form two further directed coordination. The
driving force for the binding of ligands in the binding pocket is therefore the interac-

tion of the described chelating moieties of the ligands with the cationic iron.3’
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Figure 6: Active binding site of 4-HPPD of ARBTH (PDB: 5YY6) with the substrate HPP.

HPP appears in ball-and-stick presentation. The two oxygen atoms that form a chelating bond with the

iron atom of the enzyme 4-HPPD can be seen. The measured distance between the oxygen atoms of
the substrate and the cationic iron is 2.20 A and 2.51 A respectively. The iron ion has a total of 6 inter-
actions in the enzyme-substrate complex. The edge-to-face-1r stacking interaction starting from Phe
424 also plays an important role in the binding model. All amino acids are shown in wire style. This

representation was created using Maestro.

In contrast to the small substrate HPP, most 4-HPPD inhibitors are bulky molecules,
e.g. shown in Figure 7. Therefore, inhibitors can usually only enter the binding pocket
when Helix 11 is in its open conformation.®” The inhibitors bind similar to HPP at the
same position by chelating the two oxygen atoms. In addition to the three amino acid
residues interacting with the iron ion in the cavity (Figure 5), hydrophobic amino ac-
ids, which are dominated by their rigid secondary structural elements, are present in

the binding pocket. Herbicides acting on target 4-HPPD bind similar to the substrate
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HPP. They are competitive inhibitors and bind tightly to the enzyme (Figure 7) with
the two keto enolate oxygens via the chelate bond to the iron ion and the 1 stacking
to the phenylalanine Phe 424 in the active site.3°

Figure 7 illustrates the active site from the crystallized 4-HPPD (PDB code: 5YY6)
with a co-crystallized triketone inhibitor in the binding pocket. The ligand has the

same binding motif as depicted in Figure 6.

[

\ '

——4 =

A\
U

r
/
ﬁ\ l

Figure 7: Active binding site of 4-HPPD of ARBTH (PDB: 5YY6) with an inhibitor of the class of

triketones.

This figure shows a typical triketone inhibitor with the structure 3-(2,6-dimethylphenyl)-1-methyl-6-(2-
oxidanyl-6-oxidanylidene-cyclohexen-1-yl)carbonyl-quinazoline-2,4-dione. This crystallized, rather
bulky ligand with its oxygen atoms at the warhead also forms a chelate bond to Fe?*. The figure creat-

ed with Maestro represents the inhibitor in stick-and-ball style and the amino acids in wire style.

As described above, the C-terminal helix H11 has a gating function. It is located di-
rectly at the entrance of the binding pocket and is present in an open or closed con-
formation. In its closed form it covers the pocket from solvent exposure. For a com-
pound to reach and bind into the binding pocket H11 must be present in its open con-

formation.
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ARBTH is crystallized in an open conformation in contrast to ZEAMX, whose H11 is
crystallized the closed state. ARBTH favors the open status due to higher configura-
tional entropy and solvation of polar residues. H11 in ZEAMX in its closed form is
more stable by forming additional hydrogen bonds.®® The gating mechanism is differ-
ently triggered by the physiological compounds (i.e. substrate vs. product). In the un-
bound enzyme, the helix opens to allow the rapid entry of the substrate. As soon as
the substrate binds, the helix locks the binding pocket and shields the substrate from
the environment. The substrate is converted into the product and releases the prod-
uct again via the temporarily opened helix.

The crystal structures of the two enzymes ARBTH and ZEAMX have so far only been

crystallized in their respective more stable conformations.?®

2.2.2 Metabolism

Dioxygenases in general play a decisive role in degrading aromatic amino acids.?® In
the second step of the catabolism of tyrosine 4-HPPD is the key enzyme which cata-
lyzes the transformation of HPP and molecular oxygen to homogentisate (2,5-
dihydroxyphenylacetate).512.28.29.323%-42 |n chloroplasts the enzyme influences the
anabolic synthesis of prenylquinone and catabolizes aromatic amino acids in the cy-
tosol.2%33 The substrate HPP is formed in the shikimate pathway and is derived from
the transamination of the amino acid thyrosin.'4%43 For the catalysis of 4-HPPD hy-
droxyphenylpyruvate acts as an activating effector, leading to convert the first oxy-
genated intermediate.

This reaction from HPP to homogentisate is subdivided into 3 steps which follow di-
rectly one after each other. As illustrated in Figure 8, oxidative decarboxylation of the
2-0x0 acid chain from the substrate HPP occurs first, followed by hydroxylation of the
aromatic ring, and finally ortho-migration of the carboxymethyl chain.?841.4445 During

this reaction one oxygen molecule is consumed.*!
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Figure 8: Catalytic mechanism of 4-HPPD.
It converse 4-hydroxyphenylpyruvate to homogentisate in one step.? This reaction is caused by an
oxidative decarboxylation at the 2-ketoacid side chain of the substrate and thus a hydroxylation of the

aromatic ring and rearrangement of the pyruvate side chain.

Homogentisate as the product of the reaction is an important aromatic precursor for
prenylquinone in plants.?®3° More precisely, it is a principal precursor for alpha-
tocopherol and plastoquinone which are essential redox cofactors for isoprenoid bio-
synthesis.323341 |t was found that 4-HPPD is essential for the formation of both end
products of this depicted reaction. Figure 9 shows the transformation from HPP to

plastoquinone and alpha-tocopherol with homogentisate as the intermediate step.?®
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Figure 9: Reaction from HPP to plastoquinone and tocopherol catalyzed by 4-HPPD
The enzyme 4-HPPD converse the substrate HPP to homogentisate which is an intermediate step in

the synthesis of plastoquinone and alpha-tocopherol. Modified from [°].

In higher plant chloroplasts alpha-tocopherol and plastoquinone are two main classes
of lipid-soluble prenylquinone compounds?®4° located in the inner chloroplast mem-
brane.*® Prenylquinones are only produced in plants and other aerobic organisms
that are involved in photosynthesis. Alpha-tocopherol and plastoquinone are am-
phiphilic molecules with a hydrophilic head group and a hydrophobic residue consist-
ing of isoprenoid moieties.*® Both products are part of the antioxidative systems.
Plastoquinone is necessary for the photosynthetic electron transport chain. It func-
tions as an electron carrier between the photosystem two and the cytochrome b6/f
complex. Furthermore, it is known as an electron carrier for NAD(P)H-plastoquinone
oxidoreductase and as a cofactor for phytoene desaturase which is important for the
carotenoid biosynthesis.?®3°45 The antioxidant alpha-tocopherol reduces oxidative
stress in plants and determines growth.?® When an organism gets out of balance be-
tween prooxidative and antioxidant factors, it is called oxidative stress. As a result,
free radicals are released that induce structural damage to various molecules.*? It is
also known as vitamin E and is a structural element of membranes.?®

In the next chapter 2.2.3 Herbicidal Mode of Action, inhibition of 4-HPPD as an im-
portant herbicidal MOA will be described.
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2.2.3 Herbicidal Mode of Action

Because the metabolism of the aromatic amino acid tyrosine plays an indispensable
role in plants, inhibition of the enzyme became the focus of herbicide research sever-
al years ago.?°

It has been discovered that molecules with multiple ketones inhibit 4-HPPD and op-
erate as allelopathic agents.?® 4-HPPD herbicides have the characteristic of being
slightly acidic. This enables them to spread well in plants from the application on the
leaf via the phloem to the shoot tips.®® Their MOA is an irreversible inhibition of the
target.>28 By inhibiting the enzyme 4-HPPD, the conversion of HPP into homogentisic
acid is blocked, thus reducing the isoprenoid redox cofactors required for further ca-
rotenoid biosynthesis.>??4” The consequence is a bleaching effect in plants caused
by an accumulation of the carotenoid predecessor, phytoene. This was proven by an
indirect inhibition of phytoene desaturase activity which is associated with the nonat-
tendance of plastoquinone which is the indispensable cofactor for the desatu-
rase.?®344L47 This target takes part in the biosynthesis of photosynthetic pigments,
the carotenoids.?®47 It is associated with a reduction of carotenoids which sufficiently
protects biological membranes from oxidative stress. Consequently, chlorophyll mol-
ecules are destroyed caused by singlet oxygen build by excessive light energy.2%:3747
The photosynthetic system is no longer stable.?®4’ Obviously, inhibition of 4-HPPD
leads to an increase in tyrosine levels.*! In prone weeds the bleaching effect of these
herbicides leads to plant necrosis, inhibited growth and death.52831:39

If a plant treated with a bleaching herbicide with the described MOA is supplemented
with homogentisate, the reverse case can be seen. The plant compensates for the
homogentisate deficiency and stops the growth-inhibiting effects. This proves that
this MOA blocks the conversion of HPP into homogentisate.*®

These 4-HPPD class herbicides can be very effective for selective pre-emergence
and in some cases post-emergence control against a broad range of broadleaf
weeds and grasses in maize fields.*%-3?

This reaction and especially the target are of interest for the development of new
herbicides.?® 4-HPPD herbicides are mainly used in maize and monocotyledonous
plants. Other crops such as soybeans and other dicotyledonous plants are more sen-
sitive to this MOA.3'This target can be blocked for example with triketones which are

described in the following chapter.
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Figure 10 shows the effect of triketone herbicides on ARBTH. In the top row untreat-
ed control plants are seen. The substance was sprayed only on the weed. Since the
plant reacts very sensitively to 4-HPPD inhibitors, the leaf mass is already dead after

six days. This picture shows how effective triketone herbicides are.
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Figure 10: Visualization of the Results of retesting Triketones.
In the upper row the pots with the weed ARBTH are untreated. They are used as a reference against
the treated plants in the bottom part. The picture was taken six days after applying a triketone com-

pound in the greenhouse of BASF SE in Limburgerhof from a previous project.

2.3 Triketones

Many 4-HPPD inhibitors are potent herbicides and frequently used due to their nu-
merous advantages.>84° In addition to a low application rate, they have a low toxicity
and are broad-spectrum herbicides applied to unwanted weeds. Among the selective
broadleaf herbicides that affect the enzyme 4-HPPD are triketones, pyrazoles, isoxa-

zoles, diketone nitriles and benzophenones. Common representatives of triketones
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are Sulcotrione, Mesotrione and Benzobicylone, which differ in chemical modifica-
tion.>8 They are B-triketones with a 1,3-diketon moiety that mimics an alpha-keto acid
group of HPP.3241 The triketones are chemically based on the natural phytotoxin Lep-
tospermone, which occurs in the Californian bottle brush plant Callistemon cit-
rinus.1261132 The chemical structure of Leptospermone is drawn in Figure 11. In
1977, scientist noticed that this natural substance bleached the grasses in its envi-
ronment.!! Based on this property new 4-HPPD inhibitors have been developed.?
Since the first active triketone inhibitor was found in 1982, attempts have been made
to develop further inhibitors of this class. Thus Sulcotrione and Mesotrione were dis-

covered.211

Figure 11: Leptospermone is a 4-HPPD inhibitor of natural origin.

Triketones belong to a very active family of bleaching herbicides. They act as tight-
binding competitive inhibitors of the HPP substrate and only need a low dose to be
effective.?®40 The tight binding is due to the chelation of the protein-related Fe?* with
the enol tautomer of the 1,3-diketone unit.*° The ketone at position C3 of the cyclo-
hexane ring has a stabilizing function. Through the C3-carbonyl group it strengthens
the inhibition of 4-HPPD. The presence of the C5-carbonyl group reduces overall
planarity and thus prevents keto enol tautomerism, which would decrease inhibitory
activity.*® Triketones have the potential to initiate a keto-enol-tautomerization based

on the vinylogy principle. In solution, more compounds are formed in the enol form.2
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2.3.1 Triketone 4-HPPD Inhibitors

Triketones mimic the alpha-keto acid group of HPP and bind competitively to the Fe?*
at the active site of the enzyme causing its inhibition.3° This binding is based on a
metal chelating part with the enol tautomer of 1,3-diketone moiety that was explained
in chapter 2.2.1 Structure.

Figure 11 shows the structure of the substrate HPP. In comparison, the structure of a
triketone is shown. It is the co-crystallised ligand from the PDB with the code 5YY6.

Both structures are similar.

(o O 0~ 0 0
/g CH,
O N O
OH |
CH,
HPP Co-crystallized ligand from 5YY6

Figure 12: Structure of the substrate HPP and a triketone

Both structures have the same oxygen motif that can chelate the iron ion in the binding pocket.

2.3.2 Substitution on the Triketone Warhead

The structural feature of the 2-carbonyl group at the cyclohexane ring is essential for
the activity of triketons.*? This supposed triketone warhead can also be substituted.
The structural change makes it difficult for plants to detoxify the triketone. In plants it
is known that the hydroxylation at the 4-position on the cyclohexanedione takes place
induced by cytochrome P-450 enzymes. Detoxification takes place both in weed and
in maize. If this position is substituted and therefore occupied, the hydroxylation takes
place at the chemically equivalent 6-position. If there is another methyl residue, a
dimethyl residue, at the triketone warhead at 4-position, the metabolic process in

plants slows down considerably and the activity as herbicides against weeds is high-
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er. Some of the most active triketones are structurally similar to Leptospermone with
the contained 2,2,4,4,-tetramethyl-cyclohexane-1,3,5-trione substructure. By the sub-
stitution at the triketone warhead the cytochrome p-450 metabolism slows down, but

the selectivity decreases and the residence time in the soil increases.14°

2.3.3 Commercial Triketone Herbicides for Corn

The most commonly used [B-triketones in crop fields are Mesotrione and Sulcotri-
one,>*® which are used in therapies and agriculture.>?® As already mentioned in
chapter 2.2.3, the classes of all 4-HPPD inhibitors have a bleaching effect on the
plants, which is accompanied by an increase in the levels of tyrosine and phytoene.
This causes a decrease in plastoquinone and vitamin E pools.4!

Sulcotrione, with a 2-benzoylcyclohexanedione structure (Figure 13, a), was the first
commercialized triketone herbicide in 1993, which is used on maize fields mainly in
South Africa and Europe. broad-leaved and grassy weed absorb Sulcotrione via
leaves and roots.*! It is only used for post-emergence control. The application rate of
Sulcotrione ranges from 300 to 450g per hectare.!

Mesotrione (Figure 13, b) is a second generation triketone herbicide. It has a lower
application rate of 100 to 2259 per hectare for pre-emergence uses. Post-emergence
application rates range from 70 to 1509 per hectare.*14°

Both B -triketones are structurally very similar to the natural Leptospermone.2
Tembotrione (Figure 13, c) is an active triketone discovered in 1997. It is also used to
control grass and broad-leaved weeds in corn with low application rates between 75

to 100g per hectare.!!
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Figure 13: Structures of the most commonly used 4-HPPD inhibitors.

a) Sulcotrione with the (2-[2-chloro-4-methanesulfonylbenzoyl]) residue, b) Mesotrione with the (2-[4-
methylsulfonyl-2-nitrobenzoyl]) residue, and c) Tembotrione with the 2-[2-chloro-4-methylsulfonyl-3-
(2,2,2-trifluoroethoxymethyl)-benzoyl] residue is shown. These compounds were found at PubChem

and find their use in weed control in corn. Modified from [>°-52].

Further triketone herbicides are tefuryltriketone and benzobicyclone. They are mainly
applied in rice cultivation.!

Triketones are defined as low risk compounds for the environment due to their low
toxicity according to the U.S. Environmental Protection Agency.3?

After 40 years of research, it is surprising that only 5 commercial products are on the
market so far. Therefore, it is important to continue researching on triketones to find

new and potent analogues.!!

23



3 Pharmacophore Modeling

In the field of drug discovery and development, computer-based techniques are suc-
cessfully applied and nowadays indispensable. Pharmacophore modeling is a power-
ful tool to find and optimize hits. Virtual screening as a conventional method can be
used to search a large collection of filtered compounds. Pharmacophore models can

improve experimental high-throughput screening. %1254

3.1 Definition

A pharmacophore according to IUPAC is defined as " an ensemble of steric and elec-
tronic features that is necessary to ensure the optimal supramolecular interactions
with a specific biological target and to trigger (or block) its biological response”.>® It is
a popular word in medicinal chemistry. However, depending on the scientific back-
ground, the different medicinal chemistry groups attribute various meanings to this
term., 1856

Consequently, a pharmacophore describes crucial, steric and electronic functional
properties that are required for a possible interaction between a protein-ligand-
complex and hence the biological bioactivity. The pharmacophore characterizes an
abstract concept of common molecular interactions but not a particular structure or
real functional groups. These common molecular interactions should be separated by
a number of bioactive molecules which have comparable effects under comparable

conditions in the active site.18:54.56.57

3.2 Overview

Amino acids in the active site and critical functional groups of inhibitors (and sub-
strates) form explicit complementarities for binding. They can be reencoded as a

pharmacophore feature in 3D and can define an area or a direction of interac-
tion.13'18'54’57
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There are various features that can be defined to optimize a pharmacophore with
optimal protein-ligand-interaction. The specification of these properties is generally
attributed to features like hydrogen bond donor and acceptor properties, hydrophobic
groups and aromatic rings, cationic and anionic features!®5’ Figure 14 depicts some
available pharmacophore features to choose in the software LigandScout. It is an
example of features describing properties of ligands. The tolerance and weight of
each feature can be adjusted. In addition, features can be set as optional during the
matching procedure.*®* Pharmacophore queries are not only used to find active mole-
cules, but can also be created as negative queries to filter out inappropriate ligands.%’

Figure 14: Selected features to define a pharmacophore.

The yellow spheres are hydrophobic interaction. Hydrogen acceptore features are shown as red
spheres and can be directed (arrows), as visible at the triketone warhead. A negative ionizable area
(star-shaped) and an iron binding feature (blue) are also shown at the warhead. The shown molecule
is the co-crystallized ligand from 5YY6. These depicted features can be chosen from the software
LigandScout.

Depending on whether the protein, ligand or protein-ligand complex is present, the
application of pharmacophore modeling technology is different.>’

The optimal scenario is to have a known protein structure and the structure of the
bound ligand. Normally, pharmacophores reflect the key properties of small mole-
cules that allow them to bind to receptors. But features can also be made from the
active site. Ideally, the information of the protein is obtained via the crystal structure.
If an experimental structure of the target protein is not available, homology models

can be made. As long as an active ligand is known, the information derived from the
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protein structure and the ligand interaction can be correlated in order to use a con-
sensus approach to find new ligands.>’

As soon as the structures of the active ligands are known, but not the structure of the
protein, ligand-based pharmacophores can be created. This scenario is the most
common case in drug design. However, if only one ligand and no structure is known,
this method is not an option.®’

If only the structural information of the target protein is available without a known in-
hibitor, it is possible to derive structure-based pharmacophore modeling. The chemi-
cal properties of the interactions of interest can be highlighted. There are a number of

tools that convert the information into a 3D image.>*%’

3.3 Pharmacophore Methods

Ligand-based and structure-based pharmacophore modeling are two general tech-
nigues that can be applied. Both have advantages and vulnerabilities that make them
applicable to certain use cases. The choice between these two approaches depends
mainly on the available information.>6-58 Figure 15 shows a decision tree. It simplifies

the choice of the methodology available for selection.
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Figure 15: Decision tree for selecting the right pharmacophore method

Depending on the information available the pharmacophore method can be chosen.

3.3.1 Structure-based Pharmacophore Modeling

If the structure of a protein is known, potential ligand-protein interactions can be pre-
dicted using the 3D coordinates to prepare structure-based or structure-ligand-
complex-based pharmacophore models.'”>6 The interactions emanating from the
amino acids of the binding pocket must be complementary to the properties of the
ligands in order to achieve optimal interactions.'®6 The most commonly used meth-

od for structure-based drug design is to dock selected small molecules into the bind-
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ing pocket. There are a number of docking tools that can be used for this purpose.
The aim here is to dock several poses per ligand and evaluate each pose to identify
the most energetically pose. The best pose can be determined from the docking
scores and the molecules can be compared with each other. Scoring the poses
based on the pharmacophore helps to validate the docking result in the context of the
reliability of virtual screening for new lead structures in drug design.®® Virtual screen-
ing, comparison of binding sites and ligand binding pose prediction are applications

of structure-based pharmacophore modeling.®’

3.3.2 Ligand-based Pharmacophore Modeling

Ligand-based pharmacophore modeling is used when the structure of the target pro-
tein is unknown.358 Although a lot of 3D protein structures are known, many targets
are not crystallographically resolved, which is why structure-based drug design is not
possible.>”%8 In such case a data set of active ligands is required to derive the ligand-
based pharmacophore model. Since the molecules are flexible and the bioactive con-
formation is not known, conformations have to be generated first.131857 Then the in-
dividual ligands are superimposed with the aid of computer tools in order to identify
structural differences and similarities.*3171857 A ligand-based pharmacophore is cre-
ated to cover the potential interaction points of all ligands in a 3D space. All crucial
structural characteristics should be geometrically superimposed.'31857 The predictive
performance of the pharmacophore model depends on the superposition of small
molecules and the 3D pharmacophores.*® The comparison of molecule volumes can
provide information on the shape and size of the binding pocket.*3185" Thus, the
structure of the unknown binding pocket can be gradually adumbrated.*®

A set of inactive ligands can help to identify unfavorable features or a sterically unfa-

vorable features that should be excluded.®’
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3.4 Criteria for a satisfying Pharmacophore Model

Based on the quality pharmacophore models are useful tools to identify new actives.
As explained in chapter 3.1 and 3.2, the pharmacophore describes functional groups
involved in target interaction, including their distances between charged atoms . A
good pharmacophore discriminates stereoisomers. The receptor-ligand binding is
stereospecific and therefore, stereocisomerism is important for affinity and selectivity
of inhibitors. It should also differentiate between active and inactive molecules. There
is a possibility that several pharmacophores can be combined to fulfill different condi-
tions. This aims screening large libraries for new chemical starting points in a short
time.18'56

In summary, an optimal pharmacophore model should cover all potential interactions

between a protein and its ligands.>

3.5 Pharmacophore Modeling in Virtual Screening

Virtual screening plays an important role among computer technigues for the discov-
ery and development of new actives in crop protection.>'76% Pharmacophore models
are mostly used as a baseline technology to identify new hits in databases. >%° A
novel hit molecule will be found as soon as the molecular structure of a ligand from
the database fits the pharmacophore spheres of the predefined pharmacophore
model.>>” Via this approach, novel compounds can be found and new insights into
SAR can be gained.®°

There is no difference between a ligand- or a structure-based model for using it to
search for hits. The number of found hits depends on the information provided in a
database and the model used to filter them out.!® The accuracy of the results de-
pends on the interaction of the ligands and their targets also on the quantitative eval-
uation technique to the interaction result.>® In general, databases can be screened
using pharmacophore models.*3

In most cases, ligands with only one 3D conformation are stored in the databases.
Since each molecule can assume different conformations depending on its degree of
freedom, it is very unlikely that the one conformation stored in the database is the

correct one for the optimal ligand-protein interaction.'36% Consequently, several con-
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formations must first be generated in order to find the correct spatial structure of the
ligands that explicitly fits the given model. Especially in databases with a very high
number of potential hits, the calculation of conformations takes relatively long time.
Therefore, it is helpful to filter the databases in advance using other approach-
es.131857.60 Eor example, the ZINC database is publicly accessible and has pre-
adjusted filters, as molecular weight or logP, so that several unsuitable structures are
eliminated from several million molecules that have been matched to the search.318

High-throughput screening can thus accelerate the search for first hits.131857 These
hits serve researchers as a source of ideas for new lead structures.'® The found hits
are tested and evaluated experimentally in in vivo assays,'® while conventional hits
are tested for their intrinsic activity in in vitro assays. Most of the herbicidal com-
pounds have lower Log-P values and fewer hydrogen donors than pharmaceutical
drugs. While in herbicide research heteroaromatic cycles, carboxylic acids and sul-
fonamides are abundant, the functional groups amines and hydroxyl residues are
less frequent. Since the requirements for ligands in plant protection are different, the
databases must be adapted to the properties of suitable ligands. However, there is
no public database with the requirements of herbicide research that can be used for
virtual screening. Therefore, the hits from drug research databases must be thor-
oughly checked, since not every substance found can be applied to an agrochemical

solution.®°
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4 Material and Methods

This chapter describes various tools used in this thesis. The focus of this work is on
ligand-based pharmacophore modeling to discriminate active from inactive triketone
herbicides. In this part, the methodology is explained gradually how the ligand-based

pharmacophore modeling has historically grown from the structure-based data.

4.1 Software

There are a variety of software programs that have been used to complete the pro-
ject. The partly licensed, partly open accessible tools can be used to create pharma-
cophore models. This allows, for example, to distinguished between active and inac-
tive compounds. Since all programs have both advantages and disadvantages, only
certain tools were used for certain specific tasks, as described in this thesis in the
following chapters. This includes the dataset analysis, alignment methods, docking
and scoring function, and the pharmacophore search with generating conformations,
feature definition, and database creation including virtual screening. The tools utilized
in this work are listed in this chapter. Companies and academic working groups
worldwide use these software for simulation, molecular modeling and machine learn-

ing.61,62

41.1 MOE

MOE (Molecular Operating Environment) distributed by Chemical Computing Group
is a commercial modeling platform. Various groups of chemists and modelers have
access to computational tools and use the different applications such as protein
modeling, SAR analysis, structure-based and ligand-based design and description of
pharmacophores for their research.56:61

These applications are translated in Scientific Vector Language (SVL) which is de-
signed for an enormous amount of chemical and molecular data.>52 This language is

easy to read, write and parallelize for the software.5?
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4.1.2 Maestro

Maestro is an all-purpose drug discovery platform provided by Schrédinger and,
equally with all other software, is used by research groups. This platform is applied in
food, fragrances and plant science.®?

Schrddinger provides a variety of licensed programs. Phase is that module which is
used for the generation of pharmacophores. It utilizes the Maestro visualization pro-
gram with its interface, that chemical structures can be drawn.® Glide is another
module from Schrédinger that can be applied for computational docking and scoring.
Further applications are de novo design, virtual screening, structure refinement and
preparation, biologics modeling, and more.®® All common molecular file formats are

supported by Maestro.%®

4.1.3 LigandScout

LigandScout is a software platform for computer-aided molecular design designed
primarily for the creation and use of 3D pharmacophores. It was founded by the com-
pany InteLigand. The user-friendly tool can generate feature-based pharmacophores
from structure data of protein-ligand complexes based on crystal structures or from
training and test kits of multiple ligands. This tool includes all the common features
needed to describe a pharmacophore in order to find the best hits via virtual screen-
ing. Many chemists and modelers worldwide use this tool for filtering, searching and

prioritizing of molecules.”:64

4.1.4 KNIME

KNIME is a graphical, Java-based workflow editor that was developed at the Univer-
sity of Konstanz in 2004. The purpose was to analyze and apply huge amounts of
data. In the meantime, it is managed by the Zurich company Knime.com AG. KNIME
is a widely used software. The publicly accessible tool is used by bioinformatics,

computer science and pharmaceutical research in particular, although it was original-
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ly developed for the purpose of data mining.55-%® The graphical user interface allows
interactive visual workflows to be created instead of having to resort to command line
programs.® This means that even non-experts in programming can rapidly and simp-
ly analyses their data using extensions. These "nodes" are developed by KNIME it-
self.%% In order to compete with the state of the art in science, KNIME enables its us-
ers to make their own nodes available to the public.%¢:686° The nodes have been de-
veloped in various programming languages (C++, C#, Java, Python2x/3x). For ad-
vanced applications there are additional Java snippets based on RDKit and Phython
scripts.67.68

The principle is based on the fact that the exit of one node becomes the entrance of
the next node. In this way, many nodes can be linked together, and an entire work-
flow can be created.?”:58 The data is displayed in tabular form within KNIME and thus
forwarded to the next node. After each step it is possible to check how the data has
been changed by the executing node.®®

The core competencies of this tool are data input/output, data mining, machine learn-
ing, data and table processing, and visualization. For example, in the field of
cheminformatics, there are a large number of nodes for the analysis and manipula-
tion of chemical structures, calculations of molecular weight and determination of
similarity .56

An entire created workflow can be saved and exported as an archive file with and
without data and thus be used by other users.

4.1.5 DataWarrior

DataWarrior is a license-free platform in cheminformatics for the visualization and
analysis of chemical data. The tool can filter the rows of a table with this data using
chemical intelligence. Various diagrams of chemical data can be displayed graphical-
ly. Chemical structures can be viewed in 3D.7°

This tool can filter by substructures and scaffolds and shows different chemical de-
scriptors. Structures can be grouped, correlations can be displayed, and physico-
chemical properties can be calculated. Therefore, different view measures can be
made visible as required. Finally, new knowledge can be generated through different

correlations or existing knowledge can simply be checked.”
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4.2 Data collection and preparation using KNIME

4.2.1 First Dataset

The first data set was composed of 2085 Smiles codes of in-house ligands, which
had to be analyzed for further use. This data set was stored in a tabular form as Ex-
cel file. For each Smiles code, a LS-Core consisting of few digits was specified,
which is a numerical identification of the chemotype. The bioactivity data were given
for each of these molecules in the form of ICso values after being tested on the plants
ARBTH or ZEAMX. The ICso values are a measure of the effective dose at which a
half-maximal inhibitory enzyme effect is observed. They are given in power notation
with the unit mol/L. The substances from the list were tested on ARBTH and ZEAMX
with an enzyme assay between 1994 and 2009. The assay is explained in the follow-
ing chapter 4.3. for 4-HPPD Activity. The property of the enzyme source is also
shown in the table. Additional columns with information on the timestamp, assay
name and comment are filled in for each listed substance. It was initially unclear
whether duplicates were present. It had to be controlled that each structure has its
own LS-Core.

4.2.1.1 Preparing the first dataset of ligands

The KNIME workflow imports the Excel list and converts it into a valid format. Fur-
thermore, the Smiles codes are converted into 2D structures and duplicates are re-
moved using the LS-Cores. Afterwards, all columns are removed that are not relevant
for the further steps. This workflow is shown in Figure 16, which describes the first

steps.
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Figure 16: first step of every workflow
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This workflow is important to prepare the data so that it can be used in further workflows.

4.2.1.2 Separation of

Triketones depending on the enzyme source

As described in detail in chapter 2.3.2, there are triketone herbicides which have ad-
ditional substituents at the 1,3,5-triketon warhead. In the following workflow described
in Figure 17, the substituted compounds are split from the non-substituted com-
pounds by a SMARTS query. At the same time these ligands are divided by their en-

substituted

and

zyme source. This step requires preparation of the data as in Figure 16.
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Figure 17: Metanode for better visualization of filtering the substructure of triketones.

In this metanode all required nodes to complete the filtering of the triketone warhead are wrapped.
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In the next steps, the enzyme source is separated as presented in Figure 18.

First, the ligands are divided according to substituted or unsubstituted triketones war-
head. Then they are sorted according to their enzyme source and ranked in descend-
ing order of their bioactivity. Thus, there are six different files with ligands, that are

well sorted at the end and can be better evaluated.
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Figure 18: Workflow to separate compounds tested in different enzyme sources.
These triketone herbicides are filtered in substituted and unsubstituted triketone warheads.

4.2.1.3 Duplicates

In the next workflow, which is shown in Figure 17, the duplicates are prepared to be
analyzed. The basis of this workflow is again the prepared Excel table with its 2085
Smiles codes, which was described in the previous chapter 4.2.1.1. The duplicates
eliminated in the previous workflows (Figure 16) which are now used and merged
with the structures retained in the previous workflow (Figure 18). Then, the duplicates
are sorted by LS-Core to make them easy to find. Finally, an sdf file can be written

and a pdf table can be created.
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Figure 19: Workflow to analyze the duplicates
This workflow can analyze the duplicate with a substituted warhead and write them out into a pdf file in

a tabular form.

4.2.2 Second Dataset

The second data set consists of 517 triketones. Most of these structures are con-
tained in the first Excel file, which is why this data set was prepared, separated and
analyzed by the KNIME workflows as before. The 517 in-house structures are stored
in the sdf file as a smiles column. Assay name, enzyme source, bioactivity data with
ICs0 values (mol/L), timestamp and comment are given with the corresponding LS-
Cores. The deposited substances were tested on ARBTH and ZEAMX with an en-
zyme assay from 1994 to 2003.

These structures are exclusively non-substituted 1,3,5-cyclohexane-triones, which is

the focus of this thesis.

4.2.2.1 Preparing the second dataset of ligands

Figure 20 shows that the workflow is used to read the Excel file and convert it to a
valid format. The duplicates were removed. This workflow serves as the basis for the

further steps and is similar to the workflow described in chapter 4.2.1.1.
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Figure 20: Metanode that includes the first 4 nodes for every following workflow with this da-
taset.

This metanode is the base and prepares the in-house data stored in a sdf file.

4.2.2.2 Duplicates

This dataset was investigated for duplicates in the same way. With this workflow,
which is shown in Figure 21, the structures that were present at least twice in the da-
ta record can be written out and sorted according to their LS core and time stamp.

Finally, the data is saved in tabular form as a pdf file.
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Figure 21: Workflow to analyze the duplicates of the non-substituted warhead.
This workflow can analyze the duplicate with a non-substituted warhead and write them out into a pdf

file in a tabular form.

38



4.2.2.3 Differentiation of the Bioactivity regarding the Enzyme

Source

This workflow, which is shown in Figure 22, involves splitting the data according to
their bioactivity, which has been tested on ARBTH or ZEAMX. Their ICso values are
the benchmark against which bioactivity is measured. After the initial sdf file as de-
scribed in chapter 4.2.2.1 has been processed, the workflow can be continued. After
the columns that are not important for this workflow have been removed, the data is
sorted according to their bioactivity in descending order. The ranges are defined
which describe inactive (ICso value below 1.0E-6), moderate active (ICso value be-
tween E-5 and E-6) and active (ICso value of minimum 1.0E-7) compounds. In the
next step, the ligands are split according to their enzyme source ARBTH or ZEAMX

and then written out.
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Figure 22: Distribution of non-substituted triketones according to their bioactivity.

Further can be divided according to the enzyme source depending on the EC-50 values.

39



4.3 Assay for 4-HPPD Activity

The first and second ligand data sets were tested with an assay noted before the age
of digitization. The enzyme assay protocol is no longer traceable and therefore there
is no information on how the assay was performed in the past. In the meantime, the
assay has improved and therefore only the current assay is described under which
the retesting of some compounds was performed.

The basis of the activity test for 4-HPPD compounds was based on the analysis of
homogentisate by reverse phase HPLC. The assay mixture was prepared from a mix-
ture of 150 mM potassium phosphate buffer with a neutral pH of 7.0, 100 yM cata-
lase, 50 mM L-ascorbic acid, 1 yM FeSO4 and 0.2 units purified 4-HPPD enzyme. 1
unit corresponded to the amount of enzyme required to convert 1 mmol HGA per mi-
nute at 20°C. ICso values, means the values of the concentration of an inhibitor nec-
essary to block half of the enzyme 4-HPPD, were measured by a dilution series com-
pared to the control treatment. For the experiment the ligands were dissolved in di-
methyl sulfoxide and used in the highest concentration 5x10. To normalize the re-
sults, the uninhibited enzyme activity was set to 100 percent. The ICso values were
calculated by nonlinear regression. The mixture of the enzyme assay and the ligands
was incubated for half an hour. Afterwards the 4-HPPD concentration was increased
to the final concentration of 0.05 mM. Phosphoric acid was also added to the final
concentration of 400 mM. 96 well plates were filtered with a PVDF filtration device
with a pore size of 0.2 yM. Five microliters of the sample were analyzed on a UPLC
HSS T3 column (particle size 1.8 pM, dimension 2.1 x 50 mm; Waters) by isocratic
elution with 90% 20 mMNaH2PO4 (pH 2.2) and 10% methanol (v/v). Thus, HGA
could be detected electrochemically at 750 mV and peak ranges could be quantified.
The Michaelis constant (Km) and maximum reaction rates (Vmax) could be calculat-
ed by nonlinear regression, as well as kcat values, which indicates a 100% purity of
the enzyme preparation. Weighted mean values due to standard errors of the Km
and ICso Q10 values were calculated from a minimum of 3 independent experiments.
The dissociation constant (Ki) was calculated by the Cheng-Prusoff equation. Using
the tolerance index TI, the 4-HPPD enzymes could be compared and ranked. This
index depends on the lack of sensitivity to the inhibitors and the respective protein

activity.
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4.4 Protein Preparation of 5YY6 and 1SP8

The PDB contains several crystallized protein structures of the enzyme 4-HPPD of
ARBTH. The crystal structure with the 4-letter code 5YY6 (Figure 23) was finally se-
lected because this structure binds a co-crystallized ligand of the triketone class in
the binding pocket. It has the best resolution of 2.4 A compared to the other 4-HPPD
crystal structures with a co-crystallized triketone. The x-Ray crystal structure was
loaded into the PDB and published in 2017. The perfect starting point is when the
structure is present together with its ligand. Structure 1SP9 (Figure 23) is a protein
crystal of ZEAMX, but it has no ligand crystallized in the binding pocket. Only the pro-
tein itself is available. This is the only stored crystal structure of ZEAMX. It has a res-
olution of 2 A and was published in 2004. This thesis focuses on these two protein
structures of 4-HPPD. The structure 5YY6 could not be crystallized with a bivalent
iron ion. Therefore, a divalent cobalt was used for the crystallization. However, the
protein is bioactive only with a Fe?*. For this reason, this Co?* must first be replaced
by the Fe?* in the interface of the selected software in order to obtain the correct
binding between macromolecule and compound.

Figure 23 shows all 4-HPPD protein crystal structures located in the PDB. Among
them are also the selected structures 5YY6 and 1SP9. As explained in chapter 2.1,
the protein in plants is a homodimer. It is possible that a different number of chains
are present, since crystals of different forms can be grown during crystallization,
down to just one crystal.

Before continuing to work with the structure, this structure must be prepared. The
software tools mentioned above can load the protein structure with the information
stored in the PDB into their interface. However, there are some amino acids that
cannot be displayed or appear in another orientations. The programs can recalculate
the missing amino acids and display them in the interface in their probably correct
form. Because hydrogen atoms cannot be visualized in an x-Ray crystal, they have to
be added by the software first.

Maestro can use the Protein Preparation Wizard to prepare the 3D protein in 3 steps.
First the refinement is started, then modifying and finally can be minimized. The MOE
software automates the steps with the QuickPrep tool. First, the structure is prepared.
Hydrogens are set and ionization states are assigned by the system and then modi-

fied. The potentially lowest energy for different states of the terminal function groups
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is searched across the entire system. Finally, the protein structure is refined and pre-

pared that it can be utilized for further modeling.

4-letter code [~ |[Enzyme Source ~!|Chains in PDB |~ |Resolution in ®A| ~ |Inhibitor backbone |~ |Compound 1|~
BYVW Arabidopsis thaliana 2 2,6 Triketon Co2+
Arabidopsis thaliana 2 2,72 Pyrazol Fed+
Arabidopsis thaliana 2 3.3 Triketon Co2+
Arabidopsis thaliana 2 2.4 Triketon Co2+
Arabidopsis thaliana 4 2,62 Triketon Fed+
Arabidopsis thaliana 1 2,58 Triketon Co2+
Arabidopsis thaliana 2 2.8 Triketon Co2+
Arabidopsis thaliana 1 1,9 Pyrazol Fe2+
Arabidopsis thaliana 1 1,8 Pyrazol Fed+
Arabidopsis thaliana 1 2.4 Triketon Co2+
Arabidopsis thaliana 2 3 ] Fe2+
Arabidopsis thaliana 4 2.8 Fed+
Arabidopsis thaliana 1 1.8 Fed+
Homo sapiens 1 1.75 Co2+
Homo sapiens 1 21 Co2+
Pseudomonas fluorescens 4 2.4 Fa2+
SHMQ Pseudomonas putida 6 2,37 / Mg2+
15Ql Rattus norvegicus 2 215 Pyrazol Fed+
1TAT Streptomyces avermitilis 2 25 Triketon Fe2+
3Z2GJ Streptomyces coelicolor 2 1,95 Co2+
1SP8 Zea mays 4 2 Fed+

Figure 23: Selection of all x-Ray protein crystal structures of the enzyme 4-HPPD.

This figure shows a tabular list of all published 4-HPPD structures from the PDB. There is only one
structure of ZEAMX with a resolution of 2.0 A and was crystallized with the Fe2*. In contrast to the
selected ARBTH crystal structure 5YY6 it does not contain any ligands. 5YY6 has been crystallized

with Co?* and a triketone with a resolution of 2.4 A.

4.5 Ligand Preparation and Alignment

Similar to the structure, the ligand set of non-substituted triketones must first be pre-
pared. The set is loaded into the Maestro interface and modified using the tool Lig-
Prep. All selected ligands are checked in the force field OPLS3e. The settings allow
that tautomers may be generated, possible ionization states at target with pH be-
tween 5 and 9 are generated. In this way, any charged ligands are purified.
Furthermore, it can be adjusted how chirality, which influences the conformers gen-
eration, is handled. In total it is set that a maximum of 32 conformations are generat-
ed per ligand. After the calculations all prepared ligands are saved as sdf or maestro
output file.

Now the alignment of the ligands can be started. Ligand 3D alignment can be difficult

because the ligands are usually flexible. Therefore, it is important to determine a ref-
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erence structure that is in the correct conformation that is needed. Once the refer-
ence structure is selected, the 3D alignment can be commenced. The tool Flexible
Ligand Alignment from Maestro can be used. When the docking pose of the ligands
is known through the crystallized protein-ligand complex, this conformation can be
used as a reference. The ligand with the triketone warhead must be present in the
enol tautomerism to form a chelate bond to the Fe?*. The triketones are existing in
this desired enol tautomeric in neutral pH, which was previously adjusted with the
LigPrep panel. All ligands to be aligned must be selected and the reference structure
must be at the top of the project table to signal to the system that it is the template.
There are different methods for the settings. The best results are obtained with the
common scaffold alignment method using a SMARTS pattern. All selected ligands
orient themselves with the defined SMARTS pattern O=CC=C[O-] to the reference
structure and superimpose. It describes the two keto enolate oxygens of triketones

that interact with the bivalent iron.

4.6 Docking using Maestro

The docking of several ligands requires a ligand set and a 3D crystal structure of the
enzyme 4-HPPD. For this purpose, the software Maestro was chosen. The prepared
x-Ray crystal structure from the PDB with the code 5YY6 is retrieved. The ligands to
be docked were split into different categories using KNIME. In order to find the best
setting for the docking results, a redocking of the crystallized ligand from the crystal-
lized protein-ligand complex was performed at the beginning. This ligand was ex-
tracted and stored in the Maestro interface. To define the binding pocket, a grid file
must be created using the module Glide (Grid-based Ligand Docking with Energet-
ics). A purple grid box automatically appears defines the binding pocket for the lig-
ands to be docked in the future. In order to optimize the conditions, further settings
are necessary. As shown in Figure 24, the grid box can be set under the tap Site that
the ligand is centered in the grid box. The X, Y, and Z coordinates and the size of the
box are displayed automatically as soon as the binding pocket has been defined. It is
advantageous to redefine these parameters as integers that the compilation of the

grid file can be better repeated and reproduced. With this setting shown in Figure 24
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the box is large enough for the ligands to be docked and smaller than with the de-

fault.

@ Receptor Grid Generation - o x
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Figure 24: Grid box around the co-crystallized ligand with optimized settings.

The grid box specifies the binding pocket into which the potential ligands are docked. With the
Receptor Grid Generation the conditions for the grid file can be improved. In the figure the settings for
the active site are adjusted. The grid box should be as small as possible, but large enough to increase

the docking results and to enable an optimal binding to the protein.

Using the tab Constraints, conditions can be set that are essential for the binding and
must be adhered for the calculation of the docking. These constraints are part of the
protein in the binding pocket and close to the ligand. Since the binding mode is
detected, it is known that chelating to cationic iron is fundamental for bioactivity, a
metal coordination constraint is additionally defined. The ligand should maintain an
optimal coordination with the metallic atom at a given distance. The constraints
spheres are centered at the iron ion and therefore directional to the ligand. Figure 25
shows the directed constraint spheres with the ideal position. The upper sphere in
orange color is directed against the protein and is therefore not targeted during
docking. The red sphere protrudes directly in the direction of the non-covalent ligand
binding.
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Figure 25: Metal Coordination Constraints.

The two-colored constraints spheres are directed around the iron ion. The upper sphere protrudes into
the protein and is therefore irrelevant for docking. The red sphere is directed to the keto enolate ox-
ygens of the ligand. The potential ligands with the same motif should be bound at the right distance to

the iron ion under the constraint of a non-covalent metallic bond.

The ligands with a substituted or unsubstituted warhead filtered by KNIME were
docked with the created grid file and the optimally adjusted properties. Ligands, de-
pending on the potency of their bioactivity (inactive, moderate active and active) and
ligands that differ in which enzyme they were tested, were also docked. The results

of docking are explained and discussed in chapter 5.4 Docking Results.

4.7 Protein Structure Analysis

4.7.1 Protein Alignment

There are some deposited 4-HPPD crystal structures in the PDB. 13 of them are from
ARBTH and a single protein crystal structure is from ZEAMX (Figure 23). Chapter 4.4
explains why the X-Ray crystal structures 1SP8 and 5YY6 were chosen as refer-
ences. A protein alignment was performed with these two structures, which is de-
scribed in this part. The crystal structure of 5YY6 has only one chain. However, 1SP8
has four chains. The two pdb files are imported into the Maestro interface of Schro-

dinger software and are prepared. Chapter 4.4 also describes how proteins are pre-
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pared with the tool Protein Preparation Wizard that the structures can be further pro-
cessed.

Then the four chains of 1SP8 must be extracted. The entry in the project table is se-
lected and expanded. The chain to be extracted is selected and exported as a new
entry. Consequently, there exist five entries to be aligned in the project table. For the
next step the tool Protein Structure Alignment from Prime is needed, which is con-
trolled via the Maestro interface.

First the ribbons of the entries are displayed, because the program uses matching of
secondary structure elements for the alignment. For the reference structure to which
the other chains are aligned, 5YY6 should be selected, because only one chain is
crystallized. Only selected entries can be aligned, so all entries have to be selected
at first. The residues of the reference enzyme to which the alignment refers can be
specified as available atoms, residues, chains, molecules, entries and secondary
structure and all atoms of the reference. All atoms of the entries of ZEAMX are su-
perimposed on the chain of ARBTH and visualized directly in the interface. The ami-
no acids of the respective chains of 1SP8 are represented by the amino acid se-
guence and the calculated alignment score is reported. An Alignment Score lower
than 0.6-0.7 indicates a good alignment and the lower the value, the better the
alignment. The superposition of the secondary structure residues and the alignment
score can be used to decide which chain of ZEAMX should be used for further inves-

tigations of the protein structure.

4.7.2 Amino acid sequences and similarity analysis

The MOE software (Chapter 4.1.1.) prepares the proteins of 5YY6 and 1SP8 with the
QuickPrep tool. Then the chains can be aligned. In the working space they are visual-
ly superimposed and the amino acids of the enzymes can be analyzed. The overall
identity of the protein is calculated and the amino acid sequence of both aligned
chains is given.

The similarity of the binding pocket is determined by the amino acid sequences. All
amino acids interacting with the amino acids of the protein within a 4.5 A radius of the

ligand are displayed.
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The alpha helices H11, which are known to have been crystallized in closed confor-
mation at ZEAMX (PDB: 1SP8) and in open conformation at ARBTH (PDB: 5YY6)
(Chapter 2.2.1.), are investigated more closely with the use of protein alignment. The
sequences are analyzed and the interactions between the helices and their protein
are investigated. The sequence editor of MOE is used for this sequence analysis.

Helices H11 Sequences.

4.8 Ligand-based pharmacophore modeling

Ligand-based pharmacophore modeling can be initiated out of 2 different starting sit-
uations. Often the exact binding mode is unknown and therefore a large number of
conformers are generated per ligand in order to exhaust all possible modes. After the
crystal structures of the 4-HPPD enzymes of ARBTH and ZEAMX are known and a
docking of the non-substituted triketones has been performed, the docking poses
created by the Schrédinger software can be utilized. The usage of docking poses,
closest to the correct binding modes of the ligands, is the second possibility to start
the ligand-based pharmacophore modeling. The software LigandScout which is de-
scribed above was used to create pharmacophores.

In principle, pharmacophore modeling would have been possible only from the data
of the ligands. However, in this work the ligand-based pharmacophore models were
generated and related to the structure. Additionally, they are optimized by the
knowledge gained from structural analysis. Since both crystal structures of ZEAMX
and ARBTH were present, no pharmacophore models were created without utilizing

the crystal structure.

4.8.1 Preparing 3D-pharmacophore generation
The docking poses of all unsubstituted triketones as shown in Figure 26 can be im-

ported into the ligand-based perspective in LigandScout. The crystal structure 5YY6

with crystallized triketone and Co?* are imported into the structure-based perspective.
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First, in this perspective the Co?* is replaced by a Fe?*, which is important for the bi-

oactivity of the enzyme.

Figure 26: Selected docking poses

A few docking poses of unsubstituted triketones are displayed. Using anchor-based docking, accurate
poses could be created that bind the same position as HPP. The pharmacophore spheres visualize
that the identical warheads and the adjacent benzyl residue indicate essential pharmacophore fea-
tures. Pharmacophore models from inactive compounds. In addition to the docking poses, a 2D struc-

ture of the co-crystallized triketone from ARATH (PDB: 5YY®6) is shown for illustrative purposes.

4.8.2 Pharmacophore models from inactive compounds

The inactive compounds were also docked to get a docking pose which is in the cor-
rect binding mode. This has the advantage of not needing to generate many con-
formers when creating pharmacophore models, which would have been another op-
tion. There is a total of 26 inactive molecules from the data set with non-substituted
triketones that are imported into the ligand-based perspective. First, a ligand is se-
lected and replaced as a core molecule. The ligand is placed in the binding pocket in
the desired conformation, i.e. the docking position. Figure 27 shows the four steps
how a pharmacophore is generated and enhanced. A default for a pharmacophore
can be generated automatically by the program (Figure 27, a)). Two hydrogen accep-
tor features are formed, which cause a chelation of the oxygen atoms of the 1,3,5-
cyclohexane-triones. Because the triketone is present in its enol tautomerism, a neg-
ative feature is added. Further specific features for each ligand are also displayed. By
the exchange in the bioactive Fe?* additionally an iron binding feature can be dis-
played. (Figure 27, b)).

Since only those features are suggested that interact with the protein, it is necessary

to verify which features are missing and whether all proposed features are useful. An
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additional hydrogen acceptor feature is added to the last feature free ketone of the
triketone warhead (Figure 27, c)). This feature is not essential for the binding but as-
sists in subsequent screening to filter for triketones. Because these features appear
in the same position in each triketone, the tolerance is reduced (Figure 27, d)). When
screening databases the conformations with the correct binding modes are matched

and optimizes the hit search.

Figure 27: 4 steps of preparing a ligand-based-pharmacophore model.

a) the co-crystallized ligand of the protein crystal structure (PDB: 5YY®6) is located in the binding pock-
et. An automatically generated pharmacophore model is displayed. There are 2 hydrogen acceptor
features at the triketone warhead facing towards Co?*. The first hydrophobic feature after the hydrogen
acceptor features plays an important role in the -1 stacking between 2 phenylalanines. The other
features are specific for this one ligand. b) Co?* was exchanged into a Fe?*. An additional feature for
an iron binding is displayed. c) another hydrogen acceptor feature is added for the detection of
triketones in virtual screening. d) the tolerance of the hydrogen acceptor feature is reduced to support

the adherence to the docking poses when screening ligands with their conformations.
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In addition, the exclusion volumes can be displayed which delimit the binding pocket
to the protein. The first pharmacophore model is developed and can be sent to the
screening perspective. This step is repeated for each of the 26 inactive ligands. In
order to facilitate the work, the ligand set was clustered, and it was ensured that no
conformation of the ligands was generated. There have been created 15 clusters of
26 molecules. However, because clustering did not make sense, this possibility was
rejected.

All triketones show 2 hydrogen acceptor features at the oxygen atoms of the ligand.
Additionally, there is a hydrophobic feature, which is related to the phenylalanines
381 and 424 via a 11-11 stacking interaction.

The aim was to generate pharmacophore models that match many inactive and no

active ligands during virtual screening, which is explained in chapter 4.8.9.

4.8.3 Exclusion volumes

The data set of inactive ligands contains a few docking poses, whose size could be
the limiting factor, because from a few ligands no docking pose could be generated.
The tight binding pocket could lead to steric hindrance. Subsequently, these ligands
were forced into the given binding mode to obtain a conformation for generating a
pharmacophore models to classify inactive compounds. A pharmacophore model
was created using exclusion volumes, with the aim that oversized ligands would not
be found as a hit. Exclusion volumes are displayed spheres that define the binding
pocket on the protein side. It therefore shows the maximum size of the binding pock-
et.

In the structure-based perspective the exclusion volumes can be indicated as soon
as a pharmacophore has been created from a ligand embedded in the binding pock-
et. For a model that should not hit ligands that are too large, only docking poses of
ligands of acceptable size were selected from the set. It was started with a first lig-
and. The docking pose of this ligand replaced the previous core molecule in the bind-
ing pocket. A pharmacophore is created and the spheres of the exclusion volume are
made visible. Then only the pharmacophore without the preselected ligand is moved
into the alignment perspective. This step is repeated with a representative number of

further ligands of the ligand set. After twenty different pharmacophores are present in

50



the alignment perspective all pharmacophore features are rendered visible. Only
those pharmacophore features are retained which respect the exclusion volumes and
which define the triketone warhead features (Figure 28). The remaining features will
be removed. The features are interpolated that all query features must be hit. As illus-
trated in Figure 28, a pharmacophore is created from several pharmacophores. The
feature tolerance and feature weight can be increased and decreased and is thus
optimized. The finished pharmacophore model of the exclusion volumes can be
moved to the screening perspective and is available for virtual screening of data ba-
ses.
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Figure 28: Exclusion volumes separate the protein from the binding pocket.
The size of the 4-HPPD binding pocket (PDB:5YY6) can thus be defined. The remaining pharmaco-
phore features that define the triketone warhead are contained at the correct position.

4.8.4 Pharmacophore model of “Top 2 Bioactive”

After pharmacophore models of inactive compounds and exclusion volumes have
been generated, pharmacophore models are created that hit active compounds. First,
the two most bioactive docking poses were taken from the entire ligand set of non-

substituted triketones. Pharmacophores of these two ligands were generated with the

51



LigandScout software according to the same principle as in the last chapters and
shifted into the alignment perspective. Together with the exclusion volumes pharma-
cophore these three pharmacophores are merged by reference points. The result is a

pharmacophore model that is supposed to find active triketones,

4.8.5 Pharmacophore models from the 10 most active com-
pounds of Arabidopsis thaliana and the 10 most active

compounds of Zea mays

For a further pharmacophore model only the 10 most active ligands of ZEAMX were
selected. Their respective docking poses were used. From each single pose a phar-
macophore model was generated and sent to the screening perspective, where these
10 pharmacophores were merged into a single pharmacophore by referent points.
The same procedure was applied to ARBTH. For each of ARBTH's 10 most bioactive
docking poses, one pharmacophore was created, which was subsequently merged
into one common pharmacophore.

This resulted in the two pharmacophore models "Top 10 Arabidopsis” for the best 10
substances tested on ARBTH and "Top 10 Maize” for the most bioactive 10 sub-
stances in the ZEAMX model. The two merged pharmacophores were transferred
from the alignment perspective to the screening perspective in the program. There,
data sets of ligands are screened using pharmacophore models. This allows the

models to be tested and evaluated.

4.8.6 Apo Site Grid Pharmacophore modeling

With the Apo Side Grid tool from LigandScout all possible pharmacophore interaction
of the binding pocket can be demonstrated. As can be seen in Figure 29 a), a 3D
mesh appears that reflects the surface of the binding pocket. An Apo Site pharmaco-
phore panel (Figure 29, b)) appears, which can be used to create a pharmacophore.
In this panel the threshold values can be changed for different features. With the Apo

Site Settings dialog (Figure 29, c)) the maximum number of features to be generated
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can be changed. Figure 29 shows the settings selected for 4-HPPD. The pharmaco-
phore is automatically generated, and the maximum number of features appears
(Figure 29, d)).
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Figure 29: Apo Site Grid pharmacophore generating.

a) With the Apo Site Grid tool, the binding pocket is calculated and represented by a 3D surface. De-
pending on the properties of the protein, each point on the grid can be an interaction point and a fea-
ture can be attached manually. b) At the same time, the Apo Site Pharmacophore panel opens. It
shows different properties of the binding pocket. The Create button can be used to create a pharma-

cophore. c) The Apo Pharmacophore setting panel appears. The maximum permitted features can be
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adjusted in the settings in order to generate the best possible pharmacophore. d) The automatically
generated pharmacophore is displayed in the working space with the adjusted settings. The co-
crystallized ligand of ARBTH (PDB: 5YY6) in the binding pocket is present for visualization purposes

only. It does not participate in the creation of the pharmacophore model.

The Apo Side Grid tool calculates the pharmacophore model independently of a lig-
and in the binding pocket and is therefore optimal for structure-based pharmaco-
phore modeling. After the protein-ligand-complex has been crystallized and therefore
the binding mode is known, the knowledge of the ligand-based pharmacophore mod-
el from this chapter 4.8 can be utilized to optimize the Apo Site Grip pharmacophore.
In combination with the protein-ligand interaction fingerprint (Figure 44) and the au-
tomatically created Apo Site pharmacophore models, the pharmacophore models
"Apo Site Donor" and the corresponding model "Apo Site Acceptor" are created,
which has a hydrogen acceptor feature instead of the hydrogen donor feature. GIn
307 has the ability to form an interaction to a hydrogen acceptor or hydrogen donor.
These two pharmacophore models can be seen in Figure 30. The second directed

hydrogen acceptor feature interacts with Gln 293.

Apo Site Donor Apo Site Acceptor

Figure 30: Pharmacophore model "Apo Site Donor" and "Apo Site Acceptor".
The pharmacophore models have been created independently of the ligand in the binding pocket. The
features have been refined by obtained knowledge of the ligands and the structure. The hydrogen
donor feature interacts with Gln 307, which can also interact with a hydrogen acceptor feature. The

presented ligand is the co-crystallized ligand of the PDB structure 5YY6
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4.8.7 Further Pharmacophore Models

Generation of the pharmacophore model "Top 10 Arabidopsis" was explained in
chapter 4.8.5. It does not match all ligands when running virtual screening of self-
created libraries (Chapter 4.8.8). The 15 most bioactive ligands, which are not de-
tected by this pharmacophore model, were selected to generate further satisfying
pharmacophore models. One compound was used as a reference, on which the other
14 ligands can orientate and superimpose themselves without generating confor-
mations. Thus, it was guaranteed that the docking poses with a right binding mode
were kept. Via this overlay structural similarities and dissimilarities could be identified.
The ligands have been clustered. 2 clusters were formed, one cluster containing thir-
teen molecules and the other cluster containing two ligands. For each cluster a
pharmacophore model was created and finally the two pharmacophores were
merged to a common pharmacophore called "15 leftovers". This model was then op-
timized according to the same principle as (Chapter 4.8.9).

4.8.8 Generating libraries

To screen pharmacophore models, libraries must be utilized. These libraries were
created from the subsistent non-substituted triketones (Chapter 4.2.2). For a first da-
tabase, the docking poses of the inactive triketones were chosen. The ligand set is
imported for the ligand-based perspective. Now conformers have been generated up
to 200 conformers per ligand were generated with the iCon algorithm. The complete
library was converted to and saved as local Database (ldb) file. This format is sup-
ported by LigandScout and is the format imported for databases in the Screening
perspective. The first multi-conformational database is created.

The same procedure was used to create more databases. To validate our previously
created pharmacophores, it was necessary to create databases containing either
moderately active or very active triketones. In addition, two libraries of i) the 10 high-
est active and ii) 10 lowest active triketones of ARBTH and ZEAMX have been creat-
ed. Finally, a total of seven different databases from the different ligand sets was
saved (Figure 31) and used for following virtual screening purposes.
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4.8.9 Virtual Screening

After the pharmacophore models have been created and the libraries prepared, the
models can be evaluated and tested by using virtual screening in the screening per-
spective.

Figure 31 shows the seven multi-conformational libraries. Decoys can be marked
with a red box in front of the database if they are selected for screening. Not selected
libraries have an empty circle as marker and libraries that contain active ligands and

are to be added for screening are marked with a green box.
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[0 Show advanced options

Screening Databases:

10bestMays_conformers.ldb - Size: 10 molecules

10worstMays_conformers.ldb - Size: 10 molecules

—

10worstArabidopsis_conformers.ldb - Size: 10 molecules
™ 10bestArabidopsis_conformers.ldb - Size: 10 molecules
=| 26 inaktive_Conformers.ldb - Size: 26 molecules

= 85 moderatefctive.ldb - Size: 83 molecules
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Figure 31: Databases available for virtual screening.
As explained in chapter 4.8.8, these seven libraries were created. They are multi-conformational librar-
ies whose starting position was the respective docking pose. With these databases the pharmaco-

phore models can be tested.

For virtual screening, the pharmacophore model and the prepared databases have to
be selected. In the advanced options the scoring function and the retrieval mode can
be specified. In this case, Pharmacophore-Fit is adopted from the standard settings
and all query features have to be matched. The best conformation of the hit including
the exclusion volumes has to be written out. This increases the calculation time but
better results are expected. The screening process can now be run.

As soon as the virtual screening is finished, a hit list appears. In addition to the found
hits, the screening score and the matching characteristics are displayed in color.
This score is calculated accordingly to the number and accuracy of the hit features.
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The better the match to the pharmacophore, the higher the score. The screening
score can be used to rank and select the best hits.

In virtual screening most pharmacophore models had to be readjusted. Often the tol-
erance of the pharmacophore spheres needed to be decreased or the feature coor-
dinates had to be optimized to achieve better screening results. The adjusted phar-
macophores were always cross-checked to the structure to verify the interactions to
the amino acids of the protein in the binding pocket.

Since the most important features at the triketone warhead are known, the features
have never been marked as optional features. In this way, the features that define a
triketone were consistently hit. The features of the residues of triketones were partly
set as optional. The maximum number of omitted features in the advanced options
was set to zero. This reduced calculation time and delivered better results with op-
tional features. Repeated screening with modified optional features of a pharmaco-
phore as well as modified tolerance and weight of the spheres results in findings with
which any pharmacophore can be optimized to achieve better results.

Figure 32 shows the refined pharmacophore "Apo Site Donor" (Chapter 4.8.6). The
tolerance ranges were reduced and a hydrophobic feature was set as optional. The
self-generated libraries were screened with the pharmacophore, as it can be seen in
Figure 31. The hits from the screening were written to the hit list and ranked accord-

ingly to the Pharmacophore-Fit Score.
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Figure 32: Hit list appeared after the screening is finished.
The table contains all matched hits from the virtual screening. The matching features are marked in

color according to their properties. Where there is a gap, the optional feature is not hit. Fixed features
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had to be hit. The Pharmacophore-Fit Score is shown in the right column of the table. According to this
score can be ranked. The higher the value, the better the structure of the hit fits. Above, the screened

pharmacophore is displayed in the working space together with a selected hit from the hit list.

4.8.10 Boolean expression

With the Boolean expression a condition can be set if two or more pharmacophore
models are to be combined with each other. For this purpose, the pharmacophore
models to be combined have to be selected from the pharmacophore list in the
screening perspective. Preconditions can be entered in the field for Boolean expres-
sion (Figure 33). The terms "and" and "or" are allowed. For example: "1 and 2"
means that all ligands that are in the pharmacophore model 1 and 2 have been hit-
ting and are written out. Usually less hits are found than if the two pharmacophore
models are screened individually against a library. Another example is "1 or 2". All
hits are found which are hit either by pharmacophore 1 or by pharmacophore 2. A
valid expression is marked by a green dot behind the description (Figure 33).

The pharmacophores “Top 10 Arabidopsis” (Chapter 4.8.5) and “15 leftovers” (Chap-
ter 4.8.7) were combined with each other. The Boolean expression was defined with
the condition "1 or 2 ". The results of this hit list with this combination is explained

and discussed in chapter 5.8.

1and 2 and 2 and 4 ]
h—

Figure 33: Example of valid Boolean Expression.
With this statement, four selected pharmacophore models can be combined with each other. This is

just an example. In this work only two pharmacophore models were combined.
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5 Results and Discussion

5.1 Data analysis from Data Filtering using KNIME

There were originally two data files with in-house data split using KNIME workflows.
Both tables contained only triketone herbicides that are supposed to inhibit ARBTH's
enzyme 4-HPPD. The triketones should act as selective as possible on ARBTH and
not inhibit the enzyme of the crop ZEAMX. How many of the in-house data have been
tested on the enzymes, how many duplicates were contained, which tautomers are
present and bioactive, will be analyzed in the next chapters 5.1.1 and 5.1.2 and the

data discussed critically.

5.1.1 Data analysis of the first dataset

In the first file with in-house data, 2084 triketones and their properties were described
(see chapter 4.2.1). After removal of 136 duplicates, 1948 singular structures re-
mained.

The triketones were separated according to the enzyme source and additionally ac-
cording to their substitution, whether the structures are substituted or not at the 1,3,5-
cyclohexantrione of the triketones. As shown in Table 1, 374 of the 526 unsubstituted
triketones have been tested in ARBTH, 152 have been tested in ZEAMX. From 1442
non-substituted triketones, 963 were tested in ARBTH and 459 in ZEAMX. There
were therefore 1337 substances tested for ARBTH and 611 molecules tested in
ZEAMX.

Table 1: filtered data for substitution state according to the enzyme source.

ARBTH ZEAMX In total
non-substituted 374 152 526
substituted 963 459 1442

1337 611 1948
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By removing duplicates (see chapter 4.2.1.3) 136 structures have been filtered out.
With the workflow shown in Figure 19 the duplicates with the corresponding struc-
tures were merged A total of 250 structures was stored in the pdf table. After 136
structures were filtered out before, 114 structures remained in the output table, which
then ran through the other workflows. As a result, these 114 structures occur at least
twice. Further analysis of the duplicates revealed that 26 structures were tested in
ARBTH and ZEAMX. The list with the 26 different substances was stored in a pdf
table which is shown in the appendix in Table 6. On closer inspection, it was noticed
that six compounds show different activities in ZEAMAX and ARBTH (Figure 34).
These differences are larger than one order of magnitude for four substances. Small-
er differences are statistically not relevant. The substances with LS-Cores 297300,
328115, 337128 and 382526 have this larger fluctuation in the ICso value. The sub-
stance with the LS-Core 321416 has identically measured ICso values at ARBTH and
ZEAMX. The sixth ligand (LS-Core: 298647) shows lowest activities not allowing to
derive an IC50 value. Therefore, only the percentage of inhibition was given. The 20
triketones of the other duplicates tested on ZEAMX and ARBTH were not available in
inventory and therefore could not be tested. No data points were available for this
purpose. Figure 34 shows the ICso values from the data set in tabular form. These six
structures have been retested and will be discussed in chapter 5.9. The latest en-
zyme assay was designed to test whether the ligands actually differ selectively from
ZEAMX and ARBTH in terms of bioactivity, as no significant differences in selectivity
have been found in the past. The remaining duplicates were tested on the same en-

zyme source but at a different time

ARBTH ZEAMX
297300 | 1.1E-7 M 2.6E-6 M
328115 | 1.1E-7 M 1.18E-6 M
337128 | 1.8E-7 M 7.7E-6 M
382565 | 7.78E-7T M 1.06E-6 M
298647 | 11% Inhib. 31% Inhib.
321416 | 5.32E-8 M 9.3E-8 M

,0ld* 1C5, values

Figure 34: ICs values from the dataset.
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These 6 structures in this table can have incorrect measured ICso values or they have a slightly larger
range of variation in their measurement. These structures were selected for retesting as they were

available. The results are described in chapter 5.9.

This dataset contains triketones with a substituted warhead. Since it was decided at a
later stage that the focus was on non-substituted triketones, the remaining results
were obtained with the ligand set of non-substituted triketones. An example for a
substituted warhead is shown in Figure 35. The cyclohexane can only substitute
small residues such as methyl or dimethyl moieties. This ligand has the LS-Core
297300 and is one of the ligands tested in both ZEAMX and ARBTH.
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Figure 35: An Example of a substituted triketone
The ligand with the LS-Core 297300 is an example of a substituted triketone. The cyclohexane is di-
methylated at C5.

5.1.2 Data analysis of the second dataset

The second set of ligands contains only non-substituted triketones. Already at the
beginning of the thesis it turned out that the focus is on triketones without a substitut-
ed residue at 1,3,5-cyclohexantrion warhead. The warhead can be fixed in the bind-
ing pocket it can be focused on the different scaffolds of the ligands during pharma-
cophore modeling.

Then the duplicates were examined according to the same filter criteria as above.
The total of 42 structures contain 20 individual LS-Cores, which means that these 20
structures were included in the data set at least twice. None of the 42 compounds

were tested on both enzyme sources. They were included several times in the data
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because they were repeatedly tested on the same enzyme source plant with different
bioactivity or because the same structure is listed in different tautomers.

Table 2 visualizes the results of the workflow of chapter 4.2.2.3. The results were
divided according to their bioactivity. 299 substances tested for ARBTH are highly
active. 85 of the 384 highly effective substances were tested for ZEAMX. 85 sub-
stances are moderately effective, of which 61 are tested for ZEAMX and 24 for AR-
BTH. 7 of the 26 inactive triketones were tested in ZEAMX and 19 in ARBTH. The
table shows that most non-substituted substances have only been tested for ARBTH.
ARBTH is the weed on whose 4-HPPD the triketones are supposed to act in contrast
to the crop ZEAMX.

Table 2: Separation of the bioactivity according to the enzyme source.

Highly Efficacy Moderate Efficacy “Inactive”
(IC50=10°-107) (IC50=10°-10"°) (ICs50<107)
495 384 85 26
Triketones
Enzyme 85 299 61 24 7 19
Source ZEAMX ARBTH ZEAMX ARBTH ZEAMX ARBTH

Figure 36 visualizes activity distribution of all considered compounds at ARBTH (left)
and ZEAMX (right).
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Figure 36: Visualization of the non-substituted triketones by their bioactivity and their enzyme
source.

This 2D diagram illustrates the bioactivity in relation to the tested plants ARBTH (left) and ZEAMX
(right). In this graph all 495 non-substituted triketones are included and tested in ARBTH or ZEAMX.
They were divided on the X-axis. Along the Y-axis the bioactivity occurs on a logarithmic scale. This
improves the visibility of the close bioactivities. Each point represents one tested triketone. The lower
the ICso value, the more bioactive the substance is and the greener the dot that symbolizes a sub-
stance is. The redder the ligands are colored, the less active and the more inactive they are. The ICsp

values range from 1,0 E-4 to 3,0E-9. The chart was made with the DataWarrior.

5.2 Assay data

In the first data set it is noticeable that all ligands were tested for ZEAMX only from
September 1994 to September 1996. From November 1996 to October 2009 all sub-
stances were tested only for ARBTH and no longer for ZEAMX.

The second data set was tested for ZEAMX from September 1994 to September
1996. From March 1997 to July 2003 the substances were tested only in ARBTH. No
compounds were measured in both enzyme sources. It is known that the enzyme
assay has developed over time and that the detection technique has made progress

(Chapter 4.3). It is not known how this test was performed and what the differences
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are to the current assay. Nowadays, the substances are measured with a 9th genera-
tion assay.

Therefore, the question arises to what extent the 1Cso values are comparable over
this long period. The ICso values of ZEAMX are on average slightly higher than those
of substances measured in ARBTH. This might be due to the improved assay, but
also to the fact that ARBTH can react more sensitively to 4-HPPD inhibitors.

The 26 substances tested in both enzyme sources have also been investigated in
another enzyme assay at different time points. This is the reason why six of these
compounds were retested simultaneously in the current assay conditions (see chap-

ter 4.3). These 1Cso values should be more comparable.

5.3 Ligand Alignment

The aim of the ligand alignment was the overlay of the ligands with their non-
substituted triketone warhead so that structural differences and commonalities of the
ligands could be identified. Figure 36 shows one example of six ligands that are
aligned. Beside the warhead they all have a benzoyl ring in common. The similarities
are visualized by pharmacophore features. A pharmacophore was not created at this
time. With only these 3 features the pharmacophore would be insufficiently selective.

The residues of the core scaffold differ from each other.

Figure 37: Ligand alignment of six active triketones.

The shown alignment was performed with Maestro. The non-substituted ligands are perfectly superim-
posed using the SMARTS pattern. The shared 1,3-dione moieties and the benzoyl ring are highlighted
by the pharmacophore features. The ligands are represented in thin tube style. Next to it, a 2D struc-

ture of the co-crystallized triketone from the PDB with the code 5YY6 is represented for visualization.
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When considering other ligands, it was seen that all compounds have an cyclic ring
system after the 1,3,5-trione moieties. Aromatics, but also cyclopentanes are com-
mon residues. With the DataWarrior tool it was possible to simply select by scaffolds.
463 of 492 triketones have a benzoyl residue at the site. The remaining 29 triketones
have heteroatoms in the benzoyl ring or there is a cyclopentene residue instead
which can also be substituted. The quintessence of this is that a cyclic ring system is
present following the 1,3,5-cyclohexane-trione. This information can be used for lig-

and-based pharmacophore modeling (Chapter 5.6 ).

5.4 Docking Results

The data sets were docked into the crystal structure of 5YY6, in order to gain initial
insights into the binding modes of the ligands. The aim was to compare the individual
data sets on the basis of their docking results. Further information should be derived
by using active and inactive ligands as well as differently selectively compounds with
regard to ZEAMX and ARBTH.

The prepared ligands (chapter 4.5) were present with the same binding mode in the
binding pocket, which is forced by a metal coordination constraint.

Since the ligands are similar in their size and have the same binding modes, no sig-
nificant structural difference is found. Eight ligands could not be docked due to their
size. All other compounds had no steric hindrance and could be docked. The docking
scores were considered. The more negative the score, the better is the docking. The
best docked pose has a docking score of -12.4 and the worst docking score was -2.7.
Even the docking pose with the highest score is passable in the binding pocket. The
docking of the ligand with the worst docking score was therefore also successful.
Therefore, neither the docking score nor the docking pose could provide information
about a possible selective differentiation of the bound ligands in ZEAMX and ARBTH.
There is also no correlation between the docking scores of the ligands and their bio-
activity. Therefore, the structure of the two selected crystal structures of 4-HPPD
were investigated in more detail.

The docking poses are consistent with docking results from the literature (Chapter
2.2.1). The docked ligands in this thesis form the typical chelate complex with Fe?*.

The distance between the Fe?* and the 1,3-diketone moiety could be kept.
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5.5 Structure Analysis

5.5.1 Protein Alignment

After each chain of the 4-HPPD enzyme was aligned from ZEAMX (PDB:1SP8) to the
A chain of ARBTH (PDB: 5YY6) (Chapter 4.4), it was decided by visual inspection
which of the 4 chains should best be superimposed due to their secondary structure
elements. Chain A of 1SP8 suited best structurally and is used as reference chain for
all comparisons to the A chain of 5YY6. This chain had the lowest alignment score
compared to the other chains of 1SP8. The alignment score is 0.092 and is shown in
Figure 38. It is automatically calculated by Maestro. The alignment scores of each
alignment were similar. As described in chapter 4.7.1, an alignment score below 0.6
counts as a good alignment, which is given in our case. RMSD calculates the aver-
age distance between atoms of superimposed proteins. The value is usually given in
Angstrom. The smaller the value, the better is the model compared to the reference

structure. Thus, the RMSD of 1.504 A represents a good alignment.

Alignment Score: 0.05%2 (smaller is better)
BMSD: 1.504 Bngstrom

Figure 38: Alighment score of 5YY6 and 1SP8 A chain.

The Alignment Score is automatically calculated by Maestro after the alignment has been successfully
completed. The lower the value, the better the alignment. The Alignment Score of 0.092 represents a
good Alignment.

Figure 39 represents the two superimposed A chains. For visualization reasons ami-
no acids are hidden and only secondary structural elements are indicated. The pro-
teins appear to be structurally very similar. The green compound is the co-crystallized
ligand from the 5YY6 binding pocket. Structurally the binding pockets do not differ
from each other. The helices in the open (yellow) and closed (red) conformation of
the crystal structures are significantly different and therefore highlighted. ARBTH is
crystallized in an open conformation and ZEAMX is represented in a closed form.
The yellow Helix H11 belongs to ARBTH and the pink Helix H11 to ZEAMX.
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Figure 39: Protein Alignment of the A chains of Arabidopsis thaliana and Zea mays.

The A chains of 1SP8 and 5YY6 are aligned. The amino acids are hidden and only the secondary
structure elements in ribbon style are visible in the Maestro interface. For visualization the chains were
colored unicolored in purple. The helices H11 are colored that the different conformations are clearly
recognizable. The protein with the pink Helix H11 in closed conformation is from ZEAMX. The other
protein with the yellow helix H11 in open conformation is from ARBTH. The co-crystallized ligand is

present in the binding pocket and is represented in ball-and-stick style in green color.

5.5.2 Amino Acid Sequence Analysis of 1SP8 and 5YY6

The sequence identity of both protein chains is shown in Figure 40. 5YY6 behaves
identical with 62.9 % to the A chain of 1SP8. A chain of ZEAMX is with 63.4 % identi-

cal to the protein of ARBTH. These different percentage sequence identities are dif-
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ferent because the amino acid sequences have different lengths and because the
counting starts at different amino acids. To calculate it, the number of identical resi-
dues of both chains is divided by the number of amino acids of the respective chain.
The first amino acid of 5YY6 that was dissolved is Met 31. In the Maestro and MOE
interface the first visible amino acid is Lys 35. In the crystal structure of ZEAMX Ala

17 is the beginning of counting.

5YYe  15P8

5YY6 62.9

15P8 63.4

Figure 40: Overall identity of A chain of 1SP8 and the chain of 5YY6.

The A chains of ARBTH and ZEAMX of the homodimer 4-HPPD have an overall identity with over
60%. This graphic was created with the Similarity Monitor from MOE and the values were calculated
with it.

The exact amino acid sequence is shown in Figure 41. Each protein starts with the
start codon Metl. The sequences shown start with those residues whose positions
were resolved clarified. The numbering is based on the full-length protein. The first
visible amino acid in this sequence is Arg 36. As seen in the alignment, the corre-
sponding amino acids lay on top of each other. Glu432 is the last structurally ob-
served amino acid at the C-terminus of 4-HPPD from ARBTH. 13 further amino acids
at this location cannot be imaged because their exact 3D position is not known. In
1SP8 Leu431 is the last amino acid that can be observed at the C-terminus. This is a
deficit of one amino acid compared to ARBTH. If the chain B or D would have been
chosen as an outcome of the alignment, Glu432 would have been additionally de-
tected. 4-HPPD of 1SP8 is longer than the enzyme from 5YY6.
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EYYE A
- . ....mfvrknpksdkfkvkrfhhiefwcgdatnvarrfswglgmrfsak

15P5 A
asaaeqaafrivghrnfvrfnprsdrfhtlafhhvelwcadaasaagrfsfglgaplaar

BYYE . A
sdlstgnmvhasylltsgdlrflftapyspslsageikptttasipsfdhgscrsffssh

15P5 A
sdlstgnsahas]11rsgslsflftapyahgada. ... .. ataalpstsaaaarrfaadh

BYYE A
glgvravaievedassafsisvangaipssppivineavtiaevklygdvvlryvsykae

15PS A
glavravalrvadaedafrasvaagarpafgpvdligrgfriaevel ygdvwlryvsyp.d

5YYE A
diekseflpgfervedassfpldygirrldiaVgnvpelgpaltyvagftgfhgfaerta

15PS A
gaagepflpgfegv. .aspgaadyglsrfdHiVgnvpelapaaayfagftgfhefasrtt

5YYE A
ddvgtaesglnsaVlasndemv]11FiNepvhgtkrksQigtylehnegagliiHlalmsed

15P5 A
edvgtaesglnEmVlannsenv]11FTNepvhgtkrrsQiqtfldhhggpgviiHmalasdd

EYYE A
ifrtlremrkrssiggfdfipsppptyygnlkkrvgdvlsddgikeceselgilvdrddgg

15P5 A
virtlremgarsamggfefHapptsdyydgvrrragdvlteagikecgelgvlvdrddgg

EYYE A
t1101FTkplgdrptiFiEiigrvgemmkdeegkaygsggoggFGRgNFEELFREIeeye

15P5 A
vI1T101FTkpvgdrpt1F1EiigrigemekdekggeygkggoggFGKgNFEOLFRSTedye

Figure 41: Amino acid sequence of both chains of 5YY6 and 1SP8.

The amino acid sequence of both enzymes was generated with the MOE Sequence Monitor. The cor-
responding amino acids lay directly on top of each other. The small letters stand for no side chain
interaction to the ligand in the binding pocket within 4,5 A. The capital letters, here highlighted in
green, interact with the co-crystallized ligand. In red the amino acids are marked which are located in

the binding pocket, but which differ from the corresponding amino acid.
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Figure 41 shows the protein similarity report. The amino acid sequences of the A
chains of 4-HPPD of ARBTH and ZEAMX are depicted. The upper line shows the
sequence of ARBTH (PDB: 5YY6) and directly below the amino acid sequence of
ZEAMX (PDB: 1SP8). The corresponding amino acids are thus clearly located
among each other. The amino acids that are written in capital letters in the one-letter
code are amino acids in the binding pocket that have a side chain interaction with the
ligand. The amino acids in red color differ from the corresponding amino acids. Ex-
cept for one amino acid at the C-terminus, all red colored amino acids of 5YY6 are
close to the binding pocket or stand between two interacting amino acids but are not
themselves involved in the binding of the ligand. They have no side chain but a
backbone interaction. Glu 426 of 5YY6 at the C-terminus is located in the helix H11
and can interact with the ligand.

Since no distinction can be made based on the alignment of the full protein, the bind-
ing pockets are examined more closely (Chapter 5.5.3). Furthermore, the C-terminal
helices of both crystal structures are examined and analyzed (Chapter 5.5.4) to find
indications to separate active and inactive as well as selective ligands, (ARBTH vs
ZEAMX).

5.5.3 Analysis of the Binding Pocket

The similarity of the binding pockets of ARBTH and ZEAMX is shown in Figure 42.
The two 4-HPPD binding pockets have an 96.6 % sequence identity.

5YY6  15P8

5YY6

1SP8

Figure 42: Similarity of the Binding Pocket regarding to the Amino Acid Sequequence of 5YY6
and 1SP8.
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The two crystallized binding pockets of ARBTH and ZEAMX have a similarity of 96.6%. The values

were calculated and graphically created with the Similarity Monitor from MOE.

In 1SP8, the GIn 419 corresponding to Glu 426 of 5YY6 cannot interact with the lig-
and. Two lysines in the binding pocket have the potential to interact. Both corre-
sponding amino acids of ARBTH are lle and do not interact with the ligand.

The interactions are illustrated in Figure 43.

The aligned binding pockets of both proteins are shown. The co-crystallized ligand of
5YY6 is located in the binding pocket. The amino acids interacting with the ligand
within a radius of 4.5 A are shown in this graph. The green colored amino acids are
identical in both enzymes. If corresponding amino acids differ from each other, they
are colored red. The red colored amino acid side chains turn away from the binding
pocket towards the protein. At the entrance of the binding pocket, close to the C-
terminus, Glu 426 from 5YY6 interacts with the ligand. This amino acid is the only
distinction of the binding pockets between ARBTH and ZEAMX. Instead of Glu 426
1SP8 contains the amino acid GIn 419, which is not located in the binding pocket and
cannot interact with the ligand. This explains the similarity of 96.6% of the binding

pocket.
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5YY6:lle393

1SP8:Leu386

1SP8:lle220

5YY6:Ala227

5YY6:lle281

1SP8:Leu274

SYY6:Ala268

\ 1SP8:Met261

Figure 43: Aligned binding pocket of Zea mays and Arabidopsis thaliana.

All amino acids shown are located in the ZEAMX and ARBTH binding pocket and interact with the
ligand within a radius of 4.5 A. The co-crystallized ligand of 5YY6 is embedded in the middle of the
binding pocket. The amino acids are green and do not differ from each other. Shown in red are the
amino acids that differ from their corresponding amino acids. The amino acids that are important for
the protein-ligand complex interaction or differ from their corresponding amino acids are labeled. The

figure was created with MOE.

As can be observed in Figure 41 and Figure 43, the binding pocket is relatively hy-
drophobic due to its many apolar amino acid residues. Figure 43 also shows that the
binding pocket is quite tight. Towards the C-terminus the binding pocket expands.

Figure 44 shows a protein-ligand interaction fingerprint. For each interaction between
one of the 495 non-substituted triketones and an amino acid from the binding pocket
of 5YY6, a black line is drawn. At the bottom of the fingerprint all interacting amino
acids are indicated. GIn 307, Pro 336, Phe 281, Phe 392, Phe 419, Gly 420, and Phe
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424 each have two columns which can be marked by an interaction. The left columns
symbolize weak and markers in the right column indicate strong interactions. Gin 307
is an amino acid that can act as hydrogen acceptor and as hydrogen donor with its
side chain. Therefore, there are two columns for this both cases. Fe?* forms two in-
teractions to the oxygens of the 1,3-diketon moiety of triketones. There are again two
columns for each hit oxygen. Hence, in total there are four columns for Fe?* interac-
tions. The metal coordination forced during docking causes each column of Fe?* to
be hit in the fingerprint. There is one outlier, which instead of two strong interactions,

forms one strong and one light interaction.

Gln Pro Phe Gly Phe FE
293 336 381 420 424 B30

Figure 44: Protein-Ligand Interaction Fingerprint.

This fingerprint marks each interaction with a black line. On the x-axis the amino acid is named, which
can interact with the ligand within 4.5 A. On the right side is the iron ion, which must chelate with two
oxygens of the triketone. Each specified amino acid has two columns. The left column for weak inter-
actions and a right column for strong interactions. Gln 307 can act as hydrogen acceptor or as hydro-
gen donor and has two extra columns. The enzyme 4-HPPD from ARBTH (PDB: 5YY6) was chosen
for fingerprinting in MOE.

The corresponding amino acids for 1SP8 are GIn 286, GIn 300, Pro 329, Phe 374,
Phe 385, and Phe 417 from left to right as shown in the figure. Since the binding
pocket has a sequence similarity of 96.6 %, it is assumed that a very similar interac-
tion pattern could be expected.

This fingerprint is used to determine which amino acids are important for the binding
of ligands. This information is useful for generating pharmacophore models (Chapter
4.8).

According to Fu et al [®] hydrophobic and Tr-mr-interactions between the phenylala-

nines were shown. Proline can also interact. An interaction with methionine, aspara-
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gine and arginine described in the literature could not be reproduced in this work, but

further interactions of glutamine, glycine and lysine were shown.

5.5.4 Analysis of the Helices H11 of Arabidopsis thaliana and

Zea mays

Since the amino acid Glu 424 of ARBTH differs from the equivalent amino acid Gin
419 of ZEAMX in the binding pocket (Figure 43), they were examined more closely.
The two amino acids are already part of the C-terminal helix of the 4-HPPD enzymes,
which have been crystallized in a rigid conformation. If the amino acid sequences of
the different helices are analysed, it becomes apparent that the helices are of the
same length based on their sequences (Figure 45). However, they are not shown for
the same length in the interface, which is due to the fact that they cannot be shown
crystallographically (Chapter 5.5.2). The helix of ZEAMX is longer. In its sequence
glutamate (Glu) 424 in ARBTH differs from the equivalent amino acid Glutamine (GIn)
419 in ZEAMX. Glutamate has acidic properties, whereas glutamine is a neutral but
polar amino acid. Figure 45 shows the sequences of the helices. The H11 starts with
lysine and ends with the C-terminus on the right side. A black line in the sequence
indicates to where the H11 can be displayed in the interface. Thus Glu 430 is the last
amino acid in ARBTH and Leu 431 in ZEAMX. Since two further equivalent amino
acids are different, but were not visible in the interfaces, they were neglected. These
are the amino acids glutamate 431 and threonine 435 from ARBTH and their respec-
tive amino acids from ZEAMX. Due to the unclear location of these residues, which
were crystallographically refined, neither interactions nor correlations to the two heli-
ces could be investigated. Crystallographically, the differentiation of these two amino

acids glutamine and glutamate is very difficult to impossible.

: HGNFSELFHSIEIE‘T"EHTLEAHQ
HGNFSGLFHEIEDTEKST.IE&H{]

Figure 45:Amino Acid Sequences of the C-terminal Helices of ARBTH and ZEAMX
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In the upper line the helix of ARBTH is positioned and below is the sequence of the helix of ZEAMX.
The amino acid sequence is shown in one letter code. The distinction of Glu 426 from ARBTH and GIn
419 from ZEAMX is highlighted in red. The other different amino acids have not been studied as they
have not been shown in the interface. A black line shows the last visible amino acid of each chain. Glu
432 in ARBTH and Leu 431 in ZEAMX can still be depicted in the interface.

Figure 46 shows the sequences of the two helices coloured with respect to their ami-
no acid’s properties (e.g. polarity and acidity). This coloured scheme continues in
Figure 47. The amino acids with a blue background represent rather hydrophilic ami-
no acids. As in the previous figure, it is only the crystallographically defined H11 is
visible in the interface. The remaining amino acids of H11 have not been defined in
the PDB.

Figure 46: Amino acid sequence of H11
The sequence is identical to Figure 45, but the polarities and acidities are separated by colour. The
upper line corresponds to the sequence of ARBTH and the lower line is the sequence of ZEAMX. This

image was created by the MOE Sequence Viewer.

The sequences of ARBTH and ZEAMX depicted as helical wheel representations
(Figure 47) allow comparison of the 3D arrangement of H11. Both are classical alpha
helices. The coloration is identical to the coloured amino acids in Figure 47. The left
helical wheel is from ZEAMX and the right one is from ARBTH. Glu 432 of 1SP8 and
Leu 431 of 5YY6 are the last amino acids of the C-terminus that could be shown. In
Figure 47 they are represented in the way that a top view is obtained. The lower the
digit of the amino acid, the closer the amino acid is to the binding pocket. Further ex-
amination reveals that the polar, blue residues look inside and thus to the side ex-
posed to water. The apolar side chains of the two helices look towards the outside.
Consequently, the hydrophobic residues are directed to the side of the protein. The
arrangement of amino acids with these properties is a typical pattern for alpha heli-

ces.
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Glu428

Phe428

Lys429

Phed24

lle424

W) _Leu43l

Glu426 olled31
Se3 Tyr427
Ser430 Ser430
1SP8 5YY6

Figure 47: Helical wheel representation of the H11 helices

The left figure shows the C-terminal Helix H11 from ZEAMX and the H11 from ARBTH on the right.
The coloration of the amino acids is identical to the coloration in Figure 46 and related to the polarity.
The helices are 3.6 residue alpha helices. The figure was shown with MOE and only the amino acids

traces were displayed.

Figure 48 shows the two helices described from the “back-side view”. The H11 of
ZEAMX in the closed state is shown in pink. The open conformation helix of ARBTH
is shown in yellow. The triketone shown is the co-crystallized ligand of 5YY6. If H11
is in its closed state, a triketone herbicide in the binding pocket would clash. The rea-
son for this is leucine (Leu 420), whose side chain protrudes too deep into the bind-
ing pocket. However, if H11 is in the open conformation, as shown at ARBTH, the
binding pocket is large enough for a triketone to accommodate. The particular leucine
(here Leu 427), which in the closed state blocks part of the pocket, turns outwards.
The closed helix shows a strong Lys 422 to Asp 334 interacting. An ionic hydrogen
bond is formed. In the open conformation Asparagine 423 forms a hydrogen bond

with Tyr 342. Due to these interactions, the respective state is stabilized.
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Figure 48: Interactions of Helices with their Proteins
Helices of ARBTH in open conformation (yellow) and ZEAMX in the closed conformation (pink) are
shown. In the binding pocket is the co-crystallized yellow ligand of 5YY6. The interactions between the

helices and their proteins can also be seen. This picture was made with Maestro.

Since the helices with the more hydrophilic, polar residues are on the water-facing
side, the hypothesis occurs that the two rigid crystal structures 5YY6 and 1SP8 show
only two types of conformations of many different H11 orientations. Only the 1SP8
from ZEAMX is stored in the PDB. All stored crystal structures of ARBTH have been
crystallised in the same open conformation. Therefore, the 4-HPPD crystal structures
of Homo sapiens and Rattus norvegicus have also been aligned and analysed. It was
noticed that the H11 helices had approximately the same length as ZEAMX, but the
conformations of the two helices were located between ZEAMX and ARBTH. The
helices of Homo sapiens and Rattus norvegicus are both crystallized in an open con-
formation. Because of the different conformations of H11, it supports the hypothesis
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that H11 can move dynamically and thus open and close the entrance to the binding
pocket.

The B-factor indicates how flexible the structure of a protein is. It is a temperature
factor that is calculated for each atom in the protein. The factor describes the extent
to which atoms can be shifted from their position. The redder the colour of the sec-
ondary structure, the more flexible and dynamic it is. If a structural element is col-
oured white to bluish, it is a sign that the structure is not very flexible and can be rigid
at this point. The B-factor of the two aligned proteins 1SP8 and 5YY6 from Figure 39
is displayed.

Figure 49 shows that the inner structural elements of the protein are relatively rigid.
The C-terminal helices, by contrast, are strongly coloured red. This gives a further
indication that the two C-terminal helices have a gate functionality and can thus open
and close the binding pocket. It can be concluded that these two conformations of
ZEAMX and ARBTH are only two rigid states that could move dynamically in the
physiological milieu.

The hypothesis of the gating function of the C-terminal helix H11 is in accordance

with Grossmann et al [48].

‘A A%

Arabidopsis thaliana

»open“ conformation

Figure 49: B-factor
The two aligned proteins in Figure 37 were coloured with respect to their B factor in the Maestro inter-

face. The two H11 helices are intensely coloured red, which is an indication for high flexibility. There-
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fore, it is assumed that the two conformations were only crystallized in these conformations, but that

the helices behave dynamically and have a gate functionality towards the binding pocket.

Since the two 4-HPPD enzymes of ARBTH and ZEAMX are structurally almost iden-
tical and the binding pocket also has a similarity of over 96%, it can be assumed that
the two enzymes will also behave identically. Probably these two proteins will have
the same amino acid interactions between the H11 and its protein when they are in
the same conformation. To prove this hypothesis, further dynamic information would
have to be collected.

Since the analysis of the structure has not delivered sufficient differences, structure-
based pharmacophore modeling was not suitable for this work. Nevertheless, all in-
formation obtained from the structure was further considered for the subsequent lig-
and-based pharmacophore modeling.

5.6 Ligand Analysis

The triketone shown in Figure XX is the most highly effectively measured triketone.
Many of the highly active compounds have a common feature that one chlorine is in
ortho and a second chlorine is at the para position of the benzoyl residue. The ligand
loses activity when only the chlorine atom in ortho position is present. If a chlorine
atom is only present in the para position, the ligand is less active compared to the
ortho position. The analysis of the binding pocket has shown that the molecules have
to be small and hydrophobic. In case the triketone warhead is substituted, only small
residues, for example methyl residues, are allowed. Otherwise the molecule would

become to large for the tight binding pocket.

Figure 50: Scaffold of highly active triketones
This figure shows a triketone with 2 chlorine atoms at the benzoyl residue, It is a typical scaffold for
highly active triketones.
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5.7 Ligand-based-Pharmacophore Modeling

By use of the triketones data set (Chapter 5.1.2) ligand-based-pharmacophore mod-
els should be designed.

As described in the ligand alignment (Chapter 5.3), it was important to define the che-
late complex as well as a hydrophobic feature after the 1,3,5-trione moieties. The
analysis of the binding pocket (figure xx) and the protein-ligand interaction fingerprint
(figure xx) provided knowledge that was essential for the creation and optimization of
pharmacophore models.

This Figure 51 shows the pharmacophore model "Top 2 Bioactive" (Chapter 4.8.4) on
which a triketone was added for visualisation. The chelate complex bond is defined
by two hydrogen acceptor features, each directed to the iron ion of the protein. Addi-
tionally, there is a negative ionisable feature and a directed iron bonding feature. The
negative ionisable feature is at the site of the triketone warhead where it would be
expected due to the bioactive enolate form of the enol tautomer. At the triketone war-
head there is a hydrogen acceptor feature which has been added additionally. This
feature has no interaction pattern to the protein, but it defines a triketone more pre-
cisely and can therefore be searched more efficiently in huge databases. Further-
more, there is a hydrogen acceptor feature and two hydrophobic features, whereas

one hydrophobic feature is ubiquitous for an active triketone.

Figure 51: Triketone together with an exemplary Pharmacophore Model

A pharmacophore model defined for a triketone is depicted. It consists of several features, which
should find an active triketone during the virtual screening. The yellow spheres are hydrophobic inter-
action. Hydrogen acceptor features are shown as red spheres and can be directed (arrows), as visible
at the triketone warhead. A negative ionizable area (star-shaped) and an iron binding feature (blue)
are also shown at the warhead. The shown molecule is the co-crystallized ligand from 5YY6. These

depicted features can be chosen from the software LigandScout.
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Figure 52 displays all pharmacophore models that have already been explained in
Chapter 4.8 without a corresponding ligand but from the same angle as seen in Fig-
ure 51. All pharmacophore models have the essential features that define the
triketone warhead and the hydrophobic feature after the chelate complex binding.
The pharmacophore "Top 10 Arabidopsis" differs from the "Top 2 Bioactive" by an
optional hydrophobic feature and by the fact that the hydrogen acceptor feature in-
creases a higher tolerance sphere. This optional feature was important to increase
the number of hits. "Top 10 Maize" has two hydrogen acceptor features in addition to
"Top 10 Arabidopsis", one of which is optional. Since there has always been an inten-
tion to find a selectivity between ARBTH and ZEAMX and thus a selective triketone,
the two pharmacophores "Top 10 Arabidopsis" and "Top 10 Maize" were generated.
The model "15 leftovers" has two hydrogen acceptor features, one of which is option-
al. It differs from the other models mentioned so far in that the 3D arrangement of the
hydrogen acceptor features is different as before. Furthermore, this model has only
one essential hydrophobic feature.

The pharmacophores "Apo Site Acceptor" and "Apo Site Donor" differ from each oth-
er only in the directional donor feature, which replaces the acceptor feature at the
same position. Here it is possible to use the information obtained from the Protein-
Ligand Interaction Fingerprint (Figure 44). The Gin 307 (ARBTH) or the equivalent
GIn 293 (ZEAMX) can create acceptor or donor bindings. Since the basis for the
generation of the pharmacophores was not a ligand, but the binding pocket, there are
defined only essential features but not their directionalities. The iron bonding feature
cannot be displayed either. The necessary hydrophobic feature was added manually
as it is known to be important for the definition of the triketone (see Chapter 5.3). The
optional hydrophobic feature is due to the many phenylalanines in the binding pocket.
In general, better results were achieved during validation by adding instead of remov-
ing optional features.

Because the crystal structures are known, the size of the binding pocket could be
reflected by exclusion volumes. The respective spars in Figure 52 were optimized

and the model "Exclusion volumes" was created.
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Figure 52: All representative Pharmacophore Models

The important and representative Pharmacophore models are illustrated, which were generated by
LigandScout. The models have been created by selected ligands, merged, and subsequently opti-
mized. The optimized pharmacophores were mapped back to the structure in order to match the struc-

ture and exclude sources of error.

However, it is uncertain, whether the triketones were classified according to their ac-
tual bioactivity. From the 10 most active compounds of each enzyme source a
merged pharmacophore was created. Nine of the ten most bioactive compounds
were tested with an enzyme assay for ARBTH, which were developed at a later
stage. The problems of the different assays have already been explained in detail in
Chapter 5.2. The enzyme assay has improved over time. It is therefore possible that
technical progress and more sensitive measurement methods have led to better re-
sults. Variation of one order of magnitude is common in data sets coming from the
same laboratory.

Based on the triketone data set and the additional knowledge of their target structure
good pharmacophore models could be created and evaluated by virtual screening.
The described pharmacophores are only selected models that were either satisfacto-

ry or important to investigate.
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5.8 Virtual Screening

Different pharmacophores have been generated, as described in chapter 4.8.

In the Screening Perspective of LigandScout all pharmacophore models are stored.
The goal of every pharmacophore is to match all active and no inactive ligands. Each
pharmacophore model was screened against the created libraries (Chapter 4.8.8)
and the number of hits carefully documented.

Most pharmacophores from the inactive ligands only hit themselves. The aim of
pharmacophore modeling based on the inactive ligands was to generate a model that
only hits inactive ligands and preferably no active ligands. A maximum of 3 out of 26
inactive ligands was found. This was accompanied by an increased number of active
ligands found. None of the pharmacophores created from the inactive docking poses
yielded a satisfying model.

Almost all ligands were detected as hits with this pharmacophore model, which was
supposed to filter out the ligands that were too large. The problem was that ligands of
each category of bioactivity were filtered out and therefore no precise statement can
be made. This model finds too many hits (see Figure 27).

Generating pharmacophore models from the best active ligands was more success-
ful. As described in chapter 4.8.5, the 10 most active ligands of the respective en-
zyme source were used to generate models. Pharmacophore models were devel-
oped, which mainly hit the active ligands during screening and if possible, no inactive
ligands. They belong to the best models that could be created in this project and are
shown in Figure 53.

Figure 53 shows a pharmacophore fingerprint. It visualizes the hits of the screenings
by the corresponding pharmacophore models. The ligands are screened from the
self-generated database. The triketones are sorted in descending order relative to
their bioactivity data. For clarification, the classification of bioactivity was highlighted
in color. The green section indicates the very active substances. The yellow border
defines ligands with moderate activity and the last area is red for the inactive mole-
cules. Thus, the most active substances are at the top of the column and the inactive
ones at the bottom. The remaining six columns show the hits of the respective phar-
macophore models in purple. If a ligand is hit by a pharmacophore model during vir-

tual screening, the corresponding row for the hit is marked in the column of the

83



pharmacophore. The colorless lines do not indicate any hits for the respective model.
In this way, the pharmacophore fingerprint is created, and can be easily illustrated.
Since there are 381 very active (ICso: E-9 to E-7), 84 moderately active (ICso: E-6 to
E-5) and 26 inactive ligands, a maximum of 392 hits can be mapped in the finger-
print. In the first column of the figure, the ligands from the database are sorted ac-
cording their bioactivity with a descending order.

The pharmacophore models "Apo Side Donor" and "Apo Side Acceptor" are unsatis-
factory models, because they do not discriminate in terms of bioactivity. Therefore,
these two models are not presented in this figure. However, it was important to create
the Apo site grid and to generate the pharmacophore models from the protein site
with the available information from the structure and the protein-ligand interaction
fingerprint (Figure 44).

,10p 2 Bioactive“ is a pharmacophore consisting of the two most active triketone
substances from the data set (Chapter 4.8.4). This pharmacophore hits 195 (51,18%)
very active, 18 (21,18%) moderate active, and no inactive molecules.

The promising pharmacophore model ,Top 10 Arabidopsis® is derived from the 10
most active ligands of ARBTH (Chapter 4.8.5). Although this model hits one (3,85%)
inactive ligand, there are 31 (36,47%) moderately active and 262 (68,77%) very ac-
tive ligands. Many compounds are hit which are mainly in the upper rows due to their
high bioactivity. 294 of 492 substances are hit by this pharmacophore model.

The next pharmacophore model ,Top 10 Maize" (Chapter 4.8.5) has a total of 99 hits,
of which 90 (23,62%) are very active and 9 (10,59%) are moderate active. None of
the inactive compounds was found, which is considered a positive result.

The pharmacophore ,Exclusion volumes® includes a shell of exclusion volumes
(Chapter 4.8.3). The aim was to filter out the inactive triketones by limiting the poten-
tial binding site volume. With a total of 399 hits, this model hits almost all (81,09%)
ligands of each category of bioactivity and is not a satisfying pharmacophore model.
The Model ,15 leftovers® (Chapter 4.8.7) has found a total of 245 hits. Of these re-
sults, 214 (56,17%) are very active, 29 (34,12%) moderate active and two (7,69%)
inactive ligands. The most promising Pharmacophore ,Top 10 Arabidopsis” did not
find every active ligand. Therefore, the pharmacophore models ,Top 10 Arabidopsis®
and ,15 leftovers® have been combined and are shown in the column “Combination”
(Figure 50). Consequently, for a Boolean expression in LigandScout, the conditions
were set that all ligands matching of at least one pharmacophore were written out.
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Thus, the models find hits especially in the uppermost range of the most active lig-
ands, but also three inactive substances are detected. In total, 297 (77,95%) highly

active, 46 (54,12%) moderately active and three (11,54%) inactive hits were

matched.
Bioactivity Top 2 Top 10 AT Top 10 ZM excl. Vol 15 Leftovers Combination
F 3 —
n=381
n=85
n=26
active 51,18% 68,77% 23,62% 82,15% 56,17% 77,95%
moderate 21,18% 36,47% 10,59% 76,47% 34,12% 54,12%
inactive 0,00% 3.85% 0,00% 80,77% 7.69% 11,54%

Figure 53: Pharmacophore Fingerprint.

The ligands to be hit are sorted in descending order according to their bioactivity. Several pharmaco-
phores have been generated and are listed in columns. For each ligand hit by the pharmacophore, a
purple bar is generated. The table below shows the hits in percent depending on the classification of

the bioactivity into inactive, moderately active and very active.

In pharmacophore modeling, overfitting often occurs when combined pharmacophore
models are adjusted too strongly to the data set to be screened. In the last pharma-
cophore from Figure 53, two different pharmacophore models are combined. Proba-
bly, the pharmacophore model , Top 10 Arabidopsis® is sufficient to screen huge, pub-
licly accessible databases of molecules and to obtain good active triketones.

The three inactive substances found via virtual screening are planned to be retested
for their activity at BASF. Since in the first data set a few ligands were potentially
misclassified, further misleading errors should be avoided. As the combination of the
pharmacophore model of "Top 10 Arabidopsis" and "15 leftovers” finds many highly
active ligands, a further experimental evaluation of the three inactive compounds
would be very valuable.
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During the screening, attention was given whether there were significant differences
in selectivity between ARBTH and ZEAMX. The hits were not structurally different
according their enzyme source. Thus, no relationship could be found between the
generated pharmacophore models and the screened hits. The pharmacophores,
which were created from the 10 most active triketones of each enzyme source, also
found ligands tested in both ZEAMX and ARBTH.

As a result, no difference in selectivity can be made on the basis of the available da-
ta, neither structure-based nor via the ligands, which have only been tested in one

enzyme source.

5.9 Retesting

As described in chapter 5.1.1, six molecules were selected for retesting. These six
structures were tested in the past (Table 3, left) for ARBTH and ZEAMX. The reason
for retesting was the significant difference of their activity data in the two assays (i.e.
ARBTH vs. ZEAMX). Especially four compounds (LS-Cores 297300, 328115, 337128
and 382565) were indicated with a difference larger than one order of magnitude in
their 1Cso0 values. Although fluctuations in a range of one order of magnitude is in the
normal range, these six compounds are conspicuous compared to the other 20 lig-
ands, all of which have been tested on both plant targets.

One aim of this thesis was to find ligands that differ from ARBTH and ZEAMX due to
their selectivity. This was a first ligand-based indication of a possible difference in
selectivity. As Table 3 shows, the ICso values of all four ligands have become lower.
According to the new test they have a higher bioactivity. These four herbicides can
therefore now be classified as more effective. The substance with LS-Core 298647
was tested in both plants. Only the extent of inhibition was indicated, as the com-
pound had either a solubility problem (which meant that only a low concentration
could become active) or a problem with detection. The substance was retested and
the ICso value could be measured. In ZEAMX the value of 1.13E-5 is in the moderate
range, in ARBTH this ligand is in the lower range of the very active triketones with the
ICs0 value of 6.79E-7. This ligand can be classified as active instead of inactive.

The molecule with LS-Core 321416 had almost identical 1Cso values for ZEAMX and
ARBTH. Also, this should be retested. With the new assay, the data are almost iden-
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tical and active as the previous ICso values. Therefore, the ligand remains classified
as very effective triketone.

The retesting results in the up-to-date assays for 4-HPPD are not surprising. the as-
say has been optimized over time and the measurement technique has improved
(Chapter 4.3). The ligands can be classified more effectively or remain consistently
effective. The fluctuations between the enzymes source are also decreased. As a
result, there is no differentiation of ICso values leading to the solution of the problem
of selectivity of ARBTH and ZEAMX. It can be observed that triketones are a bit more
active in ARBTH than in ZEAMX. Nevertheless, this result cannot be explained by the

enzyme structural formula.

Table 3: Results of the retesting of six triketones which were tested on ARBTH and ZEAMX.

This table shows the old and new ICso values of six molecules after retesting. The ligand, which had
too low a concentration to be measured in ARBTH and ZEAMX, could be tested as an active ligand.
The ligand with the nearly identical ICso values in ARBTH and ZEAMX was measured correctly and the
four ligands, which were differently active in both plants, are not significantly different according to the

new measurements. All data were generated with the current assay (Chapter 4.3)

ARBTH ZEAMX ARBTH ZEAMX
297300 |1.1E-TM 2.6E-6 M 297300 | 1.5E-8 M 4.75E-TM
328115 |1.1E-T M 1.18E-6 M 328115 1.96E-8 M 9.67E-8 M
337128 | 1.8E-T M 77E-6 M 337128 [1.15E-7 M 291E-6 M
382565 |7.78E-7 M 1.06E-6 M 382565 | 4.19E-8 M 3.32E-8 M
298647 | 11% Inhib. 31% Inhib. 298647 [6.79E-7 M 1.13E-5 M
321416 | 5.32E-8 M 53E-8 M 321416 | 6.07E-8 M 5.54E-8 M
IC5, values before retesting Retested IC5, values

These substances with LS-Cores 343069, 381048, and 4256292 are triketones clas-
sified as inactive in the provided dataset. However, these three compounds were hit
by the ligand-based pharmacophore model "Top 10 Arabidopsis" or the model "15
leftovers”, respectively the combination of both (Chapter 5.8). The pharmacophores
should only hit bioactive triketones at virtual screening. For this reason, these three

further substances were also retested. in order to confirm or to disprove it.

Table 4 shows the results of the retested compounds. When the activity was tested in
the nineties, no 1Cso values could be derived. Only the percentage of enzyme inhibi-
tion was indicated. LS-Core 343069 was originally measured only in ZEAMX, the
other two triketones only in ARBTH.
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In the right table the retesting results are given. All three substances were tested in
both enzyme sources using the enzyme assay described in Chapter 4.3. Thus, ICso
values are available for both enzyme sources. Only for LS-Cores 343069 no ICso val-
ue could be determined for ZEAMX, because it was not active enough. For ARBTH
this substance is moderate active.

LS-Core 381048 is also moderately active at both enzyme assays, indicated by simi-
lar ICso values (A= 4.15E-6 and 8.66E-6).

The third triketone with the LS-Core 4256292 was tested as very active in both plant
enzymes. There is one order of magnitude difference. This substance is slightly more
active in ARBTH according to the I1Cso values. This is in general agreement with all
other test results showing higher activity for the same compound at the Arabidopsis
enzyme assay. Based on the retesting, it can be confirmed that the results with the
most recent enzyme assay indicate higher activity. The created pharmacophore
model finds many highly active triketones and does not hit any active ligand from the

created databases.

Table 4:

This table shows the old value of inhibition (%) and new ICso values of three triketones after retesting.
The ligands, which had too low a concentration to be measured bevor in ARBTH and ZEAMX, could
be retested as active triketones. These results demonstrate that the selected pharmacophore models

are very satisfying and only active triketones are hit in virtual screening.

ARATH ZEAMX ARATH ZEAMX
343069 13 343069 1.41E-6 -
381048| 46 381048| 8.66E-6 4.15E-6
4256292| 86 4256292| 5.786-8 | 5.69E-7
Old value: inhibition in % New IC, values
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6 Conclusion

The aim of this study was to find triketones that act selectively on the enzyme 4-
HPPD in weeds, such as the model plant ARBTH, and not on the crop ZEAMX. Fur-
thermore, it should be established that active triketones can be discriminated from
inactive ones. Since the crystal structures of the two enzymes are very similar (se-
guence identity of over 62%) and the binding site topology did not give rise to any
significant differences, no distinction in selectivity was found. The only structural dif-
ference exists in the C-terminal helix H11 of the enzymes. It was hypothesized that
the "closed" and the "open" conformation are two different “frozen” conformations of
these helices that physiologically can easily convert. Thus, H11 would have the gate
function to open and close the binding pocket.

In ligand-based pharmacophore modeling, the knowledge derived from the co-
crystallized ligand-enzyme X-ray structures helped to optimize the pharmacophore
models. The model "Top 10 Arabidopsis" was created, which would probably be sat-
isfactory on its own. If this model is combined with the second model "15 Leftovers",
more active triketones could be hit. Among them are all very active hits but also three
inactive ligands were found.

Since the three inactive hits could be turned to active via an initiated retesting cam-
paign, the predictive quality of this model might be even better. Since the binding
pockets have not been different, no solution to the problem of selectivity could be
found. If differences would have been present, it might have been possible to deter-
mine selectivity based on structure. Also ligand-based, no selective discrimination
could have been made because the measured data did not detect any significant dif-
ferences in the enzyme assay. The results of the retesting also confirm the insight
from the structure that the ligands do not differ significantly.

In retrospective, the procedure described in this thesis was correct, based on the
available data. Due to the gained experience the same approach could be performed
much faster today. Both the structure-based and the ligand-based methods should
be applied. Based on the structure, the ligand-based pharmacophore models can be

optimized. The intersection of both methods vyields a satisfactory model.
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7 Future Perspective

As discussed in this thesis, the C-terminal Helix H11 can move dynamically. Since
dynamic information about the H11 helices is missing, it would be possible to simu-
late the dynamics in another project. In the binding pocket of the two enzymes, the
amino acid glutamate differs from glutamine. These two amino acids belong to H11
with potential gate functionality. Therefore, this should be investigated in more detail.
It could be that the different amino acids lead to a new interaction that can selectively
differentiate between ARBTH or ZEAMX. Due to the rigid crystal structures, it was not
feasible in the context of this diploma thesis. Based on molecular dynamic simula-
tions, free energy calculations can be performed. In a later step, this can facilitate the
synthesis decisions during lead optimization.

In addition, it can be investigated whether the complete C-terminal helix can be im-
aged by software tools. Thus, the different H11 helices can be analysed. Possibly a
new 4-HPPD crystal structure can be crystallized by crystallography, whose resolu-
tion is better, if this is the solution to the problem. However, it should be evaluated
before what exactly is the reason that the crystal structure cannot be displayed com-
pletely in the interface.

Triketones are only one class of inhibitors that act on 4-HPPD. In a further project the
other chemotypes could be investigated. It can be researched whether there are al-
ready selective compounds and how they would structurally behave towards the
triketones.

In plants, selectivity is often accompanied by the metabolism. It is therefore helpful to
investigate the individual metabolic steps. It may be possible to find a mechanism
that enables one of the analysed plants to metabolise drugs faster than the other.
Finally, the existing triketones could also be tested for ZEAMX and ARBTH with the

current enzyme assay, so that the bioactivity values are more comparable.
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9 Appendix

Table 5:Classification system of herbicides created by HRAC.

In this table the commercial herbicides are classified. For each herbicidal compound

the target protein, a code consisting of a letter and the mode of action are given. The

mode of action can be abbreviated with this one-letter code.

Mode of action

Inhibition of acetyl CoA carboxylase (ACCase)
Inhibition of acetyl CoA carboxylase (ACCase)
Inhibition of acetyl CoA carboxylase (ACCase)
Inhibition of acetyl CoA carboxylase (ACCase)
Inhibition of acetyl CoA carboxylase (ACCase)
Inhibition of acetyl CoA carboxylase (ACCase)
Inhibition of acetyl CoA carboxylase (ACCase)
Inhibition of acetyl CoA carboxylase (ACCase)
Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetyl CoA carboxylase (ACCase)

Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)

Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)

Inhibition of acetolactate synthase (ALS)

Inhibition of acetolactate synthase (ALS)

Code

> » >» >» » >» > >

>

T W W W W

Class
Cyclohexanediones (DIMs)
Cyclohexanediones (DIMs)
Cyclohexanediones (DIMs)
Cyclohexanediones (DIMs)
Cyclohexanediones (DIMs)
Cyclohexanediones (DIMs)
Cyclohexanediones (DIMs)
Cyclohexanediones (DIMs)
Cyclohexanediones (DIMs)

Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Aryloxyphenoxy-propionates
(FOPs)
Phenylpyrazoline

Pyrimidinyl (thio) benzoates
Pyrimidinyl (thio) benzoates

Pyrimidinyl (thio) benzoates
Pyrimidinyl (thio) benzoates
Pyrimidinyl (thio) benzoates
Pyrimidinyl (thio) benzoates

Pyrimidinyl (thio) benzoates

Compound
Alloxydim
Butroxydim
Clethodim
Cloproxydim
Cycloxydim
Profoxydim
Sethoxydim
Tepraloxydim

Tralkoxydim

Clodinafop-propargy!

Clofop

Cyhalofop-butyl

Diclofop-methyl

Fenoxaprop-ethyl

Fenthiaprop

Fluazifop-butyl

Haloxyfop-methyl

Isoxapyrifop

Metamifop

Quizalofop-ethyl

Pinoxaden
Bispyribac-sodium
Pyribenzoxim (prodrug of

bispyribac)

Pyriftalid

Pyriminobac-methyl
Pyrithiobac-sodium

Pyrimisulfan

Triafamone
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Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)

Inhibition of acetolactate synthase (ALS)

T T ® W W W ® 00 0 O W W W W O O ® W W W W ® 0 T W W W W @ @ 0 ©® W W W @ O ®© T W W W ® W™ @

Triazolopyrimidine
Triazolopyrimidine
Triazolopyrimidine
Triazolopyrimidine
Triazolopyrimidine
Triazolopyrimidine
Triazolopyrimidine
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Sulfonylureas
Imidazolinones
Imidazolinones

Imidazolinones

Cloransulam-methy!l
Diclosulam
Florasulam

Flumetsulam
Metosulam
Penoxsulam
Pyroxsulam
Amidosulfuron
Azimsulfuron
Bensulfuron-methyl
Chlorimuron-ethyl
Chlorsulfuron
Cinosulfuron
Cyclosulfamuron
Ethametsulfuron-methyl
Ethoxysulfuron
Flazasulfuron
Flucetosulfuron
Flupyrsulfuron-methyl-Na
Foramsulfuron
Halosulfuron-methyl
Imazosulfuron
lodosulfuron-methyl-Na

Mesosulfuron-methyl

Metazosulfuron
Metsulfuron-methyl
Nicosulfuron
Orthosulfamuron
Oxasulfuron
Primisulfuron-methyl
Propyrisulfuron
Prosulfuron

Pyrazosulfuron-ethyl
Rimsulfuron

Sulfometuron-methyl

Sulfosulfuron
Triasulfuron
Tribenuron-methyl
Thifensulfuron-methyl
Trifloxysulfuron-Na
Triflusulfuron-methyl
Tritosulfuron
Imazamethabenz-methyl
Imazamox

Imazapic
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Inhibition of acetolactate synthase (ALS)
Inhibition of acetolactate synthase (ALS)

Inhibition of acetolactate synthase (ALS)

Inhibition of acetolactate synthase (ALS)

Inhibition of acetolactate synthase (ALS)

Inhibition of acetolactate synthase (ALS)

Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1I
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l

C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1

Imidazolinones
Imidazolinones
Imidazolinones
Sulfonylamino-carbonyl-
triazolinones
Sulfonylamino-carbonyl-
triazolinones
Sulfonylamino-carbonyl-

triazolinones
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazines
Triazolinone
Triazinones
Triazinones
Triazinones
Triazinones
Triazinones
Uracils
Uracils
Uracils

Uracils

Imazapyr
Imazaquin

Imazethapyr

Flucarbazone-Na

Propoxycarbazone-Na

Thiencarbazone-methyl

Atraton
Atrazine
Ametryne
Aziprotryne=aziprotryn
Chlorazine
CP 17029
Cyanazine
Cyprazine
Desmetryne
Dimethametryn
Dipropetryn
Eglinazine-ethyl
Ipazine
Methoprotryne=methoprotryn
procyazine
Proglinazine-ethyl
Prometon
Prometryne
Propazine
Sebuthylazine
Secbumeton
Simetryne
Simazine
Terbumeton
Terbuthylazine
Terbutryne
Trietazine
Amicarbazone
Ethiozin
Hexazinone
Isomethiozin
Metamitron
Metribuzin
Bromacil
Isocil
Lenacil

Terbacil
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Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS Il
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
Inhibition of PS 1l
PS | electron diversion
PS I electron diversion
PS | electron diversion

PS | electron diversion

C1 Phenlcarbamates

C1 Phenlcarbamates

C1l Phenlcarbamates

C1 Phenlcarbamates

Cl Pyridazinone

C1 Pyridazinone

c2 Ureas

Cc2 Ureas

Cc2 Ureas

c2 Ureas

Cc2 Ureas

c2 Ureas

c2 Ureas

c2 Ureas

c2 Ureas

C2 Ureas

c2 Ureas

c2 Ureas

C2 Ureas

c2 Ureas

c2 Ureas

c2 Ureas

c2 Ureas

C2 Ureas

c2 Ureas

c2 Ureas

C2 Ureas

c2 Ureas

c2 Ureas

c2 Ureas

c2 Ureas

C2 Ureas

c2 Ureas

c2 Amides

Cc2 Amides

Cc2 Amides

C3 Nitriles

C3 Nitriles

C3 Nitriles

C3 Phenyl-pyridazines

C3 Benzothiadiazinone
D Bipyridyliums
D Bipyridyliums
D Bipyridyliums
D Bipyridyliums

Chlorprocarb
Desmedipham
Phenisopham
Phenmedipham
Chloridazon (=pyrazon)
Brompyrazon
Benzthiazuron
Bromuron
Buturon
Chlorbromuron
Chlorotoluron
Chloroxuron
Difenoxuron
Dimefuron
Diuron
Ethidimuron
Fenuron
Fluometuron
Fluothiuron
Isoproturon
Isouron
Linuron
Metobenzuron
Metobromuron
Methabenzthiazuron
Metoxuron
Monolinuron
Monuron
Neburon
Parafluron
Siduron
Tebuthiuron
Thiazafluron
Chloranocryl=dicryl
Pentanochlor
Propanil
Bromofenoxim
Bromoxynil
loxynil
Pyridate
Bentazon
Cyperquat
Diquat
Morfamquat

Paraquat
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Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
Inhibition
(PPO)
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Diphenyl ethers

Diphenyl ethers

Diphenyl ethers

Diphenyl ethers

Diphenyl ethers

Diphenyl ethers

Diphenyl ethers

Diphenyl ethers

Diphenyl ethers

Diphenyl ethers

Diphenyl ethers

Phenylpyrazoles

Oxadiazoles

Oxadiazoles

Triazolinones

Triazolinones

Triazolinones

Thiadiazoles

Pyrimidinediones

Pyrimidinediones

Oxazolidinediones

N-Phenyl-phthalimides

N-Phenyl-phthalimides

N-Phenyl-phthalimides

N-Phenyl-phthalimides

N-Phenyl-phthalimides

Lactofen

Acifluorfen

Bifenox

Chlornitrofen

Fomesafen

Fluorodifen

Fluoroglycofen-ethyl

Fluoronitrofen

Nitrofen

Oxyfluorfen

Chlomethoxyfen

Pyraflufen-ethyl

Oxadiargy!

Oxadiazon

Azafenidin

Carfentrazone-ethyl

Sulfentrazone

Fluthiacet-methyl

Butafenacil

Saflufenacil

Pentoxazone

Chlorphthalim

Cinidon-ethyl

Flumiclorac-pentyl

Flumioxazin

Flumipropyn
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Inhibition of phytoene desaturase (PDS)
Inhibition of phytoene desaturase (PDS)
Inhibition of phytoene desaturase (PDS)
Inhibition of phytoene desaturase (PDS)
Inhibition of phytoene desaturase (PDS)
Inhibition of phytoene desaturase (PDS)
Inhibition of phytoene desaturase (PDS)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-

dioxygenase (HPPD)

Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-

dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)
Inhibition of 4-hydroxyphenyl-pyruvate-
dioxygenase (HPPD)

Inhibition of 1-deoxy-D-xylose 5-phosphate syn-
thase (DOXP)

Inhibition of EPSP

Inhibition of glutamine synthase

Inhibition of glutamine synthase

Inhibition of dihydropteroate synthase (DHP)
Inhibition of microtubule assembly

Inhibition of microtubule assembly

Inhibition of microtubule assembly

Inhibition of microtubule assembly

Inhibition of microtubule assembly

Inhibition of microtubule assembly

Inhibition of microtubule assembly

F1
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F1
F1
F1
F1
F1

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2
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Other
pyridine carboxamides
pyridine carboxamides
Other
Pyridazinone
Other
Other

Triketones

Triketones

Triketones

Triketones

Triketones

Triketones

Other

Pyrazoles

Pyrazoles

Pyrazoles

Pyrazoles

Pyrazoles

Pyrazoles

Isoxazoles

None

Glycine
Phosphinic acids
Phosphinic acids

Carbamate
Dinitroanilines
Dinitroanilines
Dinitroanilines
Dinitroanilines
Dinitroanilines
Dinitroanilines

Dinitroanilines

Beflubutamid
Diflufenican
Picolinafen

Flurochloridone
Norflurazon
Fluridone

Flurtamone

Mesotrione

Sulcotrione

Tembotrione

Tefuryltrione

Bicyclopyrone

Fenquinotrione

Benzobicyclon

Benzofenap

Pyrasulfotole

Topramezone

Pyrazolynate

Pyrazoxyfen

Tolpyralate

Isoxaflutole

Clomazone

Glyphosate

Glufosinate-ammonium

Bialaphos/bilanafos
Asulam
Benefin=benfluralin
Butralin
Dinitramine
Ethalfluralin
Fluchloralin
Isopropalin

Nitralin

101




Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule assembly
Inhibition of microtubule organization
Inhibition of microtubule organization
Inhibition of microtubule organization
Inhibition of microtubule organization
Inhibition of microtubule organization
Inhibition of microtubule organization
Inhibition of cellulose synthesis (CBI)
Inhibition of cellulose synthesis (CBI)
Inhibition of cellulose synthesis (CBI)
Inhibition of cellulose synthesis (CBI)
Inhibition of cellulose synthesis (CBI)
Inhibition of cellulose synthesis (CBI)
Uncoupler (membrane disruption)
Uncoupler (membrane disruption)
Uncoupler (membrane disruption)
Uncoupler (membrane disruption)
Uncoupler (membrane disruption)
Uncoupler (membrane disruption)
Inhibition of cell division (VLCFA)
Inhibition of cell division (VLCFA)
Inhibition of cell division (VLCFA)
Inhibition of cell division (VLCFA)
Inhibition of cell division (VLCFA)
Inhibition of cell division (VLCFA)
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Dinitroanilines
Dinitroanilines
Dinitroanilines
Dinitroanilines
Dinitroanilines
Pyridines
Pyridines
Phosphoroamidates
Phosphoroamidates

Benzoic acid

Prodiamine
Profluralin
Oryzalin
Pendimethalin
Trifluralin
Dithiopyr
Thiazopyr
Butamifos

DMPA

Benzamides
Carbamates
Carbamates
Carbamates
Carbamates
Carbamates

Carbamates

Triazolocarboxamide

Benzamides
Alkylazines
Alkylazines
Nitriles
Nitriles
Dinitrophenols
Dinitrophenols
Dinitrophenols
Dinitrophenols
Dinitrophenols
Dinitrophenols
Other
tetrazolinone
tetrazolinone
Other
Other
Others
Others
None/other
None/other
Chloroacetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides

Chloroacetamides

Chlorthal-dimethyl=DCPA

Propyzamide=pronamide

Barban
Carbetamide
Chlorbufam
Chlorpropham
Propham
Swep
Flupoxam
Isoxaben
Triaziflam
Indaziflam
Dichlobenil
Chlorthiamid
Dinosam
Dinoseb
Dinitramine
Dinoterb
Etinofen
Medinoterb
Cafenstrole
Fentrazamide
Ipfencarbazone
Anilofos
Piperophos
Pyroxasulfone
Fenoxasulfone
Indanofan
Tridiphane
Acetochlor
Alachlor
Allidochlor=CDAA

Dimethachlor
Butenachlor
Delachlor

Diethatyl-ethyl
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Inhibition of cell division (VLCFA)
Inhibition of cell division (VLCFA)
Inhibition of cell division (VLCFA)
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Inhibition of cell division (VLCFA)
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Inhibition of cell division (VLCFA)
Inhibition of cell division (VLCFA)
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Inhibition of cell division (VLCFA)
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Lipid synthesis inhibition (VLCFA)
Lipid synthesis inhibition (VLCFA)
Lipid synthesis inhibition (VLCFA)
Lipid synthesis inhibition (VLCFA)
Lipid synthesis inhibition (VLCFA)
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Lipid synthesis inhibition (VLCFA)
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Lipid synthesis inhibition (VLCFA)
Lipid synthesis inhibition (VLCFA)
Lipid synthesis inhibition (VLCFA)
Lipid synthesis inhibition (VLCFA)
Lipid synthesis inhibition (VLCFA)
Lipid synthesis inhibition (VLCFA)
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
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Acetamides
Acetamides
Acetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides
Chloroacetamides
Oxyacetamides
Oxyacetamides
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Thiocarbamates
Benzofurans
Phosphorodithioate
Benzofurans
Pyridine-carboxylates
Pyridine-carboxylates
Pyridine-carboxylates
None
None
Pyridine-carboxylates
Pyridine-carboxylates
Phenoxy-carboxylates
Phenoxy-carboxylates
Phenoxy-carboxylates
Phenoxy-carboxylates
Phenoxy-carboxylates
Phenoxy-carboxylates
Phenoxy-carboxylates

Phenoxy-carboxylates

Diphenamid
Naproanilide
Napropamide
Dimethenamid
Metazachlor
Metolachlor
Pethoxamid
Pretilachlor
Propachlor
Propisochlor
Prynachlor
Thenylchlor
Mefenacet
Flufenacet
Butylate
Cycloate
Dimepiperate
EPTC
Esprocarb
Molinate
Orbencarb
Pebulate
Prosulfocarb
Thiobencarb (=Benthiocarb)
Tiocarbazil
Tri-allate
Vernolate
Benfuresate
Bensulide
Ethofumesate
Picloram
Clopyralid
Aminopyralid
Halauxifen
Florpyrauxifen
Triclopyr
Fluroxypyr
2,4,5-T
2,4-D
2,4-DB
Clomeprop
Dichlorprop
Fenoprop
Mecoprop

MCPA
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Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin
Synthetic Auxin

Auxin transport inhibition (ATI)
Auxin transport inhibition (ATI)
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action
Unknown mode of action

Unknown mode of action
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Phenoxy-carboxylates
Benzoates
Benzoates
Benzoates

Quinoline-carboxylates
Quinoline-carboxylates
None
Other
Phthalamate
Semicarbazone

None

Benzamide (not really)

MCPB
Dicamba
Chloramben
TBA
Quinclorac
Quinmerac
Aminocyclopyrachlor
Benazolin-ethyl
Naptalam
Diflufenzopyr-sodium
Cinmethylin
Bromobutide
Cumyluron
Difenzoquat
DSMA
Dymron=Daimuron
Etobenzanid
Fosamine
Methyldymron
Monalide
MSMA
Oleic acid
Oxaziclomefone
Pelargonic acid
Pyributicarb
Quinoclamine

Tebutam

Table 6: Duplicates written out in a pdf format using KNIME

This table contains the duplicates from the first dataset. The workflow in chapter 4.2.1.3 extracts the
data and has written it into a pdf table. The 26 2D structures have been extracted and only the LS-
Core serves as identification. The table includes substituted and non-substituted triketones which have
been tested on ARBTH and ZEAMX.

The substances mentioned in chapter 5.1.1 have been retested. The results of the retesting are ex-

plained in chapter 5.9.
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"LS-core” "LTSEnzymeSource” "LTSValueType" "LTSValue" "LTSTimestamp"
295179 Arabidopsis thahana 1C50 6.19E9 2011-08-31T04:00
205179 Arabidopsis thaliana IC50 6.19E-9 2011-08-31T04:00
205179 Zea mays EC50 43E-7 1994-11-22T00:00
205179 Zea mays EC50 43E-7 1994-11-22T00:00
207300 Zea mays EC50 26E-6 1994-11-23T00:00
207300 Arabidopsis thaliana EC30 1.13E-7 1997-03-10T00:00
208647 Arabidopsis thaliana 1 110 1997-03-10T00:00
208647 Zea mays I 31.0 1994-11-24T00:00
321411 Arabidopsis thaliana I 38.0 1997-03-10T00:00
321411 Zea mays EC50 5.0E-5 1994-09-22T00-:00
321416 Arabidopsis thaliana EC50 5.32E-8 2009-10-19T00:00
321416 Arabidopsis thaliana EC50 532E-8 2009-10-19T00-00
321416 Zea mays EC50 53E8 1994-10-24T01:00
321416 Zea mays EC50 53E-8 1994-10-24T01:00
328115 Arabidopsis thaliana EC50 1.1E-7 1997-03-10T00:00
328115 Zea mays EC50 1.8E-6 1995-04-19T00:00
329773 Arabidopsis thaliana EC50 7.57E-8 2008-01-30T00:00
329773 Zea mays EC50 1.6E-8 1995-05-29T00:00
332545 Zea mays EC50 1.1E-6 1995-07-31T00:00
332545 Arabidopsis thaliana EC50 6.53E-7 1997-03-10T00:00
337128 Arabidopsis thaliana EC50 1.81E-7 1997-03-10T00:00
337128 Zea mays EC50 1.JE-6 1995-12-20T00:00
337131 Arabidopsis thaliana EC50 1.5E-6 2001-06-18T00:00
337131 Arabidopsis thaliana I 113.0 2001-06-18T00:00
337131 Arabidopsis thaliana EC50 1.51E-6 1997-03-10T00:00
337131 Zea mays EC50 6.7E-7 1995-12-20T00:00
337133 Zea mays EC50 1.JE-8 1995-12-20T00:00
337133 Arabidopsis thaliana EC50 1.08E-7 1997-03-10T00-00
337134 Arabidopsis thaliana EC50 1.07E-7 1997-03-10T00:00
337134 Zea mays EC50 5.6E9 1995-12-20T00:00
337135 Zea mays EC50 5.3E-6 1995-12-21T00:00
337135 Arabidopsis thaliana EC50 53E-6 2001-06-18T00-00
337135 Arabidopsis thaliana 1 101.0 2001-06-18T00:00
337139 Arabidopsis thaliana EC50 8.12E-8 1997-03-10T00-00
337139 Zea mays EC50 33E8 1995-12-21T00:00
340241 Zea mays EC50 9.1E-7 1996-03-19T00:00
340241 Arabidopsis thaliana EC50 9.1E-7 2001-06-18T00:00
340241 Arabidopsis thaliana I 108.0 2001-06-18T00:00
340242 Zea mays 1 45.0 1996-03-28T00:00
340242 Arabidopsis thaliana I 68.0 2001-06-18T00-:00
341393 Zea mays I 320 1996-04-30T00-00
341393 Arabidopsis thaliana I 280 1997.03-10T00-00
341402 Arabidopsis thaliana EC50 L.IE-6 2001-06-18T00:00
341402 Arabidopsis thaliana I 820 2001-06-18T00:00
341402 Zea mays EC50 1.IE-6 1996-05-28T00:00
341403 Arabidopsis thaliana EC50 3.7E-6 2001-06-18T00:00
341403 Arabidopsis thaliana I 88.0 2001-06-18T00:00
341403 Zea mays EC50 3.7TE-6 1996-05-28T00-00
342405 Arabidopsis thaliana EC50 781E-8 1997-03-10T00:00
342405 Zea mays EC50 1.3E-7 1996-05-06T00:00
343069 Arabidopsis thaliana EC50 2.0E-5 2001-08-20T00:00
343069 Arabidopsis thaliana I 90.0 2001-08-20T00:00
343069 Zea mays I 430 1996-05-23T00:00
343073 Arabidopsis thaliana EC50 3.0E-6 2001-08-20T00:00
343073 Arabidopsis thaliana I 106.0 2001-08-20T00:00
343073 Zea mays EC50 3.0E-6 1996-05-23T00:00
344835 Arabidopsis thaliana EC50 1.56E-7 1997-03-10T00-00
344835 Zea mays EC50 1.0E-7 1996-07-02T00:00
346517 Zea mays EC50 1.2E-7 1996-07-18T00:00
346517 Arabidopsis thaliana EC50 2.57E-7 2008-01-31T00:00
382565 Arabidopsis thaliana EC50 7.78E-8 1998-09-09T00:00
382565 Zea mays EC50 1.06E-6 1998-03-03T00:00
414603 Arabidopsis thaliana EC50 4.53E8 1999.05-25T00:00
414603 Zea mays I 95.0 1999-05-17T00:00
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