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Abstract

1 Abstract

This PhD thesis is composed of three projects that focus on new aspects of the computer-

aided design and synthesis of glycosyltransferase inhibitors. The first project demonstrates

the application of fragment-based de novo design to generate new chemical entities that

inhibit fucosyltransferase 8. The second project illustrates how the success of docking can

be dramatically improved by the rational selection of multiple protein structures to incorporate

effects of protein flexibility as demonstrated on a test system of the aspartyl protease renin.

The third project realizes the concept of fragment growing to successfully improve the binding

affinity of a fragment, that has previously been shown to inhibit human blood group B

galactosyltransferase, by a factor of three.

1. Development of New Inhibitors of Fucosyltransferase 8: Core fucosylation of N-glycans

is catalyzed by fucosyltransferase 8 and has been associated with the progress of various

types of cancer such as melanoma, non-small cell lung cancer, and aggressive prostate cancer.

Hence, inhibitors of fucosyltransferase 8 represent an efficient tool for more detailed studies on

the physiological role of fucosyltransferase 8 and might demonstrate therapeutic potential as

well. Previously reported inhibitors of fucosyltransferase 8 feature non drug-like properties such

as a high polarity or molecular weight that prevent cellular uptake. Therefore, a fragment-based

strategy that allows for more control over molecular properties was embraced in this work. A

fragment library of more than 700,000 fragments was docked against the donor binding site

of fucosyltransferase 8. Two interesting fragments were identified and subsequently trimmed

and linked in silico. The resulting ligand that features a pyrazole disubstituted with carboxamide

functionality as a surrogate of the guanine moiety was synthesized by a convergent synthetic

route starting from readily available materials. STD NMR revealed a Kd of 1.65 mM for this

ligand. Even though the ligand is only of low-affinity, this represents the first low-molecular

weight starting point for the development of inhibitors of fucosyltransferase 8 with drug-like

properties. Furthermore, the discovery of a putative allosteric binding site is described. An in

silico assessment indicates that this putative binding site might be more easy to target than the

donor binding site of fucosyltransferase 8. Furthermore, an MD simulation indicates that this

putative binding site is accessible from the acceptor site of fucosyltransferase 8. For ligands that

bind to this putative binding site and extend into the acceptor site, disruption of the enzymatic

activity of fucosyltransferase 8 is conceivable.
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2. Ensemble Docking of Renin: Ensemble docking is a simple yet promising method to

consider protein flexibility in docking studies: Ligands are docked into multiple protein structures

to incorporate effects of protein flexibility, and the results are subsequently merged. Here, the

potential of ensemble docking was studied using renin, an attractive target for antihypertensive

drugs, as a test case. Renin is a suitable test system as a relevant number of crystal structures

are available and the binding site of enzyme is known to feature significant flexibility. For this

study, crystal structures as well as MD-derived structures from a total of 500 ns of simulation

time were evaluated. Selection of protein structures is a significant factor for ensemble docking,

e.g. it is obviously undesirable to use an ensemble of protein structures that are highly alike. In

this work, two different clustering algorithms, k -means and hierarchical clustering with average

linkage, were compared for ensemble definition. Three disciplines were evaluated to asses

the docking performance: Binding pose prediction, the ability to rank actives above nonactives

(screening utility), and scoring accuracy. Overall, k -means clustering yielded ensembles with

superior performance. Interestingly, ensembles of MD-derived structures constructed by k -

means clustering performed on average better than 75% of any individual crystal structure in

terms of scoring accuracy at all inspected ensemble sizes. Finally, the full potential of ensemble

docking was unraveled by computing the docking performance of all possible ensembles that

are composed of up to four crystal structures of renin (more than 160,000 combinations).

The resulting data makes a convincing case for the use of ensemble docking. For ensembles

consisting of four crystal structures an average improvement of more than 70% in binding pose

prediction, 11% in screening utility (as measured by the area under the curve of the receiver

operating curve (AUC ROC) metric), and 55% in scoring accuracy (as measured by R2) was

observed in comparison to the performance of individual crystal structures.

3. Optimized Inhibitors for Human Blood Group B Galactosyltransferase: Human blood

group B galactosyltransferase (GTB) catalyzes the galactosylation of the H antigen and is

responsible for the formation of the blood group antigen of phenotype B. Blood type subgroups

have been repeatedly linked to an increased occurrence of diseases. For example, individuals

with blood group phenotype B have a highly increased incidence rate for pancreatic cancer.

3-Phenyl-5-(piperazin-1-yl)-1,2,4-thiadiazole 35 has previously been described to inhibit GTB

with a Ki of 800 µM. In this work, a fragment growing approach was pursued to improve the

binding affinity of fragment 35. Enlarging the phenyl moiety of fragment 35 to a naphthyl moiety

resulted in ligand 37 that showed a threefold improvement in binding affinity (Ki = 271 µM)

as evaluated by competitive STD NMR. Substitution of the phenyl moiety of fragment 35 with

2
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OBn-substituents in 2- and 3-position (as realized in ligands 38 and 39) that were anticipated

to exploit π-π interactions with His233 and Trp300 proved not to be promising. A continuative

attempt to substitute the piperazine moiety of ligand 37 resulted in ligand 62 that showed no

measurable affinity for GTB under the given experimental conditions.
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2 Kurzfassung

Diese Doktorarbeit ist in drei Projekte gegliedert, die sich mit dem computergestützten Design

und der Synthese von Glycosyltransferase-Inhibitoren beschäftigen. Im ersten Projekt wird

aufgezeigt, wie mittels einer fragment-basierten de novo Design-Strategie neuartige Inhibitoren

der Fucosyltransferase 8 entwickelt werden können. Im zweiten Projekt wird dargelegt, wie

der Erfolg von Docking-Studien dramatisch verbessert werden kann, indem mehrere Protein-

Strukturen verwendet werden und somit Effekte der Protein-Flexibilität berücksichtigt werden.

Dies wird beispielhaft an der Aspartyl-Protease Renin illustriert. Im dritten Projekt wird

demonstriert, wie ein zuvor publizierter Fragment-Hit für die humane Galactosyltransferase B

erfolgreich optimiert werden kann und somit eine Verbesserung der Bindungsaffinität um den

Faktor drei erreicht werden konnte.

1. Entwicklung Neuer Inhibitoren der Fucosyltransferase 8: Die core Fucosylierung

von N-Glycanen wird von der Fucosyltransferase 8 katalysiert und steht im Zusam-

menhang mit verschiedenen Krebsarten wie z.B. schwarzem Hautkrebs, nichtkleinzelligen

Bronchialkarzinomen und aggressivem Prostata-Krebs. Folglich stellen Inhibitoren der

Fucosyltransferase 8 ein wertvolles Werkzeug für tiefergehende Studien zur physiologischen

Rolle der Fucosyltransferase 8 dar und besitzen weiterhin therapeutisches Potential.

Zuvor publizierte Inhibitoren der Fucosyltransferase 8 weisen für Wirkstoffe unübliche

Stoffeigenschaften auf wie z.B. eine hohe Polarität und molekulare Masse. Diese

Eigenschaften verhindern die Zellaufnahme und mindern die Nützlichkeit dieser Inhibitoren

signifikant ab. Aus diesen Gründen wurde in dieser Arbeit ein fragment-basierter Ansatz

verfolgt. Ein solcher fragment-basierter Ansatz erlaubt eine stärkere Kontrolle über die zuvor

erwähnten Stoffeigenschaften, die im Zusammenhang mit der Zellaufnahme stehen. Hierfür

wurde eine Fragmentbibliothek mit über 700.000 Fragmenten in die Donorbindungstasche der

Fucosyltransferase 8 gedockt. Zwei interessante Fragmente wurden identifiziert und in silico

zu einem Liganden verbunden. Der resultierende Ligand, der als Surrogat für den Guanin-Rest

einen zweifach mit Carboxamid-Gruppen substituierten Pyrazol-Kern präsentiert, wurde mittels

einer konvergenten Route ausgehend von leicht verfügbaren Startmaterialen synthetisiert.

Mittels STD NMR wurde für den Liganden 8 eine Bindungskonstante von 1.65 mM bestimmt.

Obwohl der Ligand nur eine schwache Affinität aufweist, stellt dies den ersten Startpunkt

für die Entwicklung zellgängiger Inhibitoren der Fucosyltransferase 8 dar. Weiterhin wird in

dieser Arbeit eine potentielle allosterische Bindungstasche der Fucosyltransferase 8 diskutiert.

Theoretische Studien legen nahe, dass die Entwicklung von hochaffinen Bindern für diese
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Bindungstasche vielversprechender ist als für die zuvor als Ziel erkorene Donorbindungstasche

der Fucosyltransferase 8. Eine MD-Simulation zeigt, dass diese potentielle Bindungstasche von

der Akkzeptorbindungstasche der Fucosyltransferase 8 zugänglich ist. Liganden, die in diese

potentielle Bindungstasche binden und sich bis in die Akkzeptorbindungstasche erstrecken,

könnten die Enzymaktivität der Fucosyltransferase 8 erfolgreich hemmen.

2. „Ensemble Docking“ von Renin: „Ensemble Docking“ ist eine einfache und dennoch

vielversprechende Methode zur Berücksichtigung der Flexibilität eines Proteins bei einem

virtuellen Screening. Hierfür werden die Liganden bei dem virtuellen Screening in

unterschiedliche Strukturen des Proteins gedockt, um Effekte der Protein-Flexibilität zu

berücksichtigen, und die Ergebnisse anschließend zusammengeführt. Zur Feststellung des

Leistungsvermögens von „Ensemble Docking“ wurde in dieser Arbeit das Protein Renin

als Testsystem ausgewählt und untersucht. Renin ist ein geeignetes Testsystem, da eine

ausreichende Anzahl von Kristallstrukturen existiert und bekannt ist, dass die Bindungstasche

von Renin eine signifikante Flexibilität aufweist. Sowohl Kristallstrukturen als auch Strukturen

aus MD-Simulationen mit einer Gesamtlänge von 500 ns wurden untersucht. Das Verfahren

zur Auswahl der unterschiedlichen Proteinstrukturen ist ein signifikanter Faktor für den

Erfolg von „Ensemble Docking“, z.B. ist es offensichtlich nicht wünschenswert mehrere

Strukturen auszuwählen, die sich sehr ähnlich sind. In dieser Arbeit wurden zwei verschiedene

Cluster-Algorithmen zur Definition der Ensembles untersucht: K -means und hierarchisches

Clustering (mit average linkage). Drei Leistungskategorien wurden untersucht: Die Vorhersage

des Bindungsmodus, die Fähigkeit in einem virtuellen Screening in der Ergebnis-Rangliste

Liganden vor Nichtliganden einzuordnen und die Vorhersage der Bindungsaffinität. Ensembles,

die mittels k -means Clustering zusammengestellt wurden, schneiden im Vergleich erfolgreicher

ab. Außerdem wurden alle möglichen Ensemble-Kombinationen, die aus maximal vier

Kristallstrukturen von Renin möglich sind, spezifiziert und ihr Leistungsfähigkeit bewertet.

Die resultierenden Daten verdeutlichen das enorme Potential von „Ensemble Docking“. Für

Ensembles, die sich aus vier Kristallstrukturen zusammensetzen, konnte im Mittelwert die

korrekte Vorhersage des Bindungsmodus um mehr als 70% verbessert werden (im Vergleich

zum Abschneiden von individuellen Kristallstrukturen). Weiterhin verbesserte sich die Ranking-

Leistungsfähigkeit in einem virtuellen Screening-Szenario um 11% (gemessen am area under

the curve of the receiver operating curve-Kennwert) und die Vorhersage der Bindungsaffinität

um 55% (gemessen an R2).
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3. Optimierung von Inhibitoren der Humanen Galactosyltransferase B: Die humane

Galactosyltransferase B (GTB) katalysiert die Galactosylierung des H-Antigens und ist somit

für die Bildung des Bluttgruppen-Phenotyps B verantwortlich. Bestimmte Untergruppen des

ABO-Bluttgruppensystem sind wiederholt mit einer erhöhten Wahrscheinlichkeit verschiedener

Krankheiten in Verbindung gebracht worden. Zum Beispiel haben Individuen des Bluttgruppen-

Phenotyps B eine deutlich erhöhte Wahrscheinlichkeit an Pankreas-Krebs zu erkranken.

3-Phenyl-5-(piperazin-1-yl)-1,2,4-thiadiazol 35 ist in einem dieser Arbeit vorhergehenden

Fragment-Screening als Inhibitor der GTB mit einem Ki von 800 µM identifiziert worden.

In dieser Arbeit wurde ein fragment growing-Ansatz verfolgt, um die Bindungsaffinität des

Fragments 35 zu optimieren. Zunächst wurde der Phenylrest von Fragment 35 zu einem

Naphthylrest vergrößert. Für den resultierenden Liganden 37 konnte mittels kompetitiver STD

NMR eine Verbesserung der Bindungsaffinität um den Faktor 3 (Ki = 271 µM) festgestellt

werden. Weiterhin wurde eine Substitution des Phenylrings von Fragment 35 mit einem

OBn-Substituenten in 2- und 3-Position untersucht. Modeling-Studien zeigten, dass der

OBn-Substituent vorteilhafte π-π-Interaktionen mit den Seitenketten von His233 und Trp300

eingehen kann. In der Praxis erwiesen sich die entsprechenden Liganden 38 und 39 jedoch

als nicht vielversprechend. Ein weiterführender Ansatz zur Substitution des Piperazin-Restes

von Ligand 37 resultierte in Ligand 62, der sich allerdings ebenfalls als nicht vielversprechend

erwies.
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3 Introduction

3.1 Drug Discovery and Development

Life expectancy has increased drastically in the last century. This has been attributed to

improved education, nutrition, life-style, and income rather than to improved medical care. [1]

Nonetheless, a statistical estimate for the period 1982-2001 concludes that life expectancy has

increased one week per year due to the launch of new drugs and that the associated price was

6750 US$ per capita. [1] In a rapidly aging society, the significance of aging-associated diseases

such as cancer and Alzheimer’s disease is increasing. However, the pharmaceutical industry is

struggling to find responses to these age-associated diseases. For example, for Alzheimer’s

disease many efforts towards a cure have been made (e.g. bapineuzumab, solanezumab,

verubecestat, intepirdine, PBT2) yet they all failed in clinical trials so far. These failures are

apparent symptoms of an industry that is struggling with a constant decline of research and

development efficiency. [2] Since 1950, the number of new drugs approved per billion US$ (in

inflation adjusted terms) spent on research and development has halved roughly every nine

years. [2] An estimate from the year 2010 concludes that launching a new drug to the market

takes on average more than 10 years and costs more than 1.7 billion US$ (including the cost of

capital). [3] This makes pharmaceutical industry the most research intensive industry. [3] In parts,

pharmaceutical industry has become unsustainable and therefore the call for „new paradigms“

is frequent. [4]

Drug discovery remained a serendipitous process for a long period of the 20th century.

Advances in the field of genomics enabled the rapid identification of new targets and allowed

for their recombinant expression. [5] The implementation of high-throughput screenings (HTS)

allowed large substance libraries to be assayed at affordable pricing. [6] Combinatorial chemistry

increased the number of new chemical entities that are accessible on a relevant time scale by a

multitude. [2] Qualitative structure-activity relationship-models (QSAR) tried to span a theoretical

framework for drug discovery, but their predictive power remained elusive. [7] Advances in X-

ray crystallography allowed for structure-based drug design. Fragment-based drug discovery

emerged as a new strategy to sample the vast chemical space more efficiently and was enabled

by new biophysical screening methods like STD NMR and SPR. [8,9] Nowadays, computational

methods are frequently employed in drug discovery. Docking enables in silico high-throughput

screening, however there is still skepticism regarding its usefulness. [10] More rigorous methods,

like free energy perturbation, allow for an accurate description of binding energies, but at

7



Introduction

present their computational cost is too expensive. [11]

3.1.1 Fragment-Based Drug Discovery

The drug-like chemical space has been estimated to be about 1060 molecules. [12] With the

advent of HTS, quite large compound libraries have been assembled. Yet, these libraries cover

only a fingertip of the drug-like chemical space and their maintenance is costly. For molecules

of smaller molecular weight, the vastness of chemical space lessens significantly: Chemical

space for molecules of less than 160 Da has been estimated to consist of only 14 million

compounds. [13] This still represents a large number, however at this size, screening a relevant

part of the chemical space becomes actually feasible. Additionally, it has been postulated that

less complex molecules should exhibit higher hit rates. [14] These ideas provide the foundation

for fragment-based drug discovery (FBDD). In analogy to Lipinski’s rule of five, a rule of three

has been proposed for fragments. The rule states that fragments should have a molecular

weight of less than 300 Da, no more than three hydrogen bond donors or acceptors, and clogP

values of less than three. [15] In comparison to HTS hits, fragments are typically low-affinity

binders (range ~0.1-10 mM) and therefore require sensitive screening methods like STD NMR

and SPR. They typically form only few but highly efficient interactions within the binding pocket

(see Fig. 1). [9] This efficency has been expressed in diverse „ligand efficiency“ metrics even

though harsh criticism on these metrics has arisen. [16] On the contrary, HTS hits form many but

suboptimal interactions within the binding pocket (see Fig. 1). [9] As a result, HTS hits frequently

do not represent good starting points for further ligand optimization. Their affinity is prevalently

entropy-driven and therefore more difficult to optimize than those of fragments that prevalently

exhibit an enthalpy-driven binding affinity. [17,18]
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Fig. 1: Left: Fragments constitute low-affinity binders and form only few yet highly efficient interactions.
Right: HTS hits form many but suboptimal interactions. [9]

Fragment elaboration terms the transformation of a fragment into a drug candidate. This

phase involves several cycles in which fragments are synthetically modified based on the

analysis of their binding mode. The resulting change in binding affinity is evaluated and the

cycle subsequently reiterated. [9] There are three strategies for fragment elaboration: Fragment

linking, merging, and growing (see Fig. 2). For fragment linking, two fragments that bind to non-

overlapping binding sites are joined into a single molecule. Fragment linking is an appealing

strategy: The binding energy of the ligand obtained by ideal linking of two fragments can

be higher than the sum of the individual binding energies of the the two fragments. This

phenomenon has been coined „superadditivity“ [19] and is a result of the loss of rigid body

translational and rotational entropy upon ligand binding which is largely independent of the

ligands molecular weight. [9,20] However, superadditivity is seldomly achieved because perfect

linking of fragments is notoriously difficult to realize. [21] The fragment linking strategy also lacks

general applicability because within the binding site fragments frequently rather bind to „hot

spots“ than to distinct subpockets. For fragment merging, structural proportions of fragments

that occupy overlapping binding sites are incorporated into a single ligand. For fragment

growing, a single fragment serves as a starting point and new chemical functionalities are

added subsequently.

9
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Fig. 2: Strategies for fragment elaboration. Upper panel: Two fragments that bind to non-overlapping
binding sites of lactate dehydrogenase A are joined into a single ligand. [22] Middle panel: Structural
proportions of two fragments that bind to overlapping binding sites of Mycobacterium tuberculosis EthR
are merged into a single ligand. [23] Lower panel: A fragment that binds to interleukin-1 receptor is grown
by the addition of new structural proportions. [24] All binding sites are displayed in an inverted surface
mode.

3.1.2 Computer-Aided Drug Design

X-ray crystallography has largely fulfilled the increased need of three-dimensional structural

information for structure-based drug design. On this basis, computational methods raise the

prospect of predicting the binding affinity of a ligand even before it has ever been synthesized.

This capability would streamline the drug discovery process in a unprecedented manner.

10
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Docking is a computational method that predicts the orientation and conformation of a ligand

within a binding site (pose prediction) and the associated binding affinity (scoring). [25] A search

algorithm is employed for the pose prediction. There are two main categories of search

algorithms in docking: Systematic and stochastic algorithms. [26,27] Systematic algorithms

can be subdivided into conformational search, fragmentation, and database methods. [27]

Conformational search methods sample possible alterations of the ligand by a fixed increment.

This represents an exhaustive approach with limited applicability because of its computational

expenses. [27] Examples of fragmentation methods are anchor-and-grow and incremental

construction algorithms. [26] Anchor-and-grow algorithms portion the ligand into fragments,

then dock each of these fragments, and finally relink the fragments to recreate the original

ligand. [27] Incremental construction algorithms identify a rigid fragment of the ligand, dock

this fragment, and subsequently add the remaining flexible proportions. [27] Database methods

employ libraries of pregenerated ligand conformations. [27] Stochastic methods apply random

changes to the ligand which are then either accepted or rejected on the basis of a predefined

criterion. [27] Examples of stochastic algorithms are Monte Carlo methods, genetic algorithms,

and tabu search methods. [27]

Docking

Incremental Approach

Search Algorithm

Systematic Methods

Stochastic Methods

Conformational Search

Fragmentation Methods

Database Methods

Monte Carlo

Genetic Algorithms

Tabu Search

Anchor-and-Grow

Scoring

Force Field

Empirical

Knowledge-based

Fig. 3: Search algorithms are employed to predict the pose of a ligand within a binding site. The
associated binding affinity is predicted by a scoring function. The schematized tree diagram categorizes
different approaches for search algorithms and scoring functions (cf. text).

Scoring functions predict the binding affinity of a ligand binding to a protein. However, they

are oversimplifying their task as there is an inherent inverse relationship between the accuracy

of a scoring function and its computational speed. [28] For example, scoring functions assume

that the binding energy can be approximated by a linear combination of pairwise terms, however
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many forces involved are non-additive. [26] There are three main categories of scoring functions:

Force field-based, knowledge-based, and empirical scoring functions. [29] For force field-based

scoring functions, the individual sum terms are calculated on the basis of interatomic potentials

described in a force field. [29] Empirical scoring functions decompose the binding energy into

individual energy terms as well, for example they typically include terms that reward hydrogen

bonds or penalize frozen rotatable bonds. [28] However, the coefficients of these terms are

derived by regression performed on binding affinity data contained in a training set of protein-

ligand complexes with known three-dimensional structures [29] Empirical scoring functions are

prone to failure if they are challenged to evaluate binding interactions that are significantly

different to those displayed in the training set. [26] For knowledge-based scoring functions, the

distance-dependent potential of atom pairs present in experimentally determined protein-ligand

complexes is derived by inverse Boltzmann analysis. [28,29] The binding energy is estimated

as the sum of these potentials. [28] Therefore, in contrast to force-field based and empirical

scoring function, knowledge-based scoring functions are constructed without consideration

of experimentally binding affinity data and solely rely on the statistical analysis of structural

information. [28]

3.2 Glycosylation

Glycosylation is a frequent post-translational modification of proteins. [30] Its biological function

can be manifold: Glycans have been shown to increase the solubility of proteins, to assist

their folding, and to protect them against proteolytic cleavage. [31] Furthermore, glycans and

their glycan-specific receptors play a crucial role in many cell-cell recognition and signaling

events. [31] Therefore unsurprisingly, aberrant glycosylation patterns have been linked to a

manifold of diseases including cancer. [31,32]

The majority of glycans is bound to proteins by either N- or O-glycosidic linkage. N-glycans

are linked to asparagines located in the consensus sequence asparagine-X-serine/threonine

(X 6= Prolin). [33] All N-glycans feature the same pentasaccharide core shown in Fig. 4 (Manα1-

6(Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAcβ1). [33] In contrast, for O-glycans neither a specific

consensus sequence nor a uniform core structure is known. [33] Mucine-type O-glycosylation

that features a α-linked N-acetylgalactosamine bound to a serine or threonine can be found

most frequently. Eight different core structures are known for mucine-type O-glycosylation (see

Fig. 4). [33] Even though no consensus sequence is known for the mucine-type O-glycosylation,

12



Introduction

the substrate specificity of several polypeptide N-acetylgalactosamintransferases has been

explored. [34]

Fig. 4: Left: All N-glycans share the same pentasaccharide core structure. Right: Mucine-type O-
glycosylation is significantly more diverse: Eight diffferent core structures are known.
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4 General Objective

Inhibitors of glycosyltransferases are efficient tools to study the physiological role of

glycosylation. Given the fact that aberrant glycosylation patterns have been linked to a manifold

of diseases, these inhibitors might demonstrate therapeutic potential as well. Unfortunately,

most previous studies on glycosyltransferase inhibitors have focused on analogues of either

donor or acceptor substrate. These substrate analogues have limited potential because they

typically feature non drug-like properties, e.g. a high polarity, that diminish their cell viability.

The aim of this project was to find new strategies for the development of glycosyltransferase

inhibitors with drug-like properties. In this context, two drug discovery strategies, namely

fragment-based and computer-aided drug discovery, were identified as beneficial and were

scheduled to find application in this thesis. Fragment-based strategies allow for a tight control

over molecular properties and therefore allow to overcome the problems that are associated

with glycosyltransferase inhibitors that are close substrate analogues (e.g. a high polarity).

Computer-aided strategies allow to sample the vastness of chemical space efficiently and

raise the prospect of streamlining the drug discovery process in a unprecedented manner.

To demonstrate the effectiveness of these strategies for the design of glycosyltransferase

inhibitors, the goal was to synthesize the designed inhibitors and assess their inhibitory

potential by biophysical methods such as STD NMR.
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5 Results and Discussion

5.1 Development of New Inhibitors of Fucosyltransferase 8

Parts of this chapter have been submitted for publication: C. Strecker, M. Baerenfaenger, M.

Miehe, E. Spillner, B. Meyer, In silico evaluation of the binding site of fucosyltransferase 8

and first attempts of synthesizing an inhibitor with drug-like properties, ChemBioChem 2019,

submitted.

5.1.1 Introduction

Fucosyltransferases catalyze the transfer of L-Fucose from the donor substrate GDP-Fucose

to an acceptor substrate. [35] So far, 13 human fucosyltransferases are known. [36] POFUT1 and

POFUT2 catalyze the transfer of L-Fucose to serine or threonine residues on proteins. [35] The

other fucosyltransferases transfer L-Fucose to an acceptor glycan. Even though they show

distinct substrate preferences as schematized in Fig. 5, a certain degree of redundancy exists.

For example, FUT1 and FUT2 both yield α1,2-linked fucose and both are able to act on O- as

well as on N-glycans. [35] In contrast, fucosyltransferase 8 (FUT8) is the only fucosyltransferase

that aids the construction of α1,6-linked fucose and that acts exclusively on N-glycans. [35]

FUT8 transfers fucose to the innermost N-acetylglucosamine of N-glycans, resulting in core

fucosylation.

n n

O-Glycan N-Glycan

Fucosyltransferase

α1,2 FUT1
FUT2

FUT7
FUT9

FUT3
FUT4
FUT6

FUT5
FUT9

FUT8

α1,2

α1,3/4 α1,3/4

α1,3/4 α1,3/4

α1,3/4 α1,3/4

α1,6
Ser/Thr

Asn

Fig. 5: Preferential fucosylation sites of FUT1-9. [35]
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Core fucosylation has been implicated to play a role in various types of cancer. For example

upregulation of FUT8 is a driver of melanoma metastasis, [37] associated with an unfavourable

clinical outcome in patients with non-small cell lung cancer, [38] and with aggressive prostate

cancer. [39] Furthermore, for therapeutic antibodies it has been shown that depletion of core

fucosylation results in a 50-100 fold increase of Fcγ-mediated cytotoxicity. [40] The important

physiological role of FUT8 is underlined by the fact that 70% of FUT8-deficient knock-out mice

die within three days after birth. [41] Inhibitors of FUT8 would therefore constitute an efficient tool

for more detailed studies on the physiological role of FUT8 and might demonstrate therapeutic

potential as well.

Therefore, FUT8 constitutes an attractive target for the development of novel therapeutic

drugs. However, glycosyltransferases have proven to be difficult targets. Because the

phosphate group(s) of the donor substrate account for a major portion of the binding affinity

many studies have focused on modified pyrophosphate derivatives. [42] Similarly, acceptor-

substrate analogues have attracted significant attention because they offer specificity for

glycosyltransferases that resort on identical donor substrates. [42] However, close substrate

analogues have limited potential due to their typically non drug-like properties such as their high

polarity and limited chemical stability. [42] In special, this focus on substrate analogues has held

back the development of fucosyltransferase inhibitors suitable for in vivo studies as reviewed

by Tu et al. [43] For FUT8, so far three publications have reported inhibitors. [44–46] Manabe et

al. [44] and Hosoguchi et al. [45] reported analogues of GDP-Fucose that inhibit FUT8. Their

most potent inhibitors, 1 and 2 (as shown in Fig. 6), exhibit affinities in the lower µM range.

However, the corresponding clogP values of less than -1.5 indicate that bioavailbility is not be

expected. Kamińska et al. reported a set of triazine dyes that inhibit FUT8. [46] Their most potent

inhibitor reactive red 120 3 carries six ionic sulfonates that will prevent membrane permeability.

Also, the molecular mass of more than 1.3 kDa grossly violates Lipinski’s rule. Furthermore,

even though the reported Ki of 2 µM for ligand 3 sounds promising on first sight, the concept

of ligand efficiency (LE = ∆G/no. of heavy atoms) [47] demasks ligand 3 to be a very inefficient

binder with a ligand efficiency of only 0.09.
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Reactive Red 120
Ki = 2 µM

clogP = -0.043

N N
N

O

HO
HO

OH
O P O

O

O
P
O

O
O

NH

NN

N

O

O

OHOH

NH2

Ki = 13.8 µM
clogP = -1.813

O

NO

HO
HO

OH
O

S
O O

NH

NN

N

O

NH2

inhibition at 100 µM = 57%
clogP = -1.634

NHHN

N
N

N N

N
N

ClCl

NHHN

SO3

OH

O3S

N
N

SO3

HO N
N

SO3

O3S

O3S

1

2 3

Fig. 6: Structures of the most potent FUT8 inhibitors reported so far. [44–46] All three inhibitors show traits
that significantly impair their bioavailability (e.g. clogP values of less than -1.5 for 1 and 2).

5.1.2 Objective

The aim of this project was to generate new inhibitors of FUT8. As pointed out in the previous

section, existing inhibitors of FUT8 suffer from non drug-like properties such as their high

polarity. Therefore, a fragment-based strategy was embraced that allows for more control over

molecular properties so that these non drug-like properties can be avoided. In the absence of

a suited fragment library, it was resorted to computer-aided tools to create ligands by de novo

design.

5.1.3 Fragment-Based De Novo Design of Inhibitors of Fucosyltransferase 8

A high-resolution crystal structure of human FUT8 exists (PDB: 2DE0). [48] Unfortunately, this is

an apo crystal structure that is not suitable to start the design process because a key catalytic

residue (Arg365) is collapsed into the donor binding site in this structure. However, a model of

the FUT8-GDP-Fucose complex has been developed previously in our group on the basis of this

crystal structure. [49] This model was recreated and subsequently refined by a MD simulation

with a length of 1.5 ns. The final frame (as shown in Fig. 7) of this MD served as starting

point for the subsequent docking studies. The efforts presented here concentrate on the donor

binding site because the acceptor site of FUT8 is very shallow and solvent exposed and thus

can be considered undruggable.
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Fig. 7: Binding mode of GDP-Fucose. Hydrogen bonds are shown in yellow. Three amino acid residues
are hypothesized to be of central significance for donor substrate binding: Asp453, His363, and Arg365
(shown as magenta sticks).

It was hypothesized that a potential ligand of the donor binding site should exhibit hydrogen

bonding to three key amino acid residues: Asp453, His363, and Arg365 (displayed as magenta

sticks in Fig. 7). Two separate docking campaigns were performed against the donor binding

site of FUT8 employing a library of 700,000 fragments obtained from the ZINC12 database. [50]

For this, two rather small grid boxes were used to ensure hits that cover the entire binding

site. The grid box used in the first docking campaign was centered around the midpoint of the

guanine moiety, the second centered on the β-phosphate (see Fig. 8).

Fig. 8: Grid boxes used for the two described docking campaigns. The first grid box (in blue) is centered
on the midpoint of the guanine moiety, the second (in green) centered on the β-phosphate.

In the first docking campaign, 1H-pyrazole-3,5-dicarboxamide 4 (ZINC95830521) was identified

as an interesting hit ranked second place in the docking hit list (see panel A in Fig. 9 for a

binding pose, Tab. 1 for a short summary of docking results). The NH of the pyrazole moiety

and a NH of the primary carboxamide function form pincer-like hydrogen bonding to Asp453.
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The carbonyl oxygen of the second carboxamide function is able to form a hydrogen bond to

His363. In the second docking campaign, a large number of carboxylic acids hydrogen bonding

to Arg365 was identified with high docking scores. In particular, 3,5-dihydroxyhydrocinnamic

acid 5 (ZINC6091356) that was ranked 42nd place in the docking hit list stood out due to its

structural simplicity. One of the phenolic OH functions of this fragment was removed to yield

3-(3-hydroxyphenyl)propionic acid 6 (ZINC156346, see panel B in Fig. 9 for a binding pose).

Both fragments, 4 and 6, were linked in silico to yield ligand 7 (see panel C in Fig. 9 for a

binding pose). This ligand showed an improved calculated binding energy compared GDP-

Fucose in MM-GBSA calculations (see Tab. 1 for calculated binding energies). It was decided

to remove the phenolic OH function of ligand 7 to reduce the synthetic effort. The resulting

ligand 8 (see panel D in Fig. 9 for a binding pose) still showed an improved calculated binding

energy compared to GDP-Fucose (see Tab. 1). Importantly, ligand 8 exhibited stable hydrogen

bonding to the three previously defined key amino acid residues (Asp453, His363, and Arg365)

during a MD simulation of a length of 1.5 ns.

Tab. 1: Docking scores (from GlideScore SP5.0) and calculated binding energies (from Prime MM-
GBSA) for the donor substrate GDP-Fucose, the docked fragments, and ligands after in silico linking.
For structures, see Fig. 9 on the next page.

Ligand
Docking

Score

calc. ∆G

[kcal·mol-1]

GDP-Fuc n.d. -48.5

4 -6.116 -27.7

6 -6.413 -33.4

7 -9.182 -60.3

8 -8.363 -53.8
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4 6

7

8

Fig. 9: Docking a fragment library into the donor site of FUT8 yielded two fragments, 4 and 6 (panel A
and B), that were subsequently linked in silico to yield ligand 7 (panel C). After exemption of the phenolic
OH function, ligand 8 (panel D) was obtained.

After the design of ligand 8, it was realized that the ligand design process is significantly

dependent on the input protein structure of FUT8. For the design of ligand 8, the final frame

of a MD simulation was used. This can be categorized as a rather arbitrary decision (and

the discontent over this resulted in the exploration of ensemble docking as described in

Chapter 5.2). By that time, it was observed that fragment 1H-pyrazole-3,5-dicarboxamide 4

can be successfully docked into many of the MD-derived structures of FUT8. In contrast, the

region within the donor binding site that is responsible for binding of the ribose diphosphosphate

moiety of GDP-Fucose seems to exhibit significantly more plasticity. As a result, fragment 3,5-
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dihydroxyhydrocinnamic acid 5 can only occasionally be docked into the MD-derived structures

of FUT8. To increase the chances of success, it was therefore decided to take a second

approach. For this, fragment 4 served as a core structure as it was found to be a reasonable

choice (see above). Furthermore, this choice offers synergism because the corresponding

building block had to be synthesized for ligand 8 as well. However, the newly designed ligands

should feature distinct chemotypes at the site responsible for binding of the ribose diphosphate

moiety. For this, all amines from the previously used „FragsNow“ library were extracted and

attached to the fragment 4 by employing CombiGlide, resulting in a library of approximately

50,000 ligands. These ligands were then docked into a MD-derived structure of FUT8 that is

distinct from the structure that was used for design of ligand 8 (structure was chosen randomly).

Ligand 9 was identified as an interesting hit (see Fig. 10) that showed a favorable calculated

binding energy of -49.4 kcal·mol-1 in MM-GBSA calculations (see Tab. 1 for a comparison).

9

Fig. 10: Docked binding pose of ligand 9.

5.1.4 Synthesis

For the synthesis of ligand 8, a convergent route in that building blocks 10 and 11 are coupled

by amide linkage was envisioned (see Fig. 11). The ester function is subsequently deprotected.

NHN
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O

NH2

O
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NHN
O
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H2N

8
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11

Fig. 11: Retrosynthesis of ligand 8.
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For the synthesis of building block 10, protocols similar to those described by Skinner et al. [51]

were used to access the intermediate product 12. Acetone and diethyl oxalate were reacted

in a mixed Claisen condensation to yield the 1,3-diketone 13 which was then converted to

the pyrazole 14 without prior purification by the action of hydrazine. The ester function of 14

was ammonolysed to the primary amide 12 but in contrast to Skinner et al. [51], who employed

dry ammonia for this, a protocol by Jagdmann et al. [52] was employed in that ammonia is

released by refluxing formamide in the presence of sodium methanoate. Finally, the aromatic

methyl group of 12 was oxidized to give the carboxylic acid 10 by the action of potassium

permanganate.

O O

EtO
O

OEt+

O O

O

OEt

NHN
O

OEt

44%

NHN
O

NH2

72%

NHN
O

OH

O

NH2

a) b)

c)

d)

16%
(two steps)15 16 13 14

1210

Fig. 12: Synthesis of building block 10. Reaction conditions: a) 1.2 eq. NaOEt, EtOH, 15 min, 20 °C; b)
1.5 eq. N2H4·HCl, EtOH, 4 h, 78 °C; c) 4.0 eq. NaOMe, 6.0 eq. formamide, tetrahydrofuran, 5 h, 65 °C;
d) 3.0 eq. KMnO4, H2O, 3 h, 95 °C.

Building block 11 became commercially available during the period of this PhD thesis. For this

work, 11 was synthesized starting from isophthalaldehyde 17. First, 17 was desymmetrized by

a Knoevenagel condensation to yield 18 (as previously described by Hansen et al.). [53] The

remaining aldehyde function of 18 was converted to oxime 19 by the action of hydroxylamine.

The oxime 19 was subsequently dehydrated to nitrile 20 with cyanuric chloride in accordance

to a protocol of De Luca et al. [54] Both 19 and 20 were converted without thorough purification

because they showed similar elution behavior as 18. After conversion of the carboxy function

into the methyl ester 21 with methyl iodide, a significant change in retention factor occurred

and the ester could be purified by column chromatography. Finally, both the nitrile and alkene

function were reduced by palladium-catalyzed hydrogenation to yield the amine building block

11. Hydrogenation was performed in slightly acidic medium to prevent secondary/tertiary amine

formation. [55] In aqueous media reductive hydrolysis of the intermediate imine is possible. [55]
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Fig. 13: Synthesis of building block 11. Reaction conditions: a) 1.5 eq. malonic acid, 0.1 eq. piperidine,
pyridine, 3 h, 100 °C; b) 3.0 eq. NH2OH·HCl, 3.0 eq. NEt3, MeCN, 2 h, 20 °C; c) 2.0 eq. cyanuric chloride,
DMF, 5 h, 20 °C; d) 1.2 eq. MeI, 1.2 eq. CsCO3, DMF, 18 h, 20 °C; e) H2 (30 bar), Pd/C, dil. HCl in MeOH,
3 h, 20 h.

Both building blocks, 10 and 11, were subsequently linked via amide coupling using

propylphosphonic anhydride as coupling reagent yielding 22. Finally, the ester function of 22

was hydrolyzed by the action of potassium hydroxide to yield ligand 8.
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Fig. 14: Synthesis of ligand 8. Reaction conditions: a) 2.0 eq. propylphosphonic anhydride, 2.0 eq.
DIPEA, DMF, 24 h, 20 °C b) 3.0 eq. KOH, H2O/MeOH 1:4, 24 h, 20 °C.

For the synthesis of ligand 9, a convergent route in that building blocks 10 and 23 are coupled

by amide linkage was envisioned (see Fig. 15). Synthesis of building block 10 has already been

described in the previous paragraphs.
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Fig. 15: Retrosynthesis of ligand 9.

Synthesis of 9 was started from 1-boc-piperazine 24. Reaction of 1-boc-piperazine 24 with

ethyl succinyl chloride resulted in compound 25. Subsequently, the Boc-group of compound 25

was cleaved off to yield the free amine 23. Both building blocks, 10 and 23, were subsequently

linked via amide coupling using propylphosphonic anhydride as coupling reagent yielding 26.

Finally, the ester function of 26 was hydrolyzed by the action of potassium hydroxide to yield

ligand 9.
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Fig. 16: Synthesis of ligand 9. Reaction conditions: a) 1.15 eq. ethyl succinyl chloride, 1.2 eq. DIPEA,
MeCN, 2 h, 0 to 20 °C; b) HCl, EtOH, 2 h, 20 °C; c) 0.66 eq. 3-carbamoyl-1H-pyrazole-5-carboxylic
acid 10, 2.0 eq. DIPEA, 2.0 eq. propylphosphonic anhydride, DMF, 1 h, 20 °C; d) 4 eq. KOH, MeOH/H2O
1:1, 24 h, 20 °C.

Despite repeated attempts to purify ligand 9 by RP-HPLC, NMR spectroscopy still revealed

impurities. After several attempts, it was realized that even though the impurity can be separated

by RP-HPLC it is regenerated by the decomposition of ligand 9 into compound 27 and succinic

acid 28 (see Fig. 17). Decomposition of ligand 9 was monitored by 1H-NMR spectroscopy (see
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Fig. 17). In particular, the formation of a singlet at∼2.58 ppm indicates the formation of succinic

acid. After one week, more than 70% of ligand 9 had decomposed. Because of its instability,

research on ligand 9 was abandoned.

9 27 28

Fig. 17: Ligand 9 is hydrolyzed by water into compound 27 and succinic acid 28. The decomposition of
ligand 9 was monitored via 1H-NMR in unbuffered D2O over a period of 5 weeks. Directly after HPLC
purification of ligand 9 already ∼5% of decomposition products can be observed. After one week ∼70%
of ligand 9 is decomposed and after 5 weeks decomposition is nearly quantitative.

5.1.5 Activity Assay

In order to assess the activity of recombinantly expressed FUT8, the FUT8-catalyzed

fucosylation of 1-β-N-acetylchitotriose 29 (see panel A of Fig. 18) was monitored via 1H-NMR

spectroscopy over a course of 3.5 h. Noticeable, the fucosylation of 1-β-N-acetylchitotriose 29

resulting in fucosylated 1-β-N-acetylchitotriose 30 and the enzymatic cleavage of GDP-Fucose

resulting in the release of fucose can be monitored simultaneously. The progress of the reaction

is visualized in panel B of Fig. 18. From this period, initial rate constants were derived and are
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summarized in Tab. 2. Fucosylated 1-β-N-acetylchitotriose 30 was produced with an apparent

initial rate constant of 0.010 s-1. This is in agreement with results of Ihara et al. who found a 5%

activity for the core-fucosylation of chitotriose compared to the heptassacharide N-glycan. [56]

29

30

Fig. 18: Panel A: FUT8 catalyzes the fucosylation of 1-β-N-acetylchitotriose 29 resulting in fucosylated
1-β-N-acetylchitotriose 30. Panel B: Reaction progress as monitored via 1H-NMR spectroscopy at 310 K.

Tab. 2: Initial rate constants of the FUT8-catalyzed fucosylation of 1-β-N-acetylchitotriose 29 as
monitored via 1H-NMR spectroscopy at 310 K.

- GDP-Fuc GDP Chitotriose
Fuc-

Chitotriose
Fucose

kini [s-1] -0.026 0.032 -0.011 0.010 0.019

5.1.6 STD NMR

Finally, the dissociation constant for ligand 8 was evaluated. STD NMR revealed a Kd of

1.65 ± 0.97 mM (evaluating H-4’/H-6’ (phenyl ring), see Fig. 19). A STD NMR spectrum

acquired from a sample without added enzyme revealed no STD artifacts. Evaluation of the

signal for the H-2’ (phenyl ring) and H-4” (pyrazole) yielded a higher Kd of 4.47 and 7.72 mM

respectively. The signals of H-2 and H-3 (right next to the carboxy function) showed no STD

effect. This is in accordance with the proposed binding mode in that all of the latter protons

should be more solvent exposed than H-6’. Unfortunately, H-5’ (phenyl ring) could not be

evaluated because its signal is subsided by an impurity originating from the protein solution

(imidazole). Similarly, the benzyl protons could not be evaluated as they are strongly affected

by water suppression. Overall, the determined Kd is significantly higher than anticipated from

MM-GBSA calculations (see subsection 5.1.3).
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8

Fig. 19: Determination of the dissociation constant of ligand 8 via STD NMR. The STD amplification
factor of H-4’/H-6’ (phenyl ring) is plotted against the concentration of ligand 8. As a result, by employing
a one-site binding model the Kd of ligand 8 was determined to be 1.65 ± 0.97 mM.

5.1.7 Identification of a New Putatitive Binding Site of Fucosyltransferase 8

The analysis of an additional MD simulation of a length of 20 ns of the complex of FUT8

with GDP-Fucose showed evidence of a putative allosteric binding site that will be discussed

in the following. Panel A of Fig. 20 displays a matrix of pairwise RMSD values (for all

backbone atoms) of structures taken from this MD simulation. The RMSD matrix shows a

significant conformational change occurring after approximately 14.4 ns. Next, the origin of this

conformational change was analyzed. For this, for all investigated structures the RMSD (of the

Cα-atom) of each residue was calculated in reference to the initial frame of this MD simulation.

The resulting data is plotted in panel B of Fig. 20. The plot reveals that the conformational

change is caused by residues of the SH3 domain of FUT8 (colored in magenta in panel B of

Fig. 20). The SH3 domain of FUT8 is located at the C-terminus. [48] SH3 domains are known to

play a role in protein-protein interactions e.g. in signal-transduction networks. [57] However, for

the SH3 domain of FUT8 no such function has been described so far. [48] Yet, the SH3 of FUT8

is responsible for the accommodation of the 6-branch of the acceptor N-glycan. [58] It has been

noted previously that FUT8 is significantly more tolerant to modifications of the 6-branch of the

acceptor N-glycan than to modifications of the 3-branch. [59] The significant flexibility of the SH3

domain observed in this MD simulations can explain this acceptor specificity well. Even more

interestingly, the observed movement of the SH3 domain of FUT8 opens a channel (see panel

C of Fig. 20) that connects to a putative binding site (cf. Fig. 21 and the appendant paragraph).
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Fig. 20: A MD simulation of FUT8 with a length of 20 ns was performed. A) A RMSD matrix (for all
backbone atoms) of this MD simulation reveals a significant conformational change occurring after
∼14.4 ns. Multidimensional scaling (a form of dimensionality reduction) of this RMSD matrix highlights
the conformational change in an easily comprehensible fashion. [60] B) RMSD of the Cα-atom of each
residue (as referenced to the initial frame of the MD simulation) plotted against the simulation time.
The plot reveals that the conformational change is caused by residues of the SH3 domain (colored in
magenta). C) Two structures illustrate the previous findings: A significant snap back of the SH3 domain
occurs after ∼14.4 ns. Interestingly, this opens a channel (colored in cyan) that connects to a putative
allosteric binding site (cf. Fig. 21 and the next paragraph).
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The druggability of this putative binding site was studied in silico. For this FTMap, an application

for the identification of binding „hot spots“, was used. Prior work e.g. from Ringe et al., who

crystallized proteins in the presence of organic solvent molecules to investigate binding „hot

spots“, laid the experimental foundation for in silico tools such as FTMap. [61] FTMap places

small molecular probes (such as acetamide, ethanol and urea) with varying functionality and

size onto the surface of the investigated protein and finds likely binding sites for these probes

by the use of energy functions. [62] The MD-derived structure shown on the right side of panel

C in Fig. 20 was taken to FTMap. Interestingly, on the back side (viewing from the acceptor

site) of the channel (that opens in the described MD simulation) four binding „hot spots“ were

identified by FTMap (as shown in Fig. 21). These four „hot spots“ accommodate a total of 45

probe molecules. In comparison, for the donor binding site of FUT8 (of the same MD-derived

structure) FTMap identified four „hot spots“ as well. However, these accommodate only a total

of 23 probe molecules. This indicates that this putative binding site might be more easy to target

than the donor binding site of FUT8. A ligand binding to this putative binding site and extending

into the channel towards the acceptor binding site might lock this conformation of the acceptor

site and therefore alter the acceptor preferences of FUT8. For a ligand that extends even further

from the channel into the acceptor binding site, disruption of the enzymatic activity of FUT8 is

conceivable. Additionally, ligands of this putative binding site might offer specificity: Ligands that

target the donor binding site of FUT8 will likely also inhibit other fucosyltransferases as all of

them use GDP-Fucose as a donor substrate. The presented hypothesis was not experimentally

verified in this thesis due to lack of time.

Fig. 21: FTMap identifies four binding „hot spots“ on the back side (viewing from the acceptor site) of
the channel (colored in cyan) that opens in the MD simulation. The MD-derived structure shown on the
right side of panel C in Fig. 20 was used. This new putative binding site might be more easy to target
than the donor binding site of FUT8 and might offer specificity over other fucosyltransferases.
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5.1.8 Conclusion

In this chapter, approaches towards the fragment-based de novo design of inhibitors of FUT8

were presented. Fragment-based approaches allow for a tight control over molecular properties.

As a result, this allows to circumvent non drug-like properties of ligands that have been evident

in previous works on inhibitors of FUT8. Starting from a docking regimen of over 700,000

fragments, two interesting fragments were identified and subsequently linked in silico. The

resulting ligand 8 was synthesized and the corresponding dissociation constant was evaluated

to Kd = 1.65 ± 0.97 mM via STD NMR. In future work, binding of ligand 8 to FUT8 should be

analyzed by orthogonal binding assays for two reasons: First, the true Kd of ligand 8 might be

lower than experimentally determined as the ligands most tightly binding atoms (as predicted

from the docking pose shown in Fig. 9), e.g. the pyrazole NH, cannot be evaluated via STD

NMR. Secondly, at this point it remains elusive if ligand 8 binds competitively to the donor

site as anticipated. Even though it was certainly hoped for a more affine ligand, ligand 8 can

be used as starting point for the development of inhibitors of FUT8 with drug-like properties.

Taking the concept of ligand efficiency (LE = -∆G/no. of heavy atoms) into consideration, [47]

ligand 8 features a ligand efficiency of LE = 0.17. In comparison, the most potent inhibitor of

FUT8 known to date, reactive red 120 3 with a Ki of 2 µM, [46] exhibits only a ligand efficiency

of LE = 0.09 (due to its high molecular weight of > 1.3 kDa). Surely, an efficient binder should

exhibit a LE > 0.3 but it should be noted that potent inhibitors have emerged from low-affinity

starting points more than once before. For example, Chessari et al. reported the development

of nanomolar inhibitors of cIAP1 starting from a fragment with an IC50 > 5 mM and a ligand

efficiency of LE < 0.21. [63] A second ligand, ligand 9, was synthesized but its binding to FUT8

could not be analyzed due to the ligands surprising decomposition in aqueous media. A take-

home message for future success in a computer-aided ligand design process as presented in

this chapter is to put a stronger emphasis on synthetic accessibility. Synthesis of ligand 8 and

9 proved to be somewhat lengthy. Drug discovery is a game of attrition and spreading the risk

on a higher number of ligands is certainly recommendable.

Furthermore, hints of an allosteric binding site of FUT8 were presented in this chapter. A MD

simulation revealed a significant conformational flexibility of the SH3 domain of FUT8 that is

known to be responsible for the accommodation of the 6-branch of the acceptor N-glycan. In

this MD simulation, movement of the SH3 domain opened up a channel leading towards a

putative binding site. An in silico assessment indicates that this putative binding site might be

more easy to target than the donor binding site of FUT8. For ligands that bind to this putative
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binding site and extend through the channel into the acceptor site, disruption of the enzymatic

activity of FUT8 might be feasible. This very interesting hypothesis certainly calls for future

experimental validation.
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5.2 Ensemble Docking of Renin

Parts of this chapter have been published previously: C. Strecker, B. Meyer, Plasticity of the

Binding Site of Renin: Optimized Selection of Protein Structures for Ensemble Docking, J.

Chem. Inf. Model. 2018, 58, 1121-1131.

5.2.1 Introduction

X-ray crystallography has proven to be a very powerful tool and is the general accepted gold

standard for the representation of protein structures at atomic resolution. [64] Unfortunately, X-

ray crystal structures provide merely a static picture of proteins that are in truth in motion and

can feature astonishing flexibility. Understanding this flexibility of proteins is frequently vital

to understand their function as famously condensed by Richard P. Feynman: „[...] everything

that living things do can be understood in terms of the jigglings and wigglings of atoms.“

Especially for protein-ligand binding events, the classic key-lock principle introduced by Emil

Fischer [65] proved to be insufficient and has subsequently been replaced by the induced fit and

the conformational selection model. The induced fit model proposes that the initial encounter

of ligand and protein is accompanied by the formation of weak interactions. These weak

interactions induce conformational changes within the binding site that subsequently allow for

the formation of stronger protein-ligand interactions. [66] The conformational selection model

proposes that a protein samples multiple conformations. The ligand binds to one specific

conformation of these. [67] As a consequence, a protein conformation that is only subordinate in

free solution can become the predominant conformation upon ligand binding in this mechanism.

The conformational selection model has been proven to be a dominant mechanism of ligand

binding. [68]

Leads for the development of new drugs are classically obtained by high-throughput screenings

of large compound libraries. Advances in automation have made HTS comparably fast and

cost-efficient. However, virtual screening methods such as docking still raise the prospect of

speeding up the process dramatically while reducing the associated costs. [69] Docking is high-

throughput while there is no need to maintain a physical compound library. Virtual designed

compound libraries can cover a much larger chemical space than combinatorial chemistry

could ever reach within a reasonable time scale. [69] Docking campaigns can be started long

before a robust protein expression protocol has been established. Even in the absence of X-ray

crystal structures docking campaigns may be performed by employing homology models. [70]

Binding poses obtained from docking allow for a straight forward optimization of ligands. While
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individual success stories appear time and time again, blind prediction assessments highlight

challenges associated with docking. [71,72] Issues like the treatment of water molecules, protein

flexibility, and the oversimplification of physical interactions by scoring functions add severe

complexity to docking. [29,73] Various approaches have been employed to account for protein

flexibility in docking. „Soft docking“ is a simple approach in that the Lennard-Jones potential is

softened so that minor steric clashes do not result in major penalties. [74] In a more refined

approach rotamer libraries for defined rotatable bonds are employed. [75] However, in this

approach it is computationally too expensive to take backbone flexibility into account. A very

simple approach seems more promising: Ensemble docking, in which ligands are docked into

multiple structures and the results are subsequently merged. [76] Ensemble docking has been

implicated to give enriched docking results in multiple publications. [77–79] The “relaxed complex

method” from McCammon et al. represents an early approach to ensemble docking. [80] In this

approach structures were extracted from MD trajectories at periodic intervals typically yielding

large numbers of considered structures. [80] However, the multitude of structures increases

the computational cost significantly. [81] Additionally, for X-ray crystal structures it has been

shown that including too many structures into an ensemble increases the probability of false

positives. [82,83] Composite grids merge diverse structures into a single representation and as

a consequence reduce the multitude of structures efficiently. [84] This has been implemented

in the docking program FlexE. [84] However, this strategy was shown to fail for test systems

that exhibit a larger conformational diversity. [85] Clustering approaches allow to reduce the

number of structures while still covering the significant variations of binding sites. [77,79,86] In

the presence of sufficient experimental data ensembles can be constructed in a result-oriented

manner. This has been achieved by exhaustive combinatorial search (only feasible for small

ensemble sizes) [83] or by the construction of performance indices. [87]

5.2.2 Objective

The aim of this project was to systematically analyze the potential and limitations of ensemble

docking. In special, the ambition was to analyze the impact of different approaches of ensemble

definition. Furthermore, an assessment of the utility of MD-derived structures for ensemble

docking was intended. Crystal structures represent the current gold standard for docking,

however their value is limited by the challenges associated with obtaining larger numbers of

crystal structures that sufficiently reflect protein flexibility. In contrast, MD simulations allow for

the quick and convenient exploration of protein flexibility. Previous studies on ensemble docking
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that utilized MD-derived structures are of limited meaningfulness because they typically used

single, unrepeated MD simulations (see for example the work of Osguthorpe et al.). [78] These

short and unrepeated MD simulations can be heavily dependent on the initial velocities that are

randomly assigned. Their conclusions might therefore be unreproducible. [88]

5.2.3 Introduction of Tools and Metrics and Development of a Test System

In the following, renin is established as a test case to study ensemble docking. Renin is a

suitable test system as a relevant number of crystal structures are available and the binding

site of the enzyme is known to feature significant flexibility.

There are three ways to assess the performance of a docking algorithm: [89]

1. Pose prediction: The ability to correctly reproduce an experimentally determined ligand

binding pose. The binding site of the docked protein-ligand complex is aligned to an

experimentally determined structure of the protein-ligand complex. Then, the RMSD

between the docked and „real“ ligand binding pose is computed. Docking is declared

successful if the RMSD is below a cut-off value (typically 2 Å). Docking algorithms

frequently perform quite well in this discipline.

2. Screening utility: The ability to rank experimentally known binders (actives) above non-

binders (nonactives, also coined decoys in this context). This ability can be captured

by metrics such as AUC ROC or BEDROC that are introduced in the next paragraph.

The decoys used for this assessment can originate from experimental screening results.

Frequently however, sufficiently large enough libraries of experimentally determined

decoys are not publicly available and therefore studies resort on in silico tools to generate

decoys. In this work, the „directory of useful decoys-enhanced“ (DUD-E) was used to

generate decoys. [90] DUD-E generates decoys that are topological dissimilar to the active

ligands (by using 2D similarity fingerprints) but have similar physiochemical properties. [90]

This is of importance because docking algorithms have been shown to discriminate

actives from decoys on the basis of physiochemical properties such as charge or

molecular weight. [90] However, the occurrence of potentially active ligands among the

generated decoys can obviously not be ruled out. But chances are low, as for any known

target the subspace of binders represents only a fingertip of all chemical matter.

3. Scoring accuracy: The ability to correctly rank a set of active ligands. Frequently, the

respective docking scores are plotted against experimental values of affinity for this
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purpose. After linear regression, the coefficient of determination (R2) is used as a metric.

In this context, an ideal performance would result in a R2 of 1. Docking algorithms

frequently perform very poorly in this discipline because the underlying scoring functions

oversimplify the complexity of physical interactions. [29]

As stated above, the area under the curve of the receiver operating curve (AUC ROC) is a

metric of the screening utility. For the receiver operating curve, the true positive rate is plotted

against the false positive rate. This means that the correct recognition of an active ligand adds

1/(total number of actives) to the y-value. In contrast, the incorrect identification of a decoy as an

active ligand adds 1/(total number of decoys) to the x-value. The AUC ROC is bound between

0 and 1 with the latter corresponding to a perfect performance. A value of 0.5 corresponds

to random performance. However, the AUC ROC does not reward early recognition of active

ligands (as illustrated in Fig. 22). Early recognition of ligands is worth more than late recognition

because in a real life scenario only an initial scrap from the top of the docking results will be

investigated experimentally due to limited time and budget. To account for early recognition, the

BEDROC score (Boltzmann-enhanced discrimination of the receiver operating characteristic)

applies an exponential weight onto the receiver operating curve. [91] The BEDROC score is still

bound between 0 and 1 with the latter corresponding to a perfect performance. [91] It exhibits a

free parameter α which was set to 20 in this work. This means that the top 8% of the docking

hits account for 80% of the BEDROC score.

Fig. 22: Two hypothetical receiver operating curves. The blue curve simulates an early recognition
scenario, the red curve a late recognition scenario. The AUC ROC metric fails to discriminate the
divergent nature of both curves: Both perform with a random performance of 0.5. In contrast, the
BEDROC score (calculated with α = 20) rewards the early recognition scenario.

Frequently, test systems used in docking studies feature larger groups of ligands with high

structural similarity (in this context termed „chemotype“). In panel A of Fig. 23 an example of

two ligands, 31 and 32, belonging to the same chemotype is shown. A docking algorithm that
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is able to correctly identify ligand 32 as a ligand can be expected to identify ligand 31 as well.

Consequently, results from docking studies that feature test systems with very similar ligands

can be expected to be heavily biased. Therefore, a metric for the screening utility (additional to

the AUC ROC metric) that rewards the identification of different chemotypes is needed. In this

work, the chemotype-corrected AUC ROC metric proposed by Clark et al. is used. [92] While

the AUC ROC metric rewards the correct identification of an active by adding +(1/total number

of actives) to the true positive rate, the chemotype-corrected AUC ROC metric adds +(1/total

number of chemotypes)× (1/(total number of members in the chemotype group of the identified

active)). A comparison of both metrics is shown in panel B of Fig. 23.

31 32 33

Fig. 23: A) Ligand 31 and 32 are structural similar and belong to the same chemotype. In contrast, ligand
33 is structurally dissimilar. B) Results from a hypothetical docking study. On the left side, the AUC ROC
metric puts the same weight on every identified ligand. On the right side, the chemotype-corrected AUC
ROC metric puts the same weight on every identified chemotype.

For ensemble docking, ligands are docked into multiple structures (=ensemble) to account

for effects of protein flexibility. It is obviously undesirable to use an ensemble of protein
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structures that are highly alike. As a result, descriptors that discriminate between different

protein structures are required. This can be a single observable like a distance between two

atoms or a dihedral angle. However, these can obviously only describe very local changes. On

a less local scale, the root mean square deviation (RMSD) between sets of multiple atoms can

be calculated. In the analysis of MD simulations, trajectories that plot RMSD values against the

simulation time (like the one schematized in panel A of Fig. 24) can be frequently encountered.

For this, the RMSD value is calculated in reference to a particular protein structure (usually

at t = 0). However, these scalar RMSD values are of very limited utility because behind a

single RMSD value a broad range of different protein structures may be hidden (as illustrated in

Fig. 24). [93] Matrices of pairwise RMSD values between all protein structures are able to reveal

these hidden conformational changes (see panel B of Fig. 24). [93]

Fig. 24: A hypothetical scenario of conformational states sampled during an MD simulation. The protein
remains in the conformational starting state (black circle) for 0.5 ns and then immediately jumps to a
second conformational state (red circle) that is 1 Å distant. Then, after 1.0 and 1.5 ns subsequent jumps
to conformational states (blue and green circle) occur that correspond to a circular motion around the
starting state (black circle). A) The RMSD value is calculated in reference to the starting state. Only the
first conformational jump is detected (black to red circle). The other jumps remain hidden. B) A matrix of
pairwise RMSD values reveals all the conformational states.

Renin is an aspartyl protease that catalyzes the conversion of angiotensinogen to angiotensin

I and hence part of the renin-angiotensin-aldosterone system (RAAS). RAAS controls blood

pressure and is targeted by antihypertensive drugs. 45 inhibitors of renin were selected for that
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both a crystal structure and an IC50 value (of the respective stereoisomer present in the crystal

structure) were available. The potency of these renin inhibitors spans from pIC50 4.37 to 9.70.

The ligands were manually partitioned into 11 different chemotype subgroups on the basis of

common chemical substructures (see Appendix 9.1). This wealth of chemotypes indicates a

challenging test system. For the subsequent evaluation of the screening utility, 50 decoys were

generated for each renin inhibitor using the DUD-E function. [90]

To classify the 45 renin crystal structures according to their structural similarity, a matrix of

pairwise RMSD values of their binding sites was generated. In Fig. 25 the corresponding

RMSD matrix is shown. This matrix was generated in PyMOL using a simple Python script

(see Appendix 9.2). In this context, the binding site of renin was defined to cover residues

that are within 4 Å of the primary ligand in any of the 45 minimized crystal structures. In

later MD simulations it was found that the side chains of four residues, that do not contribute

to ligand binding, dominate structural heterogeneity. For that reason Glu189, Phe319, and

Asp320 were completely omitted from the binding site definition, and for Arg148, only the side

chain was removed. Because interpretation of pairwise RMSD matrices is rather confusing,

multidimensional scaling was used to visualize the structural heterogeneity of the crystal

structures. In Fig. 25 the result of multidimensional scaling (in this case 2D) of the pairwise

RMSD matrix of all crystal structures is shown. Multidimensional scaling is a method for

the visualization of distance matrices and represents a form of dimensionality reduction. [60]

For each object given in the distance matrix initially a data point in a space of predefined

dimensionality is created. The stress value, which compares the Euclidian distances between

the data points created to the distances given in the distance matrix, is calculated. In this work

Sammon’s definition of the stress value is used: [94]

stress =
1∑

i<j [d
∗
ij ]

N∑
i<j

[d∗ij −Dij ]
2

d∗ij

where d∗ij denotes the distance between i-th and j-th object in the distance matrix and Dij the

distance between data points in the representation of the dimensionality defined above. Data

points are then rearranged iteratively in order to minimize the stress value. Multidimensional

scaling was performed using Matlab’s “mdscale” command using “Sammon” as criterion.
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Fig. 25: Left: RMSD matrix of the binding sites of the 45 renin crystal structures in the described test
system. Right: Data points obtained by multidimensional scaling (with two dimensions) performed onto
the RMSD matrix. Residues contributing mainly to RMSD between the crystal structures connected by
the colored arrows are (blue) 1. Thr151 (6.174 Å) 2. Tyr149 (5.737 Å) 3. Ser150 (5.001 Å) 4. Gly152
(4.791 Å) 5. Trp111 (3.967 Å); (red) 1. Gln201 (2.916 Å) 2. Ser150 (2.694 Å) 3. Arg148 (2.290 Å) 4.
His367 (2.266 Å) 5. Tyr149 (2.214 Å).

Next, residues of the binding pocket that are major contributors to structural heterogeneity

were analyzed. For this purpose, the crystal structures at the endpoints of the arrows depicted

in Fig. 25 were aligned, which were chosen to be approximately parallel to the x- and the y-

axis, respectively. The blue arrow represents the opening of the flap indicated by movements

of residues Thr151, Tyr159, Ser150, and Gly152. This is the major cause of structural

heterogeneity in this dimension. Flap opening is also accompanied by a major repositioning

of the non flap residue Trp111. [95] Along the red arrow depicted in Fig. 25 Gln201 undergoes

a major repositioning. Flap residues contribute also significantly to structural heterogeneity in

this dimension. The binding sites of the four crystal structures corresponding to the endpoints

of the arrows are visualized in Fig. 26. The displayed structural changes clearly impact ligand

binding. In the upper left panel of Fig. 26 (structure of 2V0Z) a hydrogen bond between Trp111-

Nε and Tyr149-OH is present. This hydrogen bond is disrupted in the 3G72 structure (upper

right panel) which opens a sub-pocket that is filled by the respective ligand. The orientation

of Gln201 displayed in the 3KM4 structure (bottom left) is clearly unfavorable for binding of

aliskiren (shown in the 2V0Z structure – top left). In the 2IL2 structure (bottom right) His367 has

an orientation that allows for π-π interaction with the ligand’s naphthyl moiety. In contrast, the

orientation of His367 in the 3KM4 structure (bottom left) would be unfavorable in this context.
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Fig. 26: Binding sites of the four renin crystal structures at the arrow end points in Fig. 25. Ligands
are displayed as ball-and-stick model. Residues that contribute mainly to the structural heterogeneity
between the pairs are displayed in magenta: (upper panel) Thr151, Tyr149, Ser150, Gly152, and Trp111;
(lower panel) Gln201, Ser150, Arg148 (backbone only), His367, and Tyr149. It is clearly visible that
the changes of the protein structures impact ligand binding (cf. text). The chemical structures of the
respective ligands are shown. The substructures used for the definition of chemotypes (cf. Fig. 32 and
the appendant paragraph) are highlighted in blue.

Next, the individual docking performance of the respective 45 crystal structures was evaluated.

This allows to pigeonhole the performance of ensembles that will be evaluated in the next

section. First, pose prediction was evaluated (cut-off value of 3 Å). On average, docking into

an individual crystal structure yields a correctly docked pose for 28% of the ligands (with a

standard deviation of 12.5%). The distribution of individual values is shown in a boxplot in

Fig. 27 (see Appendix 9.3 for raw data). Subsequently, the screening utility was evaluated. For

the test system used in this work, the mean AUC ROC value of all 45 crystal structures is 0.686

with a standard deviation of 0.08. The screening utility in terms of AUC ROC can on average

be assessed as satisfactory: The performance is above random for all but one of the crystal
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structures but there is certainly room for improvement. To account for early recognition the

BEDROC score was evaluated as well. The mean BEDROC score of all 45 crystal structures

is 0.237 with a standard deviation of 0.10. This leaves massive space for improvement of early

recognition. The distribution of individual BEDROC scores is reflected as a boxplot in Fig. 27.

Finally, the scoring accuracy was evaluated. After linear regression, the mean coefficient of

determination of all 45 crystal structures is 0.119 with a standard deviation of 0.083. This can

be considered as a very bad performance and is reflecting well-known issues associated with

scoring functions. [29] It is disillusioning that for some individual crystal structures (e.g., 2G1R,

5SXN) there is no correlation between pIC50 and docking score at all. Again the distribution of

individual R2 values is shown in a boxplot (cf. Fig. 27).
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Fig. 27: Docking performance of the individual crystal structures in the test system used in this work.
Docking into three quarters of the crystal structures yields correctly docked poses for less than 40%
of the ligands. The overall scoring accuracy is disillusioning. The additional black cross indicates the
respective mean value.

5.2.4 Evaluation of Clustering Approaches for Ensemble Docking

In the next step, the docking performance of ensembles constructed from the 45 crystal

structures in the test system was analyzed. Previous studies of ensemble docking have

employed various protocols to select structures that should be included in ensembles.

Structures have been randomly selected, [96] while others have used the clustering function

implemented in GROMOS [77,85,97] that was developed by Daura et al. [98] Osguthorpe et al.

employed hierarchical clustering with average linkage. [78] Tian et al. used phylogenic trees for

structure selection. [79] However, there are no comparative studies that evaluate the impact of

structure selection on ensemble docking. In this work, the docking performance of ensembles

constructed from k -means and hierarchical clustering with average linkage was evaluated.

These two algorithms have been described as useful for clustering of MD trajectories by Shao

et al. [99] K -means is a clustering algorithm that partitions data into a predefined number (k ) of
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clusters. Following steps are iterated during k -means clustering:

1. k cluster centers (means) are generated randomly.

2. Each data point is assigned to the cluster center that has the least squared Euclidean

distance.

3. The centroid of all data points belonging to one cluster becomes the new cluster center.

4. Step 2 and 3 are repeated until a convergence criterion is met. Because the results are

dependent on the initial generation of cluster centers (that is random, see step 1), it is

common to do multiple runs with independent starting conditions.

K -means clustering is sometimes met with precaution due to its tendency to produce evenly

sized clusters. However, the working hypothesis of this study is that the sensitivity to outliers

observed for hierarchical clustering with average linkage is far more critical. The docking

performance of ensembles of crystal structures constructed by k -means and hierarchical

clustering with average linkage in terms of binding pose prediction, screening utility and scoring

accuracy is depicted in Fig. 28. Ensemble sizes ranging from 2 to 8 were evaluated. From

Fig. 28 it is evident that improved binding pose prediction correlates with improved AUC ROC

values. This indicates that an erroneous enrichment of active ligands does not take place.

Furthermore, the AUC ROC and the BEDROC metric seem strongly coupled indicating that no

improvement/deterioration of early recognition is introduced by the construction of ensembles.

At various points it can be seen that addition of new structures to the ensemble is not always

improving the docking performance and might actually decrease it at times. This behavior

has been reported before. [83] It can further be seen that only for a relatively small share

of the ensembles the performance is better than the mean performance of individual crystal

structures. No ensemble performs better than the best performing crystal structure in terms of

screening utility as well as scoring accuracy. This is in accordance to previous findings of Craig

et al., who concluded that ensembles rarely perform better than the best performing crystal

structure. [100] However, nobody knows upfront which is the best performing crystal structure.

In this study, the best performance in terms of all four evaluated metrics is observed with k -

means clustering and an ensemble size of four. The respective ensemble is able to reproduce

more native ligand poses correctly than any individual crystal structure and performs better

than 88% of all crystal structures in the test system in terms of screening utility as well as

scoring accuracy. Here, 60% of the docked poses are correct, the respective AUC ROC value

is 0.819 (better than 97% of the crystal structures), the BEDROC score 0.354 (better than 88%

of the crystal structures), and R2 is 0.279 (better than 97% of the crystal structures). It should be

noted though that there is no general, prospective method to predict the optimal ensemble size.
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Fig. 28: Docking performance of ensembles constructed from crystal structures. The boxplots labeled
“X-ray” reflect the docking performance of individual crystal structures, the black diamond their mean
value. The red diamond reflects the performance of ensembles constructed from k -means clustering,
the blue diamond the performances of ensembles constructed from hierarchical clustering with average
linkage. For docking, k -means clustering yields better performing ensembles than hierarchical clustering
with average linkage.

Finally, the docking performance of ensembles constructed from MD-derived structures was

evaluated. Crystal structures are regarded to be the gold standard for docking. However,

especially at the beginning of a lead discovery project their availability is often limited and

thus MD simulations have a huge potential in this scenario because they allow for the quick

and convenient exploration of protein flexibility. MD simulations with a length of 50 ns were

performed starting from the 2G1R crystal structure after deletion of the ligand. The 2G1R

crystal structure was chosen as starting point as it exhibits a screening utility close to the

mean of all crystal structures (AUC ROC: 0.640; BEDROC: 0.197). In contrast, the 2G1R

structure exhibits no scoring accuracy at all in this test system (R2 = 0.001). In order to

increase reproducibility, MD simulations were repeated ten times from the same input structure

with randomized initial velocities. For each MD run, docking was performed into ensembles

constructed by k -means and hierarchical clustering with average linkage. In Fig. 29 the result

of multidimensional scaling onto a RMSD matrix of structures obtained from one particular

MD run (plus the crystal structures of this test system) is shown. It should be noted that this

MD run exhibits particular well-separated states. First of all, it is apparent that the structural
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overlap between crystal structures and MD-derived structures is rather low. This statement is

true for all 10 MD runs. Graphical inspection roughly divides the depicted MD-derived structures

into three clusters. Therefore, k -means clustering (with k = 3) and hierarchical clustering with

average linkage (maxclust = 3) was performed onto this data set and each structure was

colored according to its respective cluster membership. For k -means clustering it is apparent

that the blue cluster extends too far into the red cluster. However, the cluster representatives

fall into the clusters that graphical inspection would have constructed for k -means clustering.

To the contrary, hierarchical clustering fails to divide the two clusters on the left-hand side

of the distribution and rather creates a third cluster in red that represents a small number of

outliers. These traits of hierarchical clustering with average linkage are certainly unfavorable for

the selection of structures from MD simulations for ensemble docking. Then, it was analyzed

which features set the MD-derived structures apart from the crystal structures. For this purpose,

the structures at the end points of the green arrows depicted in Fig. 29, which correspond to

the cluster representatives, were aligned. It can be seen that the MD-derived structures are

dominantly set apart from the crystal structures by reorientation of flap residues (cf. legend of

Fig. 29).

Fig. 29: Data points obtained by multidimensional scaling (with two dimensions) performed for the
pairwise RMSD matrix of structures derived from a MD simulation of renin with a length of 50 ns.
Crystal structures are added and colored in magenta. Data points are colored to represent their
cluster membership: On the top clustering was performed using k -means (k = 3); in the bottom panel
hierarchical clustering with average linkage (maxclust = 3) was employed. Hierarchical clustering creates
unfavorable clusters of some few outliers (cf. text). Data points framed by green squares indicate the
cluster representatives (plus the MD starting point). Residues contributing majorly to RMSD along the
indicated green arrows are (a) Gln201 (3.326 Å), Ile203 (3.101 Å), Thr151 (3.079 Å), His127 (2.384 Å),
Pro372 (2.181 Å); (b) Ser150 (5.675 Å), Thr151 (4.905 Å), Arg148 (4.580 Å), Gly152 (4.426 Å), Tyr149
(4.246 Å); (c) Arg148 (3.474 Å), Gly152 (3.092 Å), Ser150 (3.062 Å), Ile203 (2.819 Å), Thr151 (2.718 Å).

The docking performance of ensembles of MD-derived structures constructed by k -means and

hierarchical clustering with average linkage is depicted in Fig. 30. The values represent the

average of 10 repeated MD runs with randomized initial velocities. Ensemble sizes ranging
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from 2 to 8 were evaluated. Compared to docking into crystal structures it is evident that

docking into MD-derived ensembles yields about 50% of correctly docked poses (cf. Fig. 30).

In terms of screening utility MD-derived ensembles perform not as good as the mean values

obtained for the performance of individual crystal structures at all ensemble sizes. Structure

selection seems to be of great importance for ensemble docking. For ensembles constructed

by hierarchical clustering the AUC ROC metric does not change significantly with the size of

the ensembles. A slight increase is found at higher ensemble sizes. For ensembles constructed

by k -means clustering the AUC ROC has its maximum at an ensemble size from 5 to 7 with

the AUC ROC peaking at an ensemble size of 7 (AUC ROC = 0.669). This is close to the

mean performance of individual crystal structures. The maximum for the BEDROC score is

reached at an ensemble size of five with BEDROC = 0.152. Again, ensembles constructed

by hierarchical clustering with average linkage perform worse than those constructed by k -

means clustering. Finally, it is surprising that the scoring accuracy of ensembles constructed

from MD-derived structures is superior to the mean performance of individual crystal structures

(see Fig. 30 bottom right). Again, ensembles constructed by k -means clustering perform better

than ensembles constructed by hierarchical clustering. It is worth noting that ensembles of

MD-derived structures constructed by k -means clustering perform on average better than

75% of all crystal structures for all ensemble sizes evaluated in this study. This is particular

astonishing because the 2G1R crystal structure that served as the starting point for subsequent

MD simulations exhibits no correlation between docking scores and experimental pIC50 values

at all.
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Fig. 30: Docking performance of ensembles constructed from MD-derived structures. The boxplots
labeled „X-ray“ reflect the docking performance of individual crystal structures, the black diamond their
mean value. The red diamond reflects the performance of ensembles obtained by k -means clustering,
and the blue diamond, the performances of ensembles obtained by hierarchical clustering with average
linkage. The values for MD-derived ensembles represent the average of 10 repeated MD runs with
randomized initial velocities. In terms of screening utility MD-derived ensembles perform not quite as
well as crystal structures. However, MD-derived ensembles are superior to crystal structures in terms
of scoring accuracy. Overall, k -means clustering seems to yield better performing ensembles than
hierarchical clustering with average linkage.

As previously stated, many preceding studies on ensemble docking that utilized MD-derived

structures have used single, unrepeated MD simulations (see for example the work of

Osguthorpe et al.). [78] These short and unrepeated MD simulations can be heavily dependent

on the initial velocities that are randomly assigned. Their conclusions might therefore be

unreproducible. [88] In this work, MD simulations were repeated ten times (resulting in a total

500 ns simulation time) and the values that are reported in the previous paragraph (and that

are shown in Fig. 30) are averages of these ten replicas. In Fig. 31 the importance of these

replicas is highlighted. Drawing conclusions from single, unrepeated MD simulations can results

in grossly wrong insights. Importantly, Fig. 31 illustrates that the values that are reported in this

work appear to have converged within reasonable limits. All data obtained from individual MD

replicas is summarized in the appendix (see Appendix 9.6).
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Fig. 31: Shown is the average R2 (as a metric of scoring accuracy) as a function of the number of
MD replicas for ensembles constructed from MD-derived structures by k -means clustering (ensemble
size = 2). In this work, MD simulations were repeated ten times with randomized initial velocities. In this
case, performing only a single, unrepeated MD simulation would have resulted in a very wrong estimate
of R2. Importantly, after six MD replicas the average value of R2 appears to have converged within a
reasonable limit.

The identification of diverse chemotypes is increasingly recognized as an important challenge

in docking studies. For the evaluation of a chemotype bias, a chemotype-corrected AUC

ROC with arithmetic weighting of individual chemotype group members (as introduced in the

previous section) was employed. No significant differences between AUC ROC and chemotype-

corrected AUC ROC values were observed for ensembles derived from crystal structure

and for MD-derived structures (cf. Fig. 32). Importantly, this indicates no bias for specific

chemotypes. It has to be noted that this does not imply that all chemotypes are recognized

with equal probability. For example, even though the best performing ensemble in this study

(consisting of four crystal structures) has an AUC ROC value of 0.819 and a chemotype-

corrected AUC ROC value of 0.806 indicating no significant chemotype bias, this ensemble

fails to correctly reproduce the native ligand pose of any member of chemotypes 7, 10, or

11 (see Appendix 9.1). Despite a significant improvement in docking different chemotypes by

using ensemble docking, the limited number of members in the ensemble cannot guarantee a

complete coverage of the chemical space of ligands.
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Fig. 32: Docking performance of ensembles constructed from crystal structures (top) and MD-derived
structures (bottom) in terms of chemotype-corrected AUC ROC. The boxplots labeled „X-ray“ reflect
the docking performance of all 45 crystal structures, and the black diamond, their mean value. The red
diamonds reflect the performance of ensembles obtained by k -means clustering, and the blue diamonds,
the performances of ensembles obtained by hierarchical clustering (with average linkage). In comparison
to the AUC ROC values (cf. Fig. 28 and Fig. 30) no significant differences between AUC ROC and
chemotype-corrected AUC ROC values are observed.

5.2.5 Exhaustive Sampling of All Possible Ensembles

Finally, the docking performance of all possible ensembles that are composed of up to four

crystal structures of renin was computed. This unravels the full potential of ensemble docking

and sets the performance of ensembles constructed by clustering into perspective. Such an

exhaustive sampling of all possible ensembles has previously been conducted by Korb et al.

who investigated the docking performance of ensembles for a limited number of targets in terms

of binding pose prediction and screening utility (AUC ROC). [83] In this work, besides binding

pose prediction and screening utility, the scoring accuracy (R2) was evaluated as well. It is

to be noted that such an exhaustive analysis of possible ensembles is limited by the obvious

combinatorial explosion. A total number of 148,995 ensembles exists for ensembles composed

of four crystal structures of renin (considering a total of 45 crystal structures of renin in this

test system). For ensembles composed of five crystal structures of renin already > 1.2 million

combinations are possible. With the available CPU power, investigating all possible ensembles

of five crystal structures of renin was not feasible (bearing in mind that for each ensemble a

receiver operating curve of more than 2,000 data points has to be calculated).

In Fig. 33 the docking performance in terms of binding pose prediction, screening utility,

and scoring accuracy of all possible ensembles, that are composed of up to four crystal

structure of renin, are summarized as boxplots. In terms of binding pose prediction, a significant

improvement can be achieved by employing ensemble docking. Docking the test ligands into

individual crystal structures of renin yields on average a correctly docked pose in only 28.4%
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of the cases. In contrast, docking into an ensemble consisting of four crystal structures of

renin yields on average a correctly docked pose in 48.6% of the cases. This constitutes

an astonishing improvement of more than 70% in binding pose prediction that is well worth

the additional computational cost. Furthermore, it is apparent that the standard deviation

decreases significantly by the use of ensemble docking. The improved binding pose prediction

of ensembles can be seen to result in an improvement of screening utility that is, however,

less pronounced. Docking the test ligands into individual crystal structures of renin results

in an average AUC ROC of 0.687. In contrast, docking into an ensemble consisting of four

crystal structures of renin results in an average AUC ROC of 0.764. This is equivalent to an

improvement of 11%. In terms of scoring accuracy, a more significant effect can be observed.

Docking the test ligands into individual crystal structures of renin results in an average R2 of

0.115. In contrast, docking into an ensemble consisting of four crystal structures of renin results

in an average R2 of 0.178. This corresponds to an improvement of 55%. This data makes a

convincing case for the use of ensemble docking. However, from the data presented here it

may be extrapolated that the potential additional improvement gained by a further increase of

ensemble size levels off and might not be worth the additional computational cost.
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Fig. 33: Docking performance (in terms of binding pose prediction, screening utility and scoring
accuracy) of all possible ensembles that are composed of up to four crystal structure of renin
summarized as boxplots (cf. above paragraph). The mean values of the performance of individual crystal
structures and ensembles consisting of four crystal structures are labeled by green dotted lines (red lines
indicate median performance).

5.2.6 Conclusion

In this chapter, the potential of ensemble docking was analyzed. Ensemble docking is a simple

yet promising method to consider protein flexibility in docking studies: Ligands are docked into

multiple structures, and the results are subsequently merged. Three disciplines of docking,

binding pose prediction, screening utility (AUC ROC & BEDROC) as well as scoring accuracy

(R2) were evaluated. For this, a test system including 45 inhibitors of renin and 2240 decoys

was analyzed. The docking performance of the corresponding 45 X-ray crystal structures as

well as structures derived from a total of 500 ns of MD simulation time were analyzed.

The full potential of ensemble docking was unraveled by computing the docking performance

of all possible ensembles that are composed of up to four crystal structures of renin (more than

160,000 combinations). The resulting data makes a convincing case for the use of ensemble

docking. For ensembles consisting of four crystal structures an average improvement of >70%

in binding pose prediction, 11% in screening utility (as measured by the AUC ROC metric), and

55% in scoring accuracy (as measured by R2) was observed in comparison to the performance

of individual crystal structures.
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Furthermore, the impact of different approaches of ensemble definition was evaluated. For

this, the performance of ensembles constructed by k -means and hierarchical clustering

with average linkage of crystal structures as well as MD-derived structures was evaluated.

Overall, k -means clustering yields ensembles that show improved performance compared to

hierarchical clustering with average linkage. Unsurprisingly, ensembles constructed from MD-

derived structures perform worse than the mean performance of individual crystal structures

in terms of binding pose prediction and screening utility. However surprisingly, in this study

ensembles of MD-derived structures constructed by k -means clustering perform on average

better than 75% of any individual crystal structure in terms of scoring accuracy at all inspected

ensembles sizes. Importantly, in contrast to previous studies on ensemble docking with MD-

derived structures that picked their structures from unrepeated MD simulations, in this study

values are reported as averages of ten repeated MD simulations and are shown to have

converged within reasonable limits. This represents a important step towards reproducibility

and meaningfulness. Finally, the ability of ensemble docking to recognize diverse chemotypes

was evaluated. No bias for specific chemotypes is introduced by the use of ensemble docking

as evaluated by the use of a chemotype-corrected AUC ROC metric.
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5.3 Optimized Inhibitors for Human Blood Group B Galactosyltransferase

Parts of this chapter have been submitted for publication: C. Strecker, H. Peters, T. Hackl, T.

Peters, B. Meyer, Fragment Growing to Design Optimized Inhibitors for Human Blood Group B

Galactosyltransferase (GTB), ChemMedChem 2019, submitted.

5.3.1 Introduction

For human blood transfusion, the ABO system represents the most important out of more than

30 blood classification systems. It has four different phenotypes, A, B, AB, and O, that differ in

the carbohydrate antigens that are dominantly presented on the cell wall of erythrocytes. The

O phenotype only presents the H antigen that is formed by the action of FUT2 on a precursor

antigen (see Fig. 34). [101] In the A and B phenotype, the H antigen is modified by addition of an

N-acetylgalactosamine or a galactose that are each transferred by the action of GTA or GTB,

respectively. [101] Both, GTA and GTB, are highly homologous and differ only in four amino acids

yet they still exhibit distinct specificity. The mechanistic basis of their specificity has therefore

been intensively studied. [102–104]

Fig. 34: Biosynthesis of blood group antigens. The H antigen (shown are type I (β1-3) and type
II (β1-4)) is present in individuals of phenotype O. For individuals of the A or B phenotype an N-
acetylgalactosamine or a galactose is added to the H antigen by the action of GTA or GTB, respectively.

Even though the ABO blood group system is known for over one hundred years and can

be routinely serotyped, its biological function remains elusive. [101] However, a large body of

work has linked blood group, in particular non-O phenotypes, to an increased incidence of

various cancer types and their progression even though no underlying biological mechanism

has been established for this yet. [105,106] Individuals of phenotype B have a 1.5-fold higher

incidence rate for pancreatic cancer compared to individuals of phenotype O. [107] Additionally,

for pancreatic cancer it has been shown that individuals of phenotype O have better survival
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rates compared to individuals of non-O phenotype. [108] Similarly, for hepatocellular carcinoma

it has been demonstrated that individuals of phenotype B have a median overall survival of only

34 months compared to 55 months for individuals of phenotype O. [109]

Based on the correlation of blood type with cancer incidence and progression it would be

very desirable to be able to modulate the amount and the nature of blood group antigens

in cancer patients. Therefore, design and synthesis of GTB or GTA inhibitors with potential

drug like properties is very interesting. In the past, attempts to inhibit glycosyltransferases

have frequently relied on substrate analogues. [42] One example of such a substrate analogue

for the inhibition of GTB from our group is shown in Fig. 35 (ligand 34). [110] However, such

substrate analogues have limited potential due to their non drug-like properties such as their

high polarity. [42] For GTB, a fragment screening revealed fragment 35 (see Fig. 35), which is the

starting point for the work described in this study. [111,112] Fragment 35 competes with acceptor

binding with a Ki of 800 µM. The fragment exhibits a >5 fold specificity for GTB compared

to GTA. [112] Furthermore, X-ray crystallography revealed that the fragment binds to an open

conformation of GTB and displaces Mn2+ from the active site. [112] In a previous PhD thesis

from this lab, fragment 35 was advanced by a fragment growing approach to yield ligand 36

with a reported Ki of 12 µM as evaluated by competitive STD NMR. [113]
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Fig. 35: Top left: Example of a donor substrate analogue that inhibits GTB. Top right: GTB inhibitor that
binds to the acceptor and donor site derived from a fragment screen. Bottom: GTB inhibitor obtained by
fragment growing approach.
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5.3.2 Objective

The aim of this sub project was to optimize fragment 35 (see Fig. 35) into a more potent inhibitor

of GTB. Because substitution of the piperazine moiety of the fragment has been investigated

previously in our group by Leccese, [113] this work focused on the optimization of fragment 35

by replacement of its piperazine moiety and thiadiazole core, and growing of its phenyl moiety.

5.3.3 Design of Inhibitors of Human Blood Group B Galactosyltransferase by Fragment

Growing

Basis to the structure-based ligand design process described in the next paragraphs is the

3U0X crystal structure of GTB that accommodates fragment 35 in its active binding site (see

Fig. 36 ). This crystal structure displays an „open“ conformation of GTB. [112]

Fig. 36: Crystal structure (PDB: 3U0X) of GTB with fragment 35 in its active binding site.

Several modifications of fragment 35 were put to the test. For this, the intended ligands were

docked into the 3U0X crystal structure and the protein-ligand complexes were subjected to

MD simulations. Snapshots were extracted from this MD simulation at monotonic intervals

and subjected to MM-GBSA calculations. Displacement of the 1,2,4-thiadiazole core (e.g. by

a phenyl or isoxazole ring) resulted in no improvement of computed binding energies (see

Tab. 3). For the piperazine moiety, it has been shown previously that displacement with a 1,4-

diazepan moiety diminishes binding affinity. [111] Therefore, smaller options such as azetidin-3-

amine were probed. However, they did not result in improved computed binding energies (see

Tab. 3). Finally, it was realized that growing of the phenyl moiety of fragment 35 yields improved

computed binding affinities. Substitution of the phenyl for a naphthyl moiety (resulting in ligand

54



Results and Discussion

37) yields an improvement in binding affinity (see Tab. 3 and Fig. 37 for a binding pose). The

added aromatic ring allows an additional edge-to-face π-π interaction to be formed with His233

as shown in Fig. 37. It was recognized that placing the additional aromatic moiety closer to

Trp300 should allow for a simultaneous parallel-displaced π-π interaction with Trp300 and an

edge-to-face π-π interaction with His233. This is realized by the 2- and 3-benzyloxy-substituted

phenyl moieties in ligand 38 and 39 (see Fig. 37 for the respective binding poses). Both show

improved computed binding affinities but the 3-benzyloxy-substituted ligand 39 still significantly

excels the 2-benzyloxy-substituted ligand 38 (see Tab. 3).

Tab. 3: Modifications of fragment 35 for that binding energies were calculated (MM-GBSA). Growing of
the phenyl moiety of fragment 35 yields improved calculated binding energies.

Ligand
∆G

[kcal·mol-1]
Ligand

∆G

[kcal·mol-1]
NS

NN
HN

40

-36.8

± 3.1

NS

NN

H2N

41

-33.8

± 2.7

NS

N
HN

N

42

-36.0

± 2.8

NS

NNH2N

43

-33.5

± 3.3

NS

N
HN

44

-36.6

± 3.4

NO

N
HN

45

-34.2

± 3.5

N
HN

46

-35.1

± 3.4

NS

NN
HN

37

-41.6

± 3.0

NS

NN
HN

BnO
38

-46.8

± 4.9

NS

NN
HN

OBn
39

-56.2

± 6.0
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37

38

39

Fig. 37: Binding poses of ligands 37, 38, and 39 obtained by docking into the 3U0X crystal structure.
For the orientation of the core fragment, all three ligands show an identical binding mode. Substitution
of the phenyl moiety of fragment 35 for a naphthyl moiety (37, see panel A) allows an additional edge-
to-face π-π interaction (represented by a cyan dotted line) to be formed with His233 (colored magenta).
It was recognized that placing the additional aromatic moiety closer to Trp300 (colored in magenta)
should allow for a simultaneous parallel-displaced π-π interaction with Trp300 and an edge-to-face π-π
interaction with His233. This is realized by the 2- and 3-benzyloxy-substituted phenyl moieties in ligand
38 and 39 (see panel B and C respectively).

5.3.4 Synthesis

Based on the design process laid out in the previous section, it was decided to synthesize

ligands 37, 38, and 39. The general synthetic strategy was planned to involve the conversion of
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amidines to 5-chloro-3-aryl-1,2,4-thiadiazoles and their subsequent nucleophilic substitution

as key steps (see Fig. 38). The corresponding amidines are accessible from nitriles (via

amidoximes or directly). Conversion of amidines to 5-chloro-3-aryl-1,2,4-thiadiazoles can be

achieved by the action of perchloromethyl mercaptan. Nucleophilic substitution of the 5-chloro-

1,2,4-thiadiazole moiety proceeds smoothly as the 5-position of the thiadiazole ring is strongly

activated due to the electron withdrawing nature of the heteroatoms.

NS

NCl Ar

NS

NN Ar
HN

NH

H2N ArSNAr

Deprotection
Cl3C-S-Cl

Fig. 38: The synthetic strategy for the synthesis of ligands 37, 38, and 39 was envisioned to involve the
corresponding amidines as key intermediates. These are converted to 5-chloro-3-aryl-1,2,4-thiadiazoles
by the action of perchloromethyl mercaptan. Subsequent nucleophilic substitution with protected
piperazines and deprotection yields the ligands.

Synthesis of 37 was started from 1-cyanonaphthalene 47 and is summarized in Fig. 39. First,

the nitrile 47 was converted to the amidoxime 48 by the action of hydroxylamine. Then, the

amidoxime 48 was reduced to the amidine 49 by catalytic hydrogenation employing a protocol

by Judkins et al. [114] The thiadiazole core was established by the action of perchloromethyl

mercaptan. For the subsequent nucleophilic substitution 1-boc-piperazine was used. Finally,

after acidic deprotection the ligand 37 was obtained in an overall yield of 22% over five steps.

CN
N NH2

OH
H2N NH2

O

O

NS

NCl

NS

NN
BocN

NS

NN
HN

a)

70%

b) c)

65%

f)

69%

d)79%

e)

87%

47 48 49

505137

Fig. 39: Synthesis of ligand 37. Reaction conditions: a) 8.0 eq. NH2OH·HCl, 8.8 eq. Na2CO3, H2O/EtOH
2:1, 20 h, reflux; b) 1.5 eq. Ac2O, AcOH, 10 min, 20 °C; c) H2 (1 atm), Pd/C, AcOH, 4 h, 20 °C; d)
1.0 eq. perchloromethyl mercaptan, 4.0 eq. NaOH in H2O, 2 h, CH2Cl2, 0 °C → 20 °C; e) 1.0 eq. 1-
boc-piperazine, 4.0 eq. NEt3, DMF, 2 h, 20 °C; f) 3 M HCl in EtOAc, 2 h, 20 °C.

Synthesis of 39 was started from 2-cyanophenol 52 and is summarized in Fig. 40. After

benzylation, the corresponding nitrile 53 was converted to the amidoxime 54 in high yield.
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The previously used protocol from Judkins et al. for the catalytic reduction of amidoximes to

amidines is obviously unsuited for the synthetic route towards ligand 39 due to the instability of

the OBn-substituent towards hydrogenation. Even though non-hydrogenative methods for the

direct conversion of nitriles to amidines exist, [115,116] they were not considered for reasons such

as prolonged reaction times. Amidoximes constitute very convenient precursors for amidines,

however the only published non-hydrogenative protocol for the reduction of amidoximes to

amidines employs tin(II) chloride but is plagued by the use of elevated temperatures, prolonged

reaction times, a large reagent excess, and the difficulties of tin salt removal. [117] Therefore,

the reduction of 54 by samarium(II) iodide was explored: Thin layer chromatography indicated

quantitative conversion of the educt within minutes and MS verified the formation of amidine

55. However, separation of the amidine 55 from samarium salts was unsuccessful. Therefore,

it was successfully proceeded with the crude product. Given the short reaction time at room

temperature the SmI2-promoted reduction of amidoximes is certainly a promising route to

access amidines. Subsequent steps are analogous to the synthesis of ligand 37. For the

nucleophilic substitution step however, trifluoroacetylpiperazine was used and the following

deprotection was hence performed by the action of base. Ligand 39 was obtained in an overall

yield of 25% over six steps.

BnO BnO BnO

NS

NCl

BnO

NS

NN

BnO
N

NS

NN

BnO
HN

b)

93%

c)

f)

98%

d)34%
over 2 steps

e)

85%

NC

N

H2N

HO
NH

H2N

HO

NC a)

98%

O

F3C

52 53 54 55

565739

Fig. 40: Synthesis of ligand 39. Reaction conditions: a) 1.2 eq. K2CO3, 2.0 eq. BnBr, 3 h, DMF, 50 °C; b)
8.0 eq. NH2OH·HCl, 8.8 eq. Na2CO3, H2O/EtOH 2:1, 20 h, reflux; c) 2.4 eq. SmI2, 30 min, THF/MeOH
1:1, 20 °C; d) 1.0 eq. perchloromethyl mercaptan, 4.0 eq. NaOH in H2O, 2 h, CH2Cl2, 0 °C → 20 °C; e)
1.5 eq. trifluoroacetylpiperazine, 6.0 eq. NEt3, DMF, 2 h, 20 °C; f) 5.0 eq. Ba(OH)2, MeOH, 1 h, 20 °C.

Synthesis of 38 was started from the commercially available amidine 58 and is summarized in

Fig. 41. All steps are analogous to the synthesis of ligand 38. Ligand 39 was obtained in an

overall yield of 45% over three steps.
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OBn

H2N

NH NS

NCl

OBn
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60%
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76%

98% c)

58 59 60

38

Fig. 41: Synthesis of ligand 38. Reaction conditions: a) 1.0 eq. perchloromethyl mercaptan, 4.0 eq.
NaOH in H2O, 2 h, CH2Cl2, 0 °C → 20 °C; b) 1.5 eq. trifluoroacetylpiperazine, 6.0 eq. NEt3, DMF, 2 h,
20 °C; c) 5.0 eq. Ba(OH)2, MeOH, 1 h, 20 °C.

5.3.5 Competitive STD NMR

STD NMR has proven to be a very powerful tool for the determination of dissociation

constants. [118] In contrast to enzymatic assays, STD NMR does not allow for the direct

discrimination of competitive and non- or uncompetitive binding events. However, STD NMR

can be performed in the presence of a known substrate to prove competitive binding. In this

work, competitive STD NMR of ligands 37, 38, and 39 was performed by employing UDP as a

competitor. UDP is known to bind the donor site of GTB with reported Kd’s ranging from 192-

910 µM. [102,119] In this work, measurements were performed at a pD of 5.8 to raise the solubility

of the ligands. This is in minor deviation to the above reported Kd’s of UDP that were performed

at GTB’s optimum pH of 6.7. First, the Kd of the competitor UDP was determined by STD NMR.

At the slightly more acidic pD of 5.8 evaluation of H-5/H-1’ protons of UDP yielded a Kd of

1.37 mM (see Fig. 42).
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61

Fig. 42: STD NMR of UDP binding to GTB. A GTB concentration of 4.5 µM was used. The data points
represent ligand excesses of 49 to 415. The STD effect of H-5/H-1’ of UDP was evaluated. Fitting data
points according to an one-site binding model resulted in a Kd of 1.37 mM.

In the next step, competitive STD NMR was performed for ligand 37. A Ki of 271 µM was

determined (see Fig. 43). This represents a threefold better binding affinity compared to

fragment 35.

37

Fig. 43: Competitive STD NMR of ligand 37. A GTB concentration of 4.5 µM and a competitor (UDP)
concentration of 620 µM was used. The STD effect of H-5/H-1’ of UDP was evaluated. Fitting data points
according to an one-site competition model resulted in a pIC50 of -3.41. According to the Cheng-Prusoff
equation, this corresponds to a Ki of 271 µM. [120] An artificial zero point was added to the data at a
concentration of 10 M. Shifting of the zero point to higher concentrations does not affect the result.

For ligand 38, a Ki of 574 µM was measured. However, caution is advisable for this value as

only the initial part of the dose-response curve could be observed due to the limited solubility
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of the ligand (see Fig. 44).

38

Fig. 44: Competitive STD NMR of ligand 37. A GTB concentration of 4.5 µM and a competitor (UDP)
concentration of 404 µM was used. The STD effect of H-5/H-1’ of UDP was evaluated. Fitting data points
according to an one-site competition model resulted in a pIC50 of -3.15. According to the Cheng-Prusoff
equation this corresponds to a Ki of 547 µM. [120] An artificial zero point was added to the data at a
concentration of 10 M. Shifting of the zero point to higher concentrations does not affect the result. It
is advisable to use the Ki value cautiously as only the initial part of the dose-response curve could be
observed due to the limited solubility of the ligand.

For ligand 39, no competitive displacement of UDP could be observed under the given

experimental conditions (see Fig. 45).

39

Fig. 45: Competitive STD NMR of ligand 39. A GTB concentration of 4.5 µM and a competitor (UDP)
concentration of 398 µM was used. The STD effect of H-5/H-1’ of UDP was evaluated. No competitive
displacement of UDP could be observed under the given experimental conditions.
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5.3.6 Optimization of Ligand 37

Previous work from this group has indicated that substitution of the piperazine moiety

of fragment 35 with 2-bromo-N-(4-methylphenyl)acetamide yields the potent inhibitor 36

(see Fig. 35) that inhibits GTB with a Ki of 12 µM as evaluated by competitive STD

NMR. [113] Therefore, it was obvious to consider substitution of fragment 37 with 2-bromo-N-(4-

methylphenyl)acetamide as well. Docking studies indicated that the resulting ligand 62 is able to

adopt an identical pose as fragment 35 within the GTB binding site (see Fig. 46) and MM-GBSA

studies hinted a significantly improved binding affinity for 62 (∆G [kcal/mol] (calc.) = -57.9, see

Tab. 3 for a comparison).

62

Fig. 46: Binding pose of 62.

Ligand 62 was synthesized from 37 in a single step (see Fig. 47) with a yield of 56%.

NS

NN
N

O

N
H

i)

NS

NN
HN

37 62

Fig. 47: Synthesis of 62. Reaction conditions: i) 2-bromo-N-(4-methylphenyl)acetamide, CsCO3, MeCN.

However, no competitive displacement of UDP by ligand 62 could be observed by STD NMR

under the given experimental conditions (see Fig. 48).
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62

Fig. 48: Competitive STD NMR of ligand 62. A GTB concentration of 3 µM and a competitor (UDP)
concentration of 348 µM was used. The STD effect of H-5/H-1’ of UDP was evaluated. No competitive
displacement of UDP could be observed under the given experimental conditions. At a concentration
of 65 µM of 62 a clouding of the sample could be observed indicating micelle formation. Therefore, the
highest concentration point measured was 32.5 µM.

5.3.7 Activity Assay

Classically for the determination of Km and vmax within the framework of the Michaelis-Menten

theory, the initial reaction rate of an enzyme reaction has to be characterized at multiple

substrate concentrations. This is time and resource intensive. However, as laid out by Schnell et

al. and Goudar et al. it is possible to determine Km and vmax in a single experiment from the time-

dependent observation of the progress of an enzymatic reaction. [121,122] Our group has shown

that NMR spectroscopy is a powerful tool for such progress curve analysis [123] and was able to

determine inhibition constants for inhibitors of GTB from such experiments before. [110] For the

enzymatic reaction of GTB, the transfer of galactose from the donor substrate UDP-Gal onto an

acceptor substrate results in the formation of UDP. Because UDP is an inhibitor of GTB, it has

to be removed from the reaction solution in order to achieve correct results. This has previously

been achieved by the use of alkaline phosphatase by Schaefer et al. [110] In contrast to Schaefer

et al., in this work GTB was studied at a slightly more acidic pD value of 5.8 in order to raise

the solubility of the examined ligands. Therefore, alkaline phosphatase was substituted with

acidic phosphatase from wheat germ. Using α-Fuc-(1,2)-β-Gal-octyl as an acceptor substrate

the depletion of UDP-Gal could be monitored successfully via 1H-NMR spectroscopy in the

presence of GTB (see Fig. 49). However, control experiments in the absence of acceptor

substrate (and acceptor substrate plus GTB) revealed that to a significant extent UDP-Gal is

problematically cleaved by acidic phosphatase (see Fig. 49). Therefore, the described attempts
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to determine inhibition constants for ligand 37, 38, 39, and 62 by means of progress curve

analysis were unsuccessful. In conclusion, acidic phosphatase (as supplied by TCI) is unsuited

for this type of enzymatic assay.
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Fig. 49: Progress curve (monitored via 1H-NMR at 310 K showing the decay of UDP-Gal during the GTB
catalyzed transfer of galactose onto the acceptor substrate α-Fuc-(1,2)-β-Gal-octyl (black). However,
a control in the absence of acceptor substrate (red) and a control in the absence of both acceptor
substrate and GTB (blue) revealed that (to a significant extent) UDP-Gal is problematically cleaved by
acidic phosphatase.

5.4 Conclusion

In this chapter, a fragment growing strategy was employed to discover inhibitors of GTB with

improved affinity. This endeavor started from fragment 35 that originates from a previous

fragment screening and inhibits GTB with a Ki of 800 µM. Enlarging the phenyl moiety of

fragment 35 to a naphthyl moiety resulted in ligand 37 that showed a threefold improvement

in binding affinity (Ki = 271 µM). Substitution of the phenyl moiety of fragment 35 with OBn-

substituents in 2- and 3-position (as realized in ligands 38 and 39) that were anticipated to

exploit π-π interactions with His233 and Trp300 proved not to be promising. This indicates that

the acceptor binding site of GTB might be narrower than suggested by the co-crystal structure

of fragment 35 and GTB (PDB: 3U0X). An alternative explanation may be the entropic penalty

for the additional three rotatable bonds. A continuative attempt to substitute the piperazine

moiety of 37 led to ligand 62 that showed no measurable affinity for GTB under the given

experimental conditions. Nonetheless, further attempts to substitute the piperazine moiety are

certainly the most promising next step, both from a viewpoint of synthetic accessibility as well

as available unoccupied space within the GTB binding site.
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6 Experimental Procedures

6.1 Development of New Inhibitors of Fucosyltransferase 8

6.1.1 Molecular Modeling

Schrödinger’s Maestro was used for the ligand design process. Schrödinger includes the

software modules „Prime“, „LigPrep“, „Glide“ and „Desmond“. The default force field is

OPLS2005. On the basis of the only available X-ray crystal structure of human FUT8 (PDB:

2DE0) a model for donor substrate binding that has previously been developed in our working

group was recreated. [49] The FUT8-GDP-Fucose complex was taken to „Desmond“ and fitted

into an orthorhombic water box (SPC model) expanding 10 Å in each direction from the

complex. Then, a 1.5 ns long MD simulation („Desmond v3“) was performed using the NVT

ensemble at 310 K. The final frame of this MD simulation was used for subsequent docking

campaigns. For this, the “FragsNow” subset of the ZINC12 databank was used. [50] This library

contains fragments with a molecular weight of less than 250 Da, a clogP of less than 3.5,

and less than 5 rotatable bonds. This library was prepared at pH 7 ± 0.2 using Maestro’s

„LigPrep“ (with default options except pH) totaling about 700,000 ligands. Two independent

docking campaigns were performed: The first one using a grid box centered around guanine

(expanding 15, 17 and 17 Å in X, Y and Z direction) and the second one centered on the β-

phosphate of GDP-Fucose (expanding 17 Å in X, Y, and Z direction). Docking was performed

using „Glide“ (using default options). Initially, the „HTVS“ scoring function was used. Top hits

were then redocked using the „Standard Precision“ scoring function (GlideScore SP5.0). For

MM-GBSA calculations, „Prime“ (v3.0, OPLS3 force field) was used.

6.1.2 Synthesis

6.1.2.1 Ethyl 5-methyl-1H-pyrazole-3-carboxylate 14

Synthesis of ethyl 5-methyl-1H-pyrazole-3-carboxylate 14 has been NHN
55

44

33
O

O

14

described previously, e.g. by Skinner et al. [51] A sodium ethanoate solution

was prepared by the addition of sodium (2.64 g, 114.8 mmol) to ethanol

(80 mL). To this solution, a mixture of acetone (7.0 mL, 5.5 g, 95 mmol) and

diethyl oxalate (13.0 mL, 14.0 g, 96.0 mmol) was added dropwise causing the formation of a

yellow precipitate. After complete addition, the reaction mixture was taken up in water and the

pH value was adjusted to 3 with dilute sulfuric acid. The aqueous phase was extracted with
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dichloromethane. The combined organic phases were dried over sodium sulfate, filtered and

freed of the solvent in vacuo. The residue was dissolved in ethanol (80 mL) and hydrazine

monohydrochloride (2.85 g, 41.7 mmol) was added. The reaction mixture was heated to reflux

for 4 h and then freed of the solvent in vacuo. The residue was taken up in water and extracted

with dichloromethane. The combined organic phases were dried over sodium sulfate, filtered

and freed of the solvent in vacuo. The product was purified by column chromatography on silica

gel (elution gradient: petrol ether/ethyl acetate 7:3 to 1:1).

Yield: 2.328 g (15.10 mmol, 16%) yellowish solid; C7H10N2O2; molecular weight: 154.17 g/mol;

Rf = 0.23 (petrol ether/ethyl acetate 1:1).

MS (ESI+): expt. 177.064 ([M+Na]+), calc. 177.063 ([M+Na]+).

1H-NMR (400 MHz, CDCl3): δ [ppm] = 11.72 (bs, 1H, NH), 6.57 (s, 1H, H-4), 4.36 (q, 2H,
3J = 7.1 Hz, COOCH2CH3), 2.36 (s, 3H, CH3), 1.35 (t, 3H, 3J = 7.2 Hz, COOCH2CH3).

13C-NMR (101 MHz, CDCl3): δ [ppm] = 162.2 (COOCH2CH3), 143.1, 141.9 (C-3, C-5), 107.3

(C-4), 60.9 (COOCH2CH3), 14.4 (COOCH2CH3), 11.5 (CH3).

6.1.2.2 5-Methyl-1H-pyrazole-3-carboxamide 12

The synthesis was performed in accordance to a protocol of Jagdmann NHN
55

44

33
O

NH2

12

et al. [52] Ethyl 5-methyl-1H-pyrazole-3-carboxylate 14 (2.336 g, 15.15 mmol)

was dissolved in tetrahydrofuran (40 mL). Formamide (3.62 mL, 4.09 g,

90.9 mmol) was added. Then, a 2.5 M solution of sodium methanoate

(24.5 mL, 61.2 mmol) in methanol was added. The reaction mixture was heated to reflux

for 5 h and after cooling neutralized with dilute hydrochloric acid and subsequently freed of

the solvent in vacuo. The crude product was desalted by filtration over silica gel (eluent:

dichloromethane/methanol 7:1). The residue was purified by column chromatography on silica

gel (eluent: dichloromethane/methanol 7:1).

Yield: 841 mg (6.72 mmol, 44%) colourless solid; C5H7N3O; molecular weight: 125.13 g/mol;

Rf = 0.23 (dichloromethane/methanol 7:1).
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MS (ESI+): expt. 148.047 ([M+Na]+), calc. 148.049 ([M+Na]+).

1H-NMR (500 MHz, DMSO-d6): δ [ppm] = 12.83 (s, 1H, NH), 7.37 (s, 1H, CONH2), 7.10 (s, 1H,

CONH2), 6.37 (s, 1H, H-4), 2.22 (s, 3H, CH3).

13C-NMR (126 MHz, DMSO-d6): δ [ppm] = 163.8 (CONH2), 146.9 (C-3), 139.7 (C-5), 104.2

(C-4), 10.4 (CH3).

6.1.2.3 3-Carbamoyl-1H-pyrazole-5-carboxylic acid 10

5-Methyl-1H-pyrazole-3-carboxamide 12 (100 mg, 800 µmol) was suspen- NHN
55

44

33
O

OH

O

NH2

10

ded in water (10 mL). Potassium permanganate (379 mg, 2.40 mmol) was

added. The reaction mixture was stirred at 95 °C for 3 h and then filtrated

while still hot. The filter cake was washed with hot water twice. The filtrate

was treated with sodium sulfite until discoloration and then the pH value was adjusted to 1

with concentrated sulfuric acid. The solution was stored overnight at 4 °C during which product

precipitated. The product was filtered off.

Yield: 89 mg (570 µmol, 72%) colourless solid; C5H5N3O3; molecular weight: 155.11 g/mol.

MS (ESI-): expt. 154.017 ([M-H]-), calc. 154.026 ([M-H]-).

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 10.11 (bs, 2H, COOH, NH), 7.84 (s, 1H, CONH2),

7.46 (s, 1H, CONH2), 7.17 (s, 1H, H-4).

13C-NMR (125.7 MHz, DMSO-d6): δ [ppm] = 161.6, 161.3 (CONH2, COOH), 142.9, 140.0 (C-3,

C-5), 108.3 (C-4).

6.1.2.4 (E)-3-(3-Formylphenyl)acrylic acid 18

Synthesis of (E)-3-(3-formylphenyl)acrylic acid 18 has been

3'3'

4'4'
5'5'

6'6'

1'1'

2'2' 33

22
11

O

OH

O

H

18

described previously, e.g. by Hansen et al. [53] Malonic acid

(5.214 g, 50.11 mmol) was dissolved in pyridine (25 mL).

Piperidine (330 µL, 0.284 g, 3.34 mmol) and isophthaldehyde

(4.480 g, 33.40 mmol) were added. The reaction mixture was

stirred at 100 °C for 3 h. The reaction mixture was freed of the solvent in vacuo and the
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residue was then coevaporated with toluene. The crude product was purified by column

chromatography on C18-reversed phase material (eluent: water/acetonitrile 90:10 + 0.5% NH3

(aq.) (25%)). Product fractions were combined and acidified with formic acid. A precipitate was

formed, filtered off and lyophilized from water.

Yield: 2.587 g (14.69 mmol, 44%) colourless solid; C10H8O3; molecular weight: 176.05 g/mol;

Rf = 0.28 (petrol ether/ethyl acetate 1:1 + 0.5% formic acid).

MS (ESI-): expt. 175.092 ([M-H]-), calc. 175.040 ([M-H]-).

1H-NMR (500 MHz, DMSO-d6): δ [ppm] = 12.55 (bs, 1H, COOH), 10.04 (s, 1H, C(=O)-H), 8.22

(m, 1H, H-2’), 8.04-8.02 (m, 1H, 3J = 7.7 Hz, H-6’), 7.93-7.91 (m, 1H, 3J = 7.7 Hz, H-4’), 7.68 (d,

1H, 3J = 16.1 Hz, H-3), 7.65 (dd, 1H, 3J = 7.7 Hz, 3J = 7.7 Hz, H-5’), 6.66 (d, 1H, 3J = 16.1 Hz,

H-2).

13C-NMR (126 MHz, DMSO-d6): δ [ppm] = 192.8 (C(=O)-H), 167.3 (COOH), 142.5 (C-3), 136.7

(C-3’), 135.2 (C-1’), 133.8 (C-6’), 130.2 (C-5’), 129.8 (C-4’), 129.5 (C-2’), 121.0 (C-2).

6.1.2.5 (E)-3-(3-((Hydroxyimino)methyl)phenyl)acrylic acid 19

(E)-3-(3-Formylphenyl)acrylic acid 18 (763 mg, 4.33 mmol) was

3'3'

4'4'
5'5'

6'6'

1'1'

2'2'
N

HO

33

22
11

O

OH

19

dissolved in acetonitrile (40 mL). Triethylamine (900 µL, 657 mg,

6.50 mmol) and hydroxylamine hydrochloride (451 mg, 6.50 mmol)

were added. The reaction mixture was stirred at room temperature

for a total of 2 h. After 60 and 90 min respectively, additional

portions of triethylamine and hydroxylamine hydrochloride were added. The reaction mixture

was freed of the solvent in vacuo and purified by filtration over silica gel (eluent: petrol

ether/ethyl acetate 1:1 + 0.5% formic acid).

Yield: quantitatively (crude). Colourless solid; C10H9NO3; molecular weight: 191.18 g/mol;

Rf = 0.33 (petrol ether/ethyl acetate 1:1 + 0.5% formic acid).
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MS (ESI-): expt. 190.104 ([M-H]-), calc. 190.050 ([M-H]-).

6.1.2.6 (E)-3-(3-Cyanophenyl)acrylic acid 20

Synthesis was performed in accordance to a protocol of De

3'3'

4'4'
5'5'

6'6'

1'1'

2'2'
NC

33

22
11

O

OH

20

Luca et al. [54] Cyanuric chloride (1.210 g, 6.567 mmol) was

dissolved in N,N-dimethylformamide (15 mL) and the mixture was

stirred at room temperature for 15 min during which a precipitate

was formed. Crude (E)-3-(3-((hydroxyimino)methyl)phenyl)acrylic

acid 19 (627 mg, 3.28 mmol) was dissolved in N,N-dimethylformamide and added to the above

mixture. The reaction mixture was stirred at room temperature for 5 h. Then water (2.0 mL) was

added and the reaction mixture was freed of the solvent in vacuo. The residue was purified by

filtration over silica gel (eluent: petrol ether/ethyl acetate 1:1 + 0.5% formic acid).

Yield: quantitatively (crude). Colourless solid; C10H7NO2; molecular weight: 173.17 g/mol;

Rf = 0.28 (petrol ether/ethyl acetate 1:1 + 0.5% formic acid).

MS (ESI-): expt. 172.089 ([M-H]-), calc. 172.040 ([M-H]-).

6.1.2.7 (E)-Methyl 3-(3-cyanophenyl)acrylate 21

Crude (E)-3-(3-cyanophenyl)acrylic acid 20 (996 mg, 5.75 mmol)

3'3'

4'4'
5'5'

6'6'

1'1'

2'2'
NC

33

22
11

O

O

21

was dissolved in N,N-dimethylformamide (15 mL). Cesium

carbonate (2.248 g, 6.902 mmol) and subsequently methyl iodide

(430 µL, 980 mg, 6.90 mmol) were added. The reaction mixture

was stirred at room temperature for 18 h and then freed of the

solvent in vacuo. The residue was purified by column chromatography on silica gel (eluent:

petrol ether/ethyl acetate 4:1).

Yield: 522 mg (2.79 mmol, 48%) colourless solid; C11H9NO2; molecular weight: 187.19 g/mol;

Rf = 0.28 (petrol ether/ethyl acetate 4:1).

MS (ESI+): expt. 188.070 ([M+H]+), calc. 188.071 ([M+H]+).

1H-NMR (500 MHz, DMSO-d6): δ [ppm] = 8.27-8.26 (m, 1H, H-2’), 8.09-8.06 (m, 1H,
3J = 8.1 Hz, H-6’), 7.89-7.86 (m, 1H, 3J = 8.1 Hz, H-4’), 7.69 (d, 1H, 3J = 16.1 Hz, H-3), 7.63
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(dd, 1H, 3J = 7.9 Hz, 3J = 7.9 Hz, H-5’), 6.82 (d, 1H, 3J = 16.1 Hz, H-2), 3.74 (s, 3H, COOCH3).

13C-NMR (125.7 MHz, DMSO-d6): δ [ppm] = 166.3 (COOCH3), 142.3 (C-3), 135.3 (C-1’), 133.5

(C-4’), 132.8 (C-6’), 131.8 (C-2’), 130.1 (C-5’), 120.3 (C-2), 118.4 (CN), 112.1 (C-3’), 51.6

(COOCH3).

6.1.2.8 Methyl 3-(3-(aminomethyl)phenyl)propanoate 11

(E)-Methyl 3-(3-cyanophenyl)acrylate 21 (100 mg, 0.534 mmol)
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was dissolved in 1.5% hydrochloric acid in methanol (10 mL) and

then Pd/C (51 mg) was added. The reaction mixture was stirred

at room temperature for 3 h over an atmosphere of H2 (30 bar).

The reaction mixture was filtered over Celite and freed of the

solvent in vacuo. The residue was taken up in water and the pH was adjusted to 8 with sodium

bicarbonate. The aqueous phase was extracted with dichloromethane. The combined organic

phases were dried over sodium sulfate, filtered and freed of the solvent in vacuo.

Yield: 99 mg (0.51 mmol, 96%) slightly yellowish oil; C11H15NO2; molecular weight:

193.24 g/mol; Rf = 0.30 (dichloromethane/methanol 9:1 + 0.5% ammonium hydroxide (25wt%)).

MS (ESI+): expt. 194.1134 ([M+H]+), calc. 194.1176 ([M+H]+).

1H-NMR (500 MHz, MeOD-d4): δ [ppm] = 7.24 (dd, 1H, 3J = 7.6 Hz, 3J = 7.6 Hz, H-5’), 7.20-7.18

(m, 1H, H-2’), 7.18-7.15 (m, 1H, 3J = 7.6 Hz, H-4’), 7.11-7.08 (m, 1H, 3J = 7.6 Hz, H-6’), 3.76

(s, 2H, CH2NH2), 3.64 (s, 3H, COOCH3), 2.92 (t, 2H, 3J = 7.6 Hz, H-3), 2.64 (t, 2H, 3J = 7.6 Hz,

H-2).

13C-NMR (126 MHz, MeOD-d4): δ [ppm] = 175.1 (COOCH3), 143.6 (C-3’), 142.3 (C-1’), 129.7

(C-5’), 128.5 (C-2’), 128.0 (C-6’), 126.4 (C-4’), 52.0 (COOCH3), 46.6 (CH2NH2), 36.6 (C-2),

31.9 (C-3).

6.1.2.9 Methyl 3-(3-((5-carbamoyl-1H-pyrazole-3-carboxamido)methyl)phenyl)propanoa-

te 22

3-Carbamoyl-1H-pyrazole-5-carboxylic acid 10 (69 mg, 447 µmol) and methyl 3-(3-(aminometh-

yl)phenyl)propanoate 11 (95 mg, 492 µmol) were dissolved in N,N-dimethylformamide (2 mL).
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Then, N,N-diisopropylethylamine (152 µL, 116 mg, 894 µmol) was added and subsequently a

solution of propylphosphonic anhydride (284 mg, 894 µmol) in N,N-dimethylformamide (50wt%,

522 µL). The reaction mixture was stirred at room temperature for 24 h and then freed of the

solvent in vacuo. The residue was taken up in 5% hydrochloric acid and extracted with ethyl

acetate. The combined organic phases were dried over sodium sulfate, filtered and freed of the

solvent in vacuo. The residue was purified via RP-HPLC (column: Nucleodur C18 Isis; solvent

A: 95% H2O + 5% MeCN; solvent B: 95% MeCN + 5% H2O; gradient: 0-5 min, 35% B; 5-13

min, 100% B; 13-15 min, 100% B; 15-18 min, 100% B; 18-20 min, 35% B; flow rate: 20 mL/min;

Rt = 5.2 min).

Yield: 51.5 mg (156 µmol, 32%) colourless solid; C16H18N4O4; NHN
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molecular weight: 330.34 g/mol; Rf = 0.37 (dichlorometha-

ne/methanol 9:1).

MS (ESI+): expt. 331.136 ([M+H]+), calc. 331.140

([M+H]+).

1H-NMR (500 MHz, DMSO-d6): δ [ppm] = 13.92 (bs, 1H, NH (pyrazole)), 8.88 (bs, 1H,

R1CONHCH2R2), 7.86 (bs, 1H, CONH2), 7.44 (bs, 1H, CONH2), 7.25 (s, 1H, H-4”), 7.23 (dd,

1H, 3J = 7.7 Hz, 3J = 7.7 Hz, H-5’), 7.16-7.14 (m, 1H, H-2’), 7.14-7.11 (m, 1H, 3J = 7.7 Hz, H-

4’/H-6’), 7.10-7.07 (m, 1H, 3J = 7.5 Hz, H-4’/H-6’), 4.40 (d, 2H, 3J = 5.9 Hz, R1CONHCH2R2),

3.56 (s, 3H, COOCH3), 2.83 (t, 2H, 3J = 7.6 Hz, H-3), 2.60 (t, 2H, 3J = 7.7 Hz, H-2).

13C-NMR (126 MHz, DMSO-d6): δ [ppm] = 172.6 (COOCH3), 140.5, 139.6 (C-1’, C-3’),

128.3 (C-5’), 127.1 (C-2’), 126.6, 125.1 (C-4’, C-6’), 105.7 (C-4”), 51.3 (COOCH3), 41.9

(R1CONHCH2R2), 34.8 (C-2), 30.2 (C-3).

6.1.2.10 3-(3-((5-Carbamoyl-1H-pyrazole-3-carboxamido)methyl)phenyl)propanoic acid 8

Methyl 3-(3-((5-carbamoyl-1H-pyrazole-3-carboxamido)methyl)phenyl)propanoate 22 (41 mg,

120 µmol) was dissolved in methanol (8 mL). Then, potassium hydroxide (21 mg, 370 µmol)

was dissolved in water (2 mL) and added to the above solution. The reaction mixture was

stirred at room temperature for 24 h and then neutralized with dilute hydrochloric acid and

freed of the solvent in vacuo. The residue was desalted by filtration over silica gel (eluent:

dichloromethane/methanol 9:1 + 0.5% formic acid). The crude product was purified via RP-
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HPLC (column: Nucleodur C18 Isis; solvent A: H2O + 0.01% NH3; solvent B: MeCN; gradient:

0-10 min, 10% B; 10-20 min, 40% B; 20-22 min, 90% B; 22-25 min, 90% B; 25-27 min, 10% B;

27-30 min, 10% B; flow rate: 1 mL/min; Rt = 5.0-7.0 min).

Yield: 22.7 mg (71.9 µmol, 58%) colourless solid; C15H16N4O4; NHN
5''5''

4''4''

3''3''
O O

HN

3'3'

NH2

4'4'

5'5'
6'6'

1'1'

2'2'

33

22
11 OH

O

8

molecular weight: 316.31 g/mol; Rf = 0.17 (dichlorometha-

ne/methanol 9:1 + 0.5% formic acid).

MS (ESI-): expt. 315.103 ([M-H]-), calc. 315.109 ([M-

H]-).

1H-NMR (500 MHz, DMSO-d6): δ [ppm] = 8.95 (bs, 1H, R1CONHCH2R2), 7.88 (bs, 1H,

CONH2), 7.42 (bs, 1H, CONH2), 7.23 (s, 1H, H-4”), 7.21 (dd, 1H, 3J = 7.6 Hz, 3J = 7.6 Hz,

H-5’), 7.17-7.15 (m, 1H, H-2’), 7.12-7.07 (m, 2H, H-4’, H-6’), 4.40 (d, 2H, 3J = 6.1 Hz,

R1CONHCH2R2), 2.78 (t, 2H, 3J = 7.6 Hz, H-3), 2.43 (t, 2H, 3J = 7.6 Hz, H-2).

13C-NMR (126 MHz, DMSO-d6): δ [ppm] = 174.5 (COOH), 161.3 (CONH2), 160.1

(R1CONHCH2R2), 141.5 (C-1’), 139.4 (C-3’), 128.2 (C-5’), 127.4 (C-2’), 126.6, 124.8 (C-4’,

C-6’), 105.8 (C-4”), 42.0 (R1CONHCH2R2), 36.2 (C-2), 30.8 (C-3).

6.1.2.11 tert-Butyl 4-(4-ethoxy-4-oxobutanoyl)piperazine-1-carboxylate 25

1-Boc-piperazine 24 (2.00 g, 10.7 mmol) was suspended in acetonitrile
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(20 mL) and N,N-diisopropylethylamine (2.19 mL, 1.67 g, 12.9 mmol)

was added. The mixture was cooled down to 0 °C. To this mixture,

a solution of ethyl succinyl chloride (1.75 mL, 2.03 g, 12.4 mmol)

in acetonitrile (20 mL) was added dropwise. The reaction mixture

was stirred for 2 h at room temperature and subsequently freed

of the solvent in vacuo. The product was purified by column

chromatography on silica gel (elution gradient: dichloromethane

(100%) to dichloromethane/methanol 24:1).

Yield: 3.13 g (9.97 mmol, 93%) slightly yellowish oil; C15H26N2O5; molecular weight:

314.37 g/mol; Rf = 0.18 (dichloromethane).
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MS (ESI+): expt. 337.173 ([M+Na]+), calc. 337.173 ([M+H]+); expt. 259.129 ([M-C4H9
++2H]+),

calc. 259.129 ([M-C4H9
++2H]+); expt. 213.087 ([M-C4H9

+-EtOH+H]+), calc. 213.087 ([M-

C4H9
+-EtOH+H]+).

1H-NMR (400 MHz, CDCl3): δ [ppm] = 4.14 (q, 2H, 3J = 7.1 Hz, COOCH2CH3), 3.61-3.54 (m,

2H, H-2’/H-3’), 3.49-3.42 (m, 4H, H-2a-b), 3.42-3.36 (m, 2H, H-2’/H-3’), 2.68-2.59 (m, 4H, H-

1a-b), 1.46 (s, 9H, NCOOC(CH3)3), 1.25 (t, 3H, 3J = 7.1 Hz, COOCH2CH3).

13C-NMR (101 MHz, CDCl3): δ [ppm] = 173.2, 170.1 (R1NC(=O)CH2CH2COOEt), 154.7

(NCOOC(CH3)3), 80.4 (NCOOC(CH3)3), 60.7 (COOCH2CH3), 45.3 (C-2a-b), 41.7 (C-2’/C-3’),

29.4 (C-1a-b), 28.5 (NCOOC(CH3)3), 28.0 (C-1a-b), 14.3 (COOCH2CH3).

6.1.2.12 Ethyl 4-oxo-4-(piperazin-1-yl)butanoate 23

A constant stream of dry HCl gas was produced by dropwise addition
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of sulfuric acid to solid sodium chloride. The HCl stream was passed

into a solution of tert-butyl 4-(4-ethoxy-4-oxobutanoyl)piperazine-1-

carboxylate 25 (1.21 g, 3.84 mmol) in ethanol (20 mL). The reaction

mixture was stirred for 2 h at room temperature. The reaction mixture

was neutralized by addition of a saturated sodium bicarbonate solution.

The aqueous solution was extracted with dichloromethane. The combined organic phases were

dried over sodium sulfate, filtered and freed of the solvent in vacuo. Even though the NMR

spectrum reveals impurities, no additional purification was pursued.

Yield: 730 mg (3.41 mmol, 89%) slightly yellowish oil; C10H18N2O3; molecular weight:

214.26 g/mol; Rf = 0.26 (dichloromethan/methanol 9:1 + 0.5% NH3).

MS (ESI+): expt. 215.1390 ([M+H]+), calc. 215.1390 ([M+H]+); expt. 169.0973 ([M-EtOH]+),

calc. 169.0972 ([M-EtOH]+).

1H-NMR (600 MHz, MeOD-d4): δ [ppm] = 4.12 (q, 2H, 3J = 7.1 Hz, COOCH2CH3), 3.55-3.52

(m, 4H, H-1a’/H-1b’), 2.86-2.82 (m, 2H, H-2/H-3), 2.79-2.76 (m, 2H, H-2/H-3), 2.69-2.58 (m,

4H, H-2a’/H-2b’), 1.25 (t, 3H, 3J = 7.1 Hz, COOCH2CH3).
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13C-NMR (151 MHz, MeOD-d4): δ [ppm] = 174.7, 172.3 (R1NC(=O)CH2CH2COOEt), 61.6

(COOCH2CH3), 47.2 (C-1a’/H-1b’), 46.5 (C-2/C-3), 46.2 (C-2/C-3), 43.5 (C-1a’/H-1b’), 30.2,

28.7 (C-2a’/H-2b’), 14.5 (COOCH2CH3).

6.1.2.13 Ethyl 4-(4-(5-carbamoyl-1H-pyrazole-3-carbonyl)piperazin-1-yl)-4-oxobutanoate 26

3-Carbamoyl-1H-pyrazole-5-carboxylic acid 10 (10.0 mg, 64.5 µmol) NHN

4''4''

O

N

O

NH2

N 2'2'

3'3'

O
33

22

O

O

26

and ethyl 4-oxo-4-(piperazin-1-yl)butanoate 23 (20.7 mg,

96.7 µmol) were dissolved in N,N-dimethylformamide (1.5 mL).

Then N,N-diisopropylethylamine (32.9 µL, 25.0 mg, 193 µmol)

was added and subsequently a solution of propylphosphonic

anhydride (61.5 mg, 193 µmol) in N,N-dimethylformamide

(50wt%, 113 µL). The reaction mixture was stirred at room

temperature for 60 min. Then, 5% hydrochloric acid (20 mL) was added. The aqueous phase

was extracted with dichloromethane. The combined organic phases were dried over sodium

sulfate, filtered and freed of the solvent in vacuo. The residue was purified via RP-HPLC

(column: Nucleodur C18 Isis; solvent A: 100% H2O + 0.1% formic acid; solvent B: 100% MeCN

+ 0.1% formic acid; gradient: 0-5 min, 10% B; 5-15 min, 50% B; 15-16 min, 90% B; 16-18 min,

90% B; 18-19 min, 10% B; 19-23 min, 10% B; flow rate: 1.5 mL/min; Rt = 10.8 min).

Yield: 5.8 mg (16.5 µmol, 26%) colourless solid; C15H21N5O5; molecular weight: 351.36 g/mol.

MS (ESI+): expt. 352.167 ([M+H]+), calc. 352.162 ([M+H]+).

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 13.94 (bs, 1H, NH (pyrazole)),7.95, 7.52 (s, 1H,

CONH2), 7.16 (s, 1H, H-4”), 4.04 (q, 2H, 3J = 7.2 Hz, COOCH2CH3), 4.00-3.44 (m, 8H, H-2’,

H-3’), 2.65-2.56 (m, 2H, H-3), 1.17 (t, 3H, 3J = 7.1 Hz, COOCH2CH3). H-2 signal is overlapping

with the solvent signal.

6.1.2.14 Ethyl 4-(4-(5-carbamoyl-1H-pyrazole-3-carbonyl)piperazin-1-yl)-4-oxobutanoate 9

4-(4-(5-Carbamoyl-1H-pyrazole-3-carbonyl)piperazin-1-yl)-4-oxobutanoate 26 (5.8 mg, 16.5 µmol)

and potassium hydroxide (3.7 mg, 66 µmol) were dissolved in a 1:1 mixture of methanol and

water (2.0 mL). The reaction mixture was stirred at room temperature for 24 h and lyophilized

after neutralization. The residue was purified via RP-HPLC (column: Phenomenex Luna NH2;

solvent A: 100% H2O + 0.1% formic acid; solvent B: 100% MeCN + 0.1% formic acid; gradient:
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0-12 min, 2% B; 12-15 min, 20% B; 15-16 min, 90% B; 16-18 min, 90% B; 18-19 min, 2% B;

19-23 min, 2% B; flow rate: 1 mL/min; Rt ∼ 7.5 min).

Yield: 2.1 mg (6.5 µmol, 39%) colourless solid; C13H17N5O5; NHN
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molecular weight: 323.30 g/mol.

MS (ESI-): expt. 322.110 ([M-H]-), calc. 322.116 ([M-H]-).

1H-NMR (400 MHz, D2O): δ [ppm] = 7.15 (s, 1H, H-4”), 3.96-3.66

(m, 8H, H-2’, H-3’), 2.88-2.76 (m, 2H, H-3), 2.74-2.66 (m, 2H, H-2).

6.1.3 Inhibition Assays

The activity assay and STD NMR measurements were performed on a Bruker Avance 700 MHz

spectrometer in 3 mm NMR tubes. Samples were prepared in D2O containing MES-d13 (50 mM)

and TMSP-d4 (1 mM) at pD 7.0. The FUT8 solution was rebuffered to the buffer specified

above by using Amicon Ultra-4 cellulose filter (molecular weight cut-off 5 kDa) and the protein

concentration was determined by using a nanodrop at 280 nm.

6.1.3.1 Activity assay

The fucosylation of 1-β-N-acetylchitotriose was monitored via 1H-NMR over a course of

3.5 h. Every 15 min 1H-NMR spectra with excitation sculpting were acquired at 310 K using

a pseudo 2D pulse program. The first data point was acquired after 11.5 min. The sample

contained a FUT8 concentration of 2 µM, a GDP-Fucose concentration of 2.6 mM and a 1-β-N-

acetylchitotriose concentration of 2.3 mM. Additionally, the sample contained 10 U of alkaline

phosphatase (EC 3.1.3.1) and 1 mg/mL bovine serum albumin. Spectra were acquired with

32,768 data points and a total of 64 scans. FIDs were multiplied with an exponential function

(line broadening 0.2) before Fourier transformation. The concentration of assay components

was determined from H-8 of GDP-Fuc and GDP, H-1 of (fucosylated) 1-β-N-acetylchitotriose

and the H-6 methyl group of fucose.

6.1.3.2 STD NMR

The standard pulse program „stddiffesgp2d“ was used. On resonance irradiation was applied at

0 ppm. Saturation was achieved by a cascade of 40 Gaussian pulses with a duration of 50 ms.
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A spinlock pulse of 15 ms length was used to reduce the protein background. Experiments were

performed at 300 K. All samples contained a FUT8 concentration of 5 µM and ligand excesses

of ligand 8 ranging from 41 to 199. Spectra were acquired with 24,576 data points and a total of

512 scans. FIDs were multiplied with an exponential function (line broadening 2) before Fourier

transformation. For the determination of dissociation constants STD amplifications factors were

plotted against the ligand concentration. The data points were then fitted using an one-site

binding model in Origin2016G.
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6.2 Ensemble Docking of Renin

All work was performed using Schrödinger Maestro 2017-1 version, PyMOL 1.5.0.4 and Matlab

R2016b. Schrödinger includes the software modules „Protein Preparation Wizard“, „Prime“,

„Epik“, „LigPrep“, „Glide“, and „Desmond“. The default force field is OPLS3.

6.2.1 Preparation of Crystal Structures, Active Ligands and Decoys

A set of 45 crystal structures of renin in complex with an inhibitor was downloaded from the

Protein Data Bank (PDB). Their PDB codes are: 1BIL, 1HRN, 1RNE, 2BKT, 2FS4, 2G1O,

2G1R, 2G1Y, 2IKO, 2IKU, 2IL2, 2V0Z, 2V10, 2V11, 2V12, 2V13, 2V16, 3G6Z, 3G70, 3G72,

3GW5, 3KM4, 3OOT, 3OQF, 3OQK, 3Q3T, 3Q4B, 3Q5H, 3SFC, 3VSX, 3VUC, 3VYD, 3VYE,

3VYF, 4GJ6, 4GJ7, 4GJD, 4Q1N, 4RYG, 4RZ1, 5KOQ, 5KOS, 5SXN, 5SY3, and 5SZ9. The

crystal structures were preprocessed using Maestro’s „Protein Preparation Wizard“. Bond

orders were assigned using the chemical component dictionary, hydrogens were added,

missing side chains were added using „Prime“, and heteroatom states were generated using

„Epik“ at pH 7.4 ± 0.1. All water molecules, ions, and additives used for crystallization (e.g.

triethylene glycol or dimethyl sulfoxide) were deleted. For crystal structures that contained more

than one renin chain only one chain was kept. Orientation of hydroxyl groups, asparagines,

glutamines, and histidines was optimized using PROPKA at pH 7.4. Finally, the structures were

subjected to a restrained minimization. The sequence numbering was manually changed to

comply with the numbering given in the Uniprot database. Ligands were extracted from the

minimized crystal structures and prepared by employing Maestro’s „LigPrep“. Ionization of the

ligands was not changed and no tautomers were generated. For each ligand 50 decoys were

generated with the DUD-E system. [90] 10 decoys appeared multiple times and were deleted so

that in total 2240 decoys are in the test system. Decoys were prepared employing „LigPrep“

with the same settings as for the ligands.

6.2.2 Construction of RMSD matrices and Multidimensional Scaling

Structures were exported to PyMol. All hydrogen atoms were removed. The residues that form

the binding site correspond to residues that are within 4 Å of the primary ligand in any of

the 45 minimized crystal structures. In MD studies it was found that the side chains of four

residues do not contribute to ligand binding but dominate structural heterogeneity. For that

reason Glu189, Phe319 and Asp320 were completely omitted from the binding epitope and

for Arg148 only the side chain was removed. This results in the definition of the binding site
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as: Thr84-Tyr87, Val102, Asp104, Gly106-Asn109, Trp111-Pro113, Ala123, His127, Leu147,

Arg148 (backbone only), Tyr149-Gly152, Val154, Val177, Met180, Pro184, Phe185, Leu187-

Ala188, Phe190-Val193, Gln201-Ile203, Tyr228, Leu290, Asp292-Ser299, His367, Met369,

Asp370-Pro372, Thr375, Thr378, Asp380, Gly382, Ala383. RMSD matrices were constructed

by iterating PyMOL’s „align“ command with the cycles option set to zero employing a basic

Python script (see Appendix 9.2). For clustering of MD-derived structures, frames were

extracted at a stepsize of 50 ps (yielding 1000 frames per MD). Multidimensional scaling was

performed using Matlab’s „mdscale“ command using „Sammon“ as criterion.

6.2.3 Clustering

Hierarchical clustering: Matlab’s „linkage“ command was applied to the respective RMSD matrix

with the method set to „average“. Subsequently, Matlab’s „cluster“ command was applied to

the resulting matrix. The number of clusters was controlled by using the „maxclust“ option.

Cluster representatives were selected as follows: A new RMSD matrix of all cluster members

was constructed. The sum of RMSD values for each cluster member to all other cluster

members was calculated. The structure with the smallest sum was determined to be the cluster

representative.

K-means clustering: To the respective RMSD matrix multidimensional scaling with three

dimensions was applied. The resulting data points were clustered employing Matlab’s „kmeans“

command with the number of replicates and the number of maximum iterations set to 10,000.

6.2.4 Docking

Docking was performed using „Glide“. For the grid, the center of the docking box was defined

as the centroid of the residues Asp104 and Asp292. A cubic docking box with an axis length of

40 Å was used (35 Å for inner box). The docking mode „Standard Precision“ was employed. To

allow „soft docking“ van der Waals radii of atoms with a partial atomic charge of less than 0.15

were scaled by a factor of 0.8. [74] Only one pose per ligand was generated.

6.2.5 MD Simulations

The ligand of the 2G1R crystal structure (that was prepared as described above) was deleted.

The structure was solvated with the „System Builder“ of „Desmond“. An orthorhombic solvent

box extending 10 Å beyond the protein in all directions was used. The system was neutralized

by adding 7 Na+ ions and solvated with water (SPC model). Additional sodium chloride was

added in a concentration of 0.15 M to represent the physiological concentration. In total the
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system contained 9936 water molecules, 35 Na+ ions and 28 Cl- ions in a volume of 381697 Å3.

50 ns long MD simulations were performed in the NPT ensemble at 310 K and a pressure of

1.01325 bar with recording intervals of 0.1 ps for energy and 0.5 ps for the trajectory. Long range

electrostatic interactions were calculated using a smooth particle-mesh Ewald approximation

with a cut-off radius of 9 Å. The system was coupled to a Noose-Hoover chain thermostat with

a relaxation time of 1 ps and to an isotropic Martyna-Tobias-Klein barostat with a relaxation time

of 2 ps. The RESPA integrator (reference system propagation algorithm) time step was set to

2 fs for bonded and short-range interactions within the 9.0 Å cutoff and 6 fs for long-range non-

bonded interactions. The system was relaxed using „Desmond’s“ default relaxation protocol.

The MD simulation was repeated 10 times from the same input file, each time with a random

seed in order to randomize initial velocities.

6.2.6 Evaluation of Docking Performance

For evaluation of ensembles the docking results of the respective cluster representatives were

mixed, sorted after their docking score and multiple entries of the same ligand where reduced

so that only the entry with the best docking score remained („merge & shrink“) by employing

a python script. For evaluation of binding poses, the binding site of the native crystal structure

and the docked structure were aligned using the previously defined binding epitope. Then, the

RMSD between the native ligand and docked pose was calculated using heavy atoms only.

The docked pose was evaluated to be correct if the RMSD is less than 3 Å. For evaluation

of screening utility, the AUC ROC and BEDROC score (with α = 20) were calculated. [91] For

evaluation of scoring accuracy, experimental pIC50 values of active ligands were plotted against

the docking score. A linear regression was performed and the coefficient of determination was

utilized as the characteristic. For evaluation of enrichment of complexes of chemically closely

related ligands (here defined as chemotypes), in accordance with Clark et al. a chemotype-

corrected AUC ROC with arithmetic weighting of individual chemotype group members was

calculated. [92] Ligands were assigned to 11 different chemotype groups on the basis of common

chemical substructures.
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6.3 Optimized Inhibitors for Human Blood Group B Galactosyltransferase

6.3.1 Molecular Modeling

All work was performed using Schrödinger Maestro 2017-1 version. Schrödinger includes the

software modules „Protein Preparation Wizard“, „Prime“, „LigPrep“, „Glide“, and „Desmond“.

The default force field is OPLS3. Unless otherwise stated default options of these modules

were employed. The 3U0X crystal structure was preprocessed using the „Protein Preparation

Wizard“. Only the A chain of the dimer was used. Bond orders were assigned, hydrogens added

and heteroatom states were generated using „Epik“ at pH 5.0 ± 0.2. All water molecules, ions,

and additives used for crystallization were deleted. Orientation of hydroxyl groups, asparagines,

glutamines, and histidines was optimized using PROPKA at pH 5.0. Finally, the structure was

subjected to a restrained minimization. For docking, the ligands were prepared by employing

„LigPrep“ at pH 5.0 ± 0.2. The grid was created with „Glide“. The center of the docking box

was defined as the centroid of the co-crystallized ligand. A cubic docking box with an axis

length of 30 Å was used (25 Å for inner box). For docking in „Glide“, the „Standard Precision“

mode was used. For MD simulations, the docked ligand/GTB complex was solvated with the

„System Builder“ of „Desmond“. An orthorhombic solvent box extending 10 Å beyond the protein

in all directions was used. The system was neutralized by adding Cl- ions and solvated with

water (SPC model). Additional sodium chloride was added to reach a concentration of 0.15 M.

MD simulations were performed for 10 ns in the NPT ensemble at 310 K and a pressure of

1.01325 bar with recording intervals of 0.1 ps for energy and 0.5 ps for the trajectory. A random

seed for initial velocities was used. From these MD simulations every 200th frame was extracted

(totaling 100 structures), stripped from water and the energy of ligand binding was calculated

using the MM-GBSA function of „Prime“. In Tab. 3 averages of these calculations are reported.

6.3.2 Synthesis

6.3.2.1 General Procedure A: Synthesis of Amidoximes from Nitriles

The nitrile (1.0 eq.) was suspended in a solution of ethanol and water (1:2). A portion of

hydroxylamine hydrochloride (2.0 eq.) and sodium carbonate (2.2 eq.) was added. The reaction

mixture was heated to reflux for the specified time span and during this, additional portions

of hydroxylamine hydrochloride and sodium carbonate were added. After cooling, the reaction

mixture was extracted with dichloromethane. The combined organic phases were dried over

sodium sulfate, filtered and freed of the solvent in vacuo. The residue was purified as specified.
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6.3.2.2 General Procedure B: Synthesis of 5-chloro-3-aryl-1,2,4-thiadiazoles from

Amidines

The amidine (1.0 eq.) was suspended in dichloromethane and cooled to 0 °C. Then,

perchloromethyl mercaptan (1.0 eq.) was added. After 2 min, an aqueous solution of sodium

hydroxide (4.0 eq.) was added. The reaction mixture was stirred at 0 °C for 1 h and then

1 h at room temperature. Water was added to the reaction mixture and then extracted with

dichloromethane. The combined organic phases were dried over sodium sulfate, filtered and

freed of the solvent in vacuo. The residue was purified by column chromatography on silica

gel.

6.3.2.3 General Procedure C: Nucleophilic Substitution of 5-chloro-3-aryl-1,2,4-

thiadiazoles with Piperazine Derivatives

The 5-chloro-3-aryl-1,2,4-thiadiazole (1.0-1.5 eq.) was dissolved in N,N-dimethylformamide.

Then, triethylamine (4.0-6.0 eq.) and the mono-protected piperazine derivative (1.0 eq.) were

added. The reaction mixture was stirred at room temperature for 2 h and then freed of the

solvent in vacuo. The residue was purified by column chromatography on silica gel.

6.3.2.4 General Procedure D: Deprotection of Trifluoracetamide-protected Piperazines

The trifluoracetamide-protected piperazine (1.0 eq.) and barium hydroxide (5.0 eq.) were

dissolved in methanol and stirred at room temperature for one hour. The reaction mixture was

freed of the solvent in vacuo and the residue was purified by column chromatography on silica

gel.

6.3.2.5 N-Hydroxy-1-naphthimidamide 48

Synthesis of N-hydroxy-1-naphthimidamide 48 has been described

44
33

22
1188

77

66
55

NH2N
OH

48

previously, e.g. by Kivrak et al. [124] 1-Cyanonapthalene 47 (2.00 g,

13.1 mmol) was treated according to general procedure A. The reaction

time was 20 h. In total, 4 portions of hydroxylamine hydrochloride and

sodium carbonate were added. The crude product was recrystallized from

a mixture of hexane and chloroform (1:1).

Yield: 1.70 g (9.11 mmol, 70%) colourless solid; C11H10N2O; molecular weight: 186.21 g/mol.
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MS (ESI+): expt. 187.088 ([M+H]+), calc. 187.087 ([M+H]+).

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 9.56 (s, 1H, =N-OH), 8.35-8.29 (m, 1H, Haryl), 7.97-

7.92 (m, 2H, Haryl), 7.57-7.50 (m, 4H, Haryl), 5.96 (bs, 2H, -NH2).

13C-NMR (100.6 MHz, DMSO-d6): δ [ppm] = 151.6 (C(=NOH)-NH2), 133.2, 132.2, 131.1 (C-

1/C-4a/C-8a), 128.8, 128.0, 126.5, 126.1, 125.9, 125.2 (Caryl).

6.3.2.6 1-Naphthamidine acetate 49

Synthesis of 1-naphthamidine acetate 49 has been descri-
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49

bed previously, e.g. by Alonso-Alija et al. [125] N-hydroxy-1-naphthimidamide 48

(1.656 g, 8.893 mmol) was dissolved in acetic acid (15 mL). Then,

acetic anhydride (1.26 mL, 1.36 g, 13.3 mmol) was added and the

reaction mixture was stirred for 10 min at room temperature. After this,

Pd/C (250 mg) was added and the reaction mixture was stirred over

an atmosphere of hydrogen for 4 h. The solution was filtered through

Celite and the filtrate freed of the solvent in vacuo. The crude product was recrystallized from

a mixture of hexane/chloroform/methanol 1:10:1.

Yield: 1.335 g (5.881 mmol, 65%) beige solid; C13H14N2O2; molecular weight: 230.26 g/mol.

MS (ESI+): expt. 171.092 ([M+H]+), calc. 171.092 ([M+H]+).

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 10.65 (bs, 4H, C(=NH2
+)-NH2), 8.19-8.15 (m, 1H,

Haryl), 8.10-8.06 (m, 1H, Haryl), 8.04-8.00 (m, 1H, Haryl), 7.74-7.62 (m, 4H, Haryl), 1.73 (s, 3H,

acetate).

13C-NMR (100.6 MHz, DMSO-d6): δ [ppm] = 176.8 (COO- (acetate)), 167.1 (C(=NH2
+)-NH2),

132.9 (C-1/C-4a/C-8a), 131.1 (Caryl), 129.5, 129.0 (C-1/C-4a/C-8a), 128.5 (Caryl), 127.7 (Caryl),

126.8 (Caryl), 126.2 (Caryl), 125.1 (Caryl), 124.2 (Caryl), 24.9 (CH3 (acetate)).

6.3.2.7 5-Chloro-3-(naphthalen-1-yl)-1,2,4-thiadiazole 50

1-Naphthamid-ine acetate 49 (682 mg, 2.96 mmol) was treated according to general procedure

B. Eluent for chromatography: hexane/ethyl acetate 1:1.
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Yield: 580 mg (2.35 mmol, 79%) colourless oil; C12H7ClN2S; mo- NS
55

N
33

Cl
1'1'
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3'3'
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8'8'

7'7'
6'6'

5'5'

50

lecular weight: 246.71 g/mol; Rf = 0.39 (hexane/ethyl acetate

2:1).

1H-NMR (500 MHz, CDCl3): δ [ppm] = 9.07-9.04 (m, 1H, H-8), 8.34-8.31

(m, 1H, H-2), 8.01-7.98 (m, 1H, HAryl), 7.94-7.91 (m, 1H HAryl), 7.66-7.62

(m, 1H, HAryl), 7.60-7.54, (m, 2H, HAryl).

13C-NMR (125 MHz, CDCl3): δ [ppm] = 172.9, 172.4 (C-3, C-5), 134.1 (C-1’), 131.8 (CAryl),

130.8 (C-4a/C-8a), 130.4 (CAryl), 128.83 (C-4a/C-8a), 128.75, 127.6, 126.3 (CAryl), 126.0 (C-8),

125.1 (CAryl).

6.3.2.8 tert-Butyl 4-(3-(naphthalen-1-yl)-1,2,4-thiadiazol-5-yl)piperazine-1-carboxylate 51

5-Chloro-3-(naphthalen-1-yl)-1,2,4-thiadiazole 50 (477 mg, NS
55

N
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51

1.93 mmol) and 1-boc-piperazine (359 mg, 1.93 mmol,

1.0 eq.) were reacted according to general procedure

C using triethylamine (1072 µL, 783 mg, 7.73 mmol,

4.0 eq.) as base. Eluent for chromatography: hexa-

ne/ethyl acetate 2:1 to 1:2).

Yield: 718 mg (1.81 mmol, 94%) colourless solid; C21H24N2O2S; molecular weight:

396.51 g/mol, Rf = 0.54 (hexane/ethyl acetate 1:1).

MS (ESI+): expt. 397.167 ([M+H]+), calc. 397.169 ([M+H]+); expt. 341.105 ([M-C4H9
++2H]+),

calc. 341.107 ([M-C4H9
++2H]+).

1H-NMR (500 MHz, CDCl3): δ [ppm] = 8.98-8.94 (m, 1H, H-8”), 8.18-8.15 (m, 1H, H-2”), 7.94-

7.90 (m, 1H, H-4”), 7.90-7.86 (m, 1H, H-5”), 7.58-7.48 (m, 3H, H-3”, H-6”, H-7”), 3.63 (s, 8H,

H-2’, H-3’), 1.50 (s, 9H, tBu (Boc)).

13C-NMR (125 MHz, CDCl3): δ [ppm] = 184.8 (C-5), 171.2 (C-3), 154.6 (NC(=O)OtBu), 134.1

(C-1”), 131.2 (C-8a”), 130.8 (C-4a”), 130.6 (C-4”), 129.3 (C-2”), 128.5 (C-5”), 126.9 (C-7”),

126.5 (C-8”), 126.0 (C-6”), 125.2 (C-3”), 80.8 (C(CH3)3), 48.9 (C-2’, C-3’), 28.5 (C(CH3)3).
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6.3.2.9 3-(Naphthalen-1-yl)-5-(piperazin-1-yl)-1,2,4-thiadiazole hydrochloride 37

tert-Butyl 4-(3-(naphthalen-1-yl)-1,2,4-thiadiazol-5-yl)piperazine- NS
55

N
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H2N
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37

1-carboxylate 51 (42 mg, 105 µmol) was dissolved in a 3 M

solution (4.0 mL) of hydrochloric acid in ethyl acetate. The

reaction mixture was stirred for 2 h at room temperature and

then neutralized with a saturated solution of sodium bicarbonate.

The aqueous phase was extracted with ethyl acetate. The

combined organic phases were dried over sodium sulfate, filtered and freed of the solvent

in vacuo. The residue was lyophilized from a dilute solution of hydrochloric acid. Finally, the

residue was suspended in a solution (5.0 mL) of hexane/chloroform 1:1 and filtered. The product

was washed with hexane (2.0 mL) twice.

Yield: 24 mg (73 µmol, 69%) colourless solid; C16H17ClN4S; molecular weight: 332.85 g/mol.

MS (ESI+): expt. 297.117 ([M+H]+), calc. 297.117 ([M+H]+).

1H-NMR (400 MHz, MeOD-d4): δ [ppm] = 8.89-8.84 (m, 1H, H-8”), 8.13-8.09 (m, 1H, H-2”),

8.01-7.97 (m, 1H, H-5”), 7.96-7.91 (m, 1H, H-4”), 7.58-7.50 (m, 3H, H-7”, H-6”, H-3”), 3.97-3.91

(m, 4H, H-2’), 3.48-3.42 (m, 4H, H-3’).

13C-NMR (101 MHz, MeOD-d4): δ [ppm] = 186.0 (C-5), 172.3 (C-3), 135.5 (C-1”), 132.3 (C-8a”),

131.8 (C-5”), 131.7 (C-4a”), 130.2 (C-2”), 129.5 (C-4”), 127.9, 127.3 (C-7”/C-6”/C-3”), 127.1 (C-

8”), 126.0 (C-7”/C-6”/C-3”), 46.8 (C-2’), 43.8 (C-3’).

6.3.2.10 2-(Benzyloxy)benzonitrile 53

Synthesis of 2-(benzyloxy)benzonitrile 53 has been described
NC 11
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53

previously, e.g. by Loughlin et al. [126] 2-Cyanophenol 52 (2.095 g,

17.56 mmol) and potassium carbonate (4.856 g, 35.13 mmol) were

suspended in N,N-dimethylformamide (20 mL). Then, benzyl bromide

(2.504 mL, 3.606 g, 21.08 mmol) was added. The reaction mixture was

stirred at 50 °C for 3 h and subsequently filtered. The filtrate was freed

of the solvent in vacuo and the resulting residue was purified by column chromatography on

silica gel (eluent: hexane/ethyl acetate 4:1).
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Yield: 3.605 g (17.23 mmol, 98%) colourless solid; C14H11NO; molecular weight: 209.24 g/mol,

Rf = 0.47 (hexane/ethyl acetate 2:1).

1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.59-7.56 (m, 1H, H-6), 7.51-7.44 (m, 3H, H-4, H-2’),

7.42-7.37 (m, 2H , H-3’), 7.36-7.31 (m, 1H, H-4’), 7.03-6.99 (m, 2H, H-3, H-5), 5.22 (s, 2H,

benzyl-CH2).

13C-NMR (125 MHz, CDCl3): δ [ppm] = 160.4 (C-2), 135.8 (C-1’), 134.4 (C-4), 134.0 (C-6),

128.8 (C-2’), 128.3 (C-4’), 127.1 (C-3’), 121.2 (C-5), 116.6 (-CN), 113.0 (C-3), 102.5 (C-1),

70.7 (benzyl-CH2).

6.3.2.11 (Z )-2-(Benzyloxy)-N ’-hydroxybenzimidamide 54

Synthesis of 2-(benzyloxy)benzonitrile 53 has been described
N

H2N
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previously, e.g. by Tarasenko et al. [127] 2-(Benzyloxy)benzonitrile 53

(3.543 g, 16.93 mmol) was treated according to general procedure A.

The reaction time was 20 h. In total, 4 portions of hydroxylamine

hydrochloride and sodium carbonate were added. The crude product

was purified by column filtration over silica gel (eluent: hexane/ethyl

acetate 2:1).

Yield: 3.827 g (15.79 mmol, 93%) colourless solid; C14H14N2O2; molecular weight:

242.27 g/mol, Rf = 0.10 (hexane/ethyl acetate 2:1).

MS (ESI+): expt. 243.114 ([M+H]+), calc. 243.113 ([M+H]+).

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 9.41 (s, 1H, N-OH), 7.52-7.48 (m, 2H, H-2’), 7.43-

7.30 (m, 5H, H-3’, H-4’, H-4, H-6), 7.15-7.11 (m, 1H, H-3), 6.98-6.92 (m, 1H, H-5), 5.66 (bs, 2H,

-NH2), 5.16 (s, 2H, benzyl-CH2).

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 156.2 (C-2), 150.8 (C(-NOH)-NH2), 137.0 (C-1’),

130.1, 129.8 (C-4/C-6), 128.4 (C-3’), 127.8 (C-4’), 127.5 (C-2’), 123.2 (C-1), 120.5 (C-5), 113.2

(C-3), 69.7 (benzyl-CH2).
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6.3.2.12 2-(Benzyloxy)benzimidamide 63

(Z )-2-(Benzyloxy)-N ’-hydroxybenzimidamide 54 (130 mg, 0.537 mmol) NH

H2N
11

22
33
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55
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O
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4'4'
3'3'

2'2'

55

was dissolved in methanol (12.9 mL). Then a 0.1 M solution (12.9 mL) of

samarium(II) iodide (1.29 mmol, 2.4 eq.) in tetrahydrofuran was added.

The reaction mixture was stirred at room temperature for 30 min and

then freed of the solvent in vacuo. The residue was purified by column

filtration over silica gel (eluent: dichloromethane/methanol 9:1 + 0.5%

NH3). Formation of 2-(benzyloxy)benzimidamide 63 was verified by MS

and all of the crude product was used for the next reaction without further purification.

6.3.2.13 3-(2-(Benzyloxy)phenyl)-5-chloro-1,2,4-thiadiazole 56

All of the crude 2-(benzyloxy)benzimidamide 63 from the reaction NS
55
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56

described above was treated according to general procedure B. Eluent

for chromatography: hexane/ethyl acetate 4:1.

Yield: 56 mg (0.18 mmol, 34% over two step) colourless oil;

C15H11ClN2OS; molecular weight: 302.78 g/mol, Rf = 0.49 (hexane/ethyl

acetate 4:1).

1H-NMR (400 MHz, CDCl3): δ [ppm] = 8.00-7.97 (m, 1H, H-6’), 7.53-7.50 (m, 2H, H-2”), 7.45-

7.34 (m, 3H, H-3”, H-4’), 7.33-7.27 (m, 1H, H-4”), 7.11-7.05 (m, 2H, H-5’), 5.24 (s, 2H, benzyl-

CH2).

13C-NMR (101 MHz, CDCl3): δ [ppm] = 172.1 (C-5), 170.9 (C-3), 157.2 (C-2’), 137.0 (C-1”),

132.2, 132.1 (C-4’/C-6’), 128.6 (C-3”), 127.8 (C-4”), 127.0 (C-2”), 122.3 (C-1’), 121.2 (C-5’),

114.2 (C-3’)., 71.0 (benzyl-CH2).

6.3.2.14 1-(4-(3-(2-(Benzyloxy)phenyl)-1,2,4-thiadiazol-5-yl)piperazin-1-yl)-2,2,2-trifluoro-

ethanone 57

3-(2-(Benzyloxy)phenyl)-5-chloro-1,2,4-thiadiazole 56 (82 mg, 0.27 mmol) and trifluoroacetyl-

piperazine trifluoroacetate (120 mg, 0.41 mmol, 1.5 eq.) were reacted according to general

procedure C using triethylamine (225 µL, 164 mg, 1.62 mmol, 6.0 eq.) as base. Eluent for
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chromatography: hexane/ethyl acetate 4:1 to 1:1).

Yield: 103 mg (0.230 mmol, 85%) colourless oil; C21H19F3N4O2S; NS
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57

molecular weight: 448.46 g/mol, Rf = 0.11 (hexane/ethyl

acetate 4:1).

MS (ESI+): expt. 449.150 ([M+H]+), calc. 449.125 ([M+H]+).

1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.93-7.90 (m, 1H, H-

6”), 7.51-7.47 (m, 2H, H-2”’), 7.40-7.32 (m, 3H, H-4”, H-3”’), 7.31-7.27 (m, 1H, H-4”’), 7.08-7.02

(m, 2H, H-3”, H-5”), 5.19 (s, 2H, benzyl-CH2), 3.83-3.67 (m, 4H, H-3’), 3.64-3.58 (m, 4H, H-2’).

13C-NMR (125 MHz, CDCl3): δ [ppm] = 184.5 (C-5), 169.3 (C-3), 157.0 (C-2’), 155.8

(NC(=O)CF3), 137.3 (C-1”’), 131.9 (C-6”), 131.4 (C-4”), 128.4 (C-3”’), 127.8 (C-4”’), 127.3 (C-

2”’), 123.4 (C-1”), 121.2 (C-5”), 116.3 (NC(=O)CF3), 114.2 (C-3”), 70.9 (benzyl-CH2), 48.7, 48.4

(C-2’), 45.0, 42.6 (C-3’).

6.3.2.15 3-(2-(Benzyloxy)phenyl)-5-(piperazin-1-yl)-1,2,4-thiadiazole 39

1-(4-(3-(2-(Benzyloxy)phenyl)-1,2,4-thiadiazol-5-yl)piperazin-1-yl)- NS
55
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2,2,2-trifluoroethanone 57 (30 mg, 67 µmol) was treated according

to general procedure D. Eluent for chromatography: dichlorome-

thane/methanol 15:1 + 0.5% NH3.

Yield: 23 mg (66 µmol, 98%) colourless oil; C19H20N4OS; mole-

cular weight: 352.45 g/mol, Rf = 0.29 (dichloromethane/methanol

15:1 + 0.5% NH3).

MS (ESI+): expt. 353.152 ([M+H]+), calc. 353.143 ([M+H]+).

1H-NMR (400 MHz, MeOD-d4): δ [ppm] = 7.74-7.71 (m, 1H, H-6”), 7.47-7.43 (m, 2H, H-2”’),

7.42-7.37 (m, 1H, H-4”), 7.35-7.30 (m, 2H, H-3”’), 7.29-7.24 (m, 1H, H-4”’), 7.17-7.13 (m, 1H,

H-3”), 7.05-7.00 (m, 1H, H-5”), 5.15 (s, 2H, benzyl-CH2), 3.54-3.50 (m, 4H, H-2’), 2.93-2.89 (m,

4H, H-3’).
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13C-NMR (101 MHz, MeOD-d4): δ [ppm] = 186.0 (C-5), 170.6 (C-3), 158.3 (C-2”), 138.7 (C-1”’),

132.4 (C-6”), 132.3 (C-4”), 129.3 (C-3”’), 128.6 (C-4”’), 128.2 (C-2”’), 125.1 (C-1”), 121.9 (C-5”),

115.1 (C-3”), 71.7 (benzyl-CH2), 50.6 (C-2’), 45.6 (C-3’).

6.3.2.16 3-(3-(Benzyloxy)phenyl)-5-chloro-1,2,4-thiadiazole 59

3-(Benzyloxy)benzene-1-carboximidamide hydrochloride 58 (95 mg, NS
55
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0.36 mmol) was treated according to general procedure B. Eluent for

chromatography: hexane/ethyl acetate 4:1.

Yield: 66 mg (0.22 mmol, 60%) colourless oil; C15H11ClN2OS;

molecular weight: 302.78 g/mol, Rf = 0.58 (hexane/ethyl acetate

4:1).

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.92-7.89 (m, 1H, H-6’), 7.89-7.86 (m, 1H, H-5’), 7.50-

7.45 (m, 2H, H-2”), 7.44-7.32 (m, 4H, H-2’, H-3”, H-4”), 7.14-7.10 (m, 1H, H-4’), 5.16 (s, 2H,

benzyl-CH2).

13C-NMR (101 MHz, CDCl3): δ [ppm] = 173.0 (C-5), 172.1 (C-3), 159.2 (C-3’), 136.8 (C-1”),

133.3 (C-1’), 130.1 (C-2’), 128.7 (C-3”), 128.2 (C-4”), 127.7 (C-2”), 121.0 (C-5’), 118.4 (C-4’),

113.8 (C-6’), 70.3 (benzyl-CH2).

6.3.2.17 1-(4-(3-(3-(Benzyloxy)phenyl)-1,2,4-thiadiazol-5-yl)piperazin-1-yl)-2,2,2-trifluoro-

ethanone 60

3-(3-(Benzyloxy)phenyl)-5-chloro-1,2,4-thiadiazole 59 (66 mg, NS
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0.22 mmol) and trifluoroacetylpiperazine trifluoroacetate

(97 mg, 0.33 mmol, 1.5 eq.) were reacted according to

general procedure C using triethylamine (181 µL, 132 mg,

1.30 mmol, 6.0 eq.) as base. Eluent for chromatography:

hexane/ethyl acetate 4:1 to 1:1).

Yield: 74 mg (0.17 mmol, 76%) colourless oil; C21H19F3N4O2S;

molecular weight: 448.46 g/mol, Rf = 0.17 (hexane/ethyl acetate 4:1).
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MS (ESI+): expt. 449.123 ([M+H]+), calc. 449.125 ([M+H]+).

1H-NMR (400 MHz, MeOD-d4): δ [ppm] = 7.85-7.83 (m, 1H, H-6”), 7.82-7.78 (m, 1H, H-5”),

7.49-7.45 (m, 2H, H-2”’), 7.43-7.30 (m, 4H, H-3”’, H-4”’, H-2”), 7.08-7.03 (m, 1H, H-4”), 5.13 (s,

2H, benzyl-CH2), 3.88-3.75 (m, 4H, H-3’), 3.72-3.64 (m, 4H, H-2’).

13C-NMR (101 MHz, MeOD-d4): δ [ppm] = 185.1 (C-5), 170.3 (C-3), 159.0 (C-3”), 155.9

(NC(=O)CF3), 137.0 (C-1”’), 134.5 (C-6”), 129.7 (C-2”), 128.7 (C-3”’), 128.1 (C-4”’), 127.7 (C-

2”’), 120.9 (C-5”), 117.3 (C-4”), 116.4 (NC(=O)CF3), 114.1 (C-6”), 70.2 (benzyl-CH2), 48.7, 48.3

(C-2’), 45.0, 42.6 (C-3’).

6.3.2.18 3-(3-(Benzyloxy)phenyl)-5-(piperazin-1-yl)-1,2,4-thiadiazole 38

1-(4-(3-(3-(Benzyloxy)phenyl)-1,2,4-thiadiazol-5-yl)piperazin-1- NS
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yl)-2,2,2-trifluoroethanone 60 (23.5 mg, 52.4 µmol) was treated

according to general procedure D. Eluent for chromatography:

dichloromethane/methanol 30:1 + 0.5% NH3.

Yield: 18.1 mg (51.4 µmol, 58%) colourless oil; C19H20N4OS;

molecular weight: 352.45 g/mol, Rf = 0.13 (dichlorometha-

ne/methanol 30:1 + 0.5% NH3).

MS (ESI+): expt. 353.160 ([M+H]+), calc. 353.143 ([M+H]+).

1H-NMR (400 MHz, MeOD-d4): δ [ppm] = 7.79-7.76 (m, 1H, H-2”), 7.75-7.71 (m, 1H, H-6”),

7.48-7.44 (m, 2H, H-2”’), 7.40-7.28 (m, 4H, H-3”’, H-4”’, H-5”), 7.09-7.04 (m, 1H, H-4”), 5.13 (s,

2H, benzyl-CH2), 3.60-3.55 (m, 4H, H-2’), 2.98-2.93 (m, 4H, H-3’).

13C-NMR (101 MHz, MeOD-d4): δ [ppm] = 186.6 (C-5), 171.4 (C-3), 160.3 (C-3”), 138.6 (C-1”’),

135.9 (C-1”), 130.6 (C-5”), 129.5 (C-3”’), 128.9 (C-4”’), 128.6 (C-2”’), 121.7 (C-6”), 117.9 (C-4”),

115.3 (C-2”), 71.1 (benzyl-CH2), 50.6 (C-2’), 45.7 (C-3’).
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6.3.2.19 2-(4-(3-(Naphthalen-1-yl)-1,2,4-thiadiazol-5-yl)piperazin-1-yl)-N-(p-tolyl)acetam-

ide 62

Ligand 37 (32.1 mg, 96.4 µmol), 2-bromo-N-(4-methylphenyl)acetamide (22.0 mg, 96.4 µmol)

and cesium carbonate (62.8 mg, 192.8 µmol) were suspended in acetonitrile (20 mL). The

reaction mixture was heated to reflux for 20 h and then filtered. The filtrate was freed of the

solvent in vacuo and the residue was purified by column chromatography on silica gel (eluent:

hexane/ethyl acetate 3:2) and subsequently by RP-HPLC (column: Nucleodur C18 Isis; solvent

A: H2O + 0.1% formic acid; solvent B: MeCN + 0.1% formic acid; gradient: 0-8 min, 40 to 60%

B; 8-15 min, 60 to 95% B; 15-18 min, 90% B; 18-20 min, 95 to 40% B; 20-22 min, 40% B; flow

rate: 1.5 mL/min; Rt ∼ 10.2 min).

Yield: 23.8 mg (53.6 µmol, 56%) colourless so- NS
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lid; C25H25N5OS; molecular weight: 443.56 g/mol,

Rf = 0.15 (hexane/ethyl acetate 3:2).

MS (ESI+): expt. 444.197 ([M+H]+), calc. 444.185

([M+H]+).

1H-NMR (400 MHz, CDCl3): δ [ppm] = 8.98 (s, 1H, NHC(=O)), 8.95-8.91 (m, 1H, H-8”), 8.17-

8.13 (m, 1H, H-2”), 8.02 (s, 1H, formate), 7.95-7.91 (m, 1H, H-3”/H-4”/H-5”/H-6”/H-7”), 7.91-7.86

(m, 1H, H-3”/H-4”/H-5”/H-6”/H-7”), 7.59-7.48 (m, 3H, H-3”/H-4”/H-5”/H-6”/H-7”), 7.48-7.43 (m,

2H, H-C), 7.18-7.14 (m, 2H, H-D), 3.78-3.72 (m, 4H, H-2’), 3.31 (s, 2H, H-A), 2.88-2.83 (m, 4H,

H-3’), 2.33 (s, 3H, Ph-CH3).

13C-NMR (101 MHz, CDCl3): δ [ppm] = 184.7 (C-5), 171.3 (C-3), 167.5 (NHC(=O)), 163.9

(formate), 134.7, 134.6 (C-E + C-1”/C-3”-C-7”/C-4a”/C-8a”/C-B), 134.2, 131.2, 130.7, 130.7

(C-1”/C-3”-C-7”/C-4a”/C-8a”/C-B), 129.8 (C-D), 129.3 (C-2”), 128.6, 127.0 (C-1”/C-3”-C-7”/C-

4a”/C-8a”/C-B), 126.5 (C-8”), 125.2 (C-1”/C-3”-C-7”/C-4a”/C-8a”/C-B), 119.9 (C-C), 61.9 (C-A),

52.6 (C-3’), 48.9 (C-2’), 21.0 (Ph-CH3).

6.3.3 Inhibition Assays

All inhibition assays were measured on a Bruker Avance 700 MHz spectrometer in 3 mm NMR

tubes. Chemical shifts and concentrations of all spectra were referenced to TMSP-d4. Samples
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were prepared in D2O containing sodium acetate-d3 (50 mM), sodium chloride (100 mM),

magnesium chloride (5 mM) and TMSP-d4 (1 mM) at pD 5.8. The GTB solution was rebuffered

to the buffer specified above by using Amicon Ultra-4 cellulose filter (molecular weight cut-off

5 kDa) and the protein concentration was determined by using a nanodrop at 280 nm.

6.3.3.1 Competitive STD NMR

On resonance irradiation was applied at 0.2 ppm. Saturation was achieved by a cascade of

40 Gaussian pulses with a duration of 50 ms. A spinlock pulse of 25 ms length was used to

reduce the protein background. Experiments were performed at 300 K. All samples contained a

GTB concentration of 4.5 µM (except for ligand 62 for that only 3 µM were used) and additional

5% DMSO-d6. Following UDP concentrations were employed for the measurements of ligands

37, 38, 39, and 62 respectively: 620 µM, 404 µM, 398 µM, and 348 µM. For every ligand, an

artefact spectrum in the absence of GTB was obtained for the highest ligand concentration. No

significant artefacts were observed. Spectra were acquired with 32,768 data points and a total

of 512 or 1024 scans. FIDs were multiplied with an exponential function (line broadening 3)

before Fourier transformation. For the determination of pIC50 values, STD amplification factors

for the H-5/H-1’ proton of UDP were plotted against the logarithmic ligand concentration. The

data points were then fitted using a one-site competition model in Origin2016G.

6.3.3.2 Progress curve analysis

Samples contained α-Fuc-(1,2)-β-Gal-octyl (2.0 mM), UDP-Gal (250 µM), GTB (1.0 µM), BSA

(1 mg/mL), acidic phosphatase (0.8 mg/mL, from wheat germ, EC: 3.1.3.2, vendor: TCI). The

reaction was monitored at 310 K via 1H-NMR with excitation sculpting employing a pseudo

2D pulse program. A spectrum with 32,768 data points and 128 scans was acquired every

15 min. UDP-Gal was added last to the reaction mixture and the NMR tube was immediately

transferred into the probe head. The first data point was usually obtained after 10-15 min. FIDs

were multiplied with an exponential function (line broadening 3) before Fourier transformation.

The decline of UDP-Gal concentration is reported as evaluated by the H-5 and H-1’ signal. A

control experiment in the absence of acceptor substrate (and both acceptor substrate and GTB)

was performed to determine the extent of UDP-Gal depletion by acidic phosphatase.
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Hazards

8 Hazards

Substance GHS pictogram Hazard statement
Precautionary

statement

Acetic acid H226-H314
P280-P305 + P351

+ P338-P310

Acetic anhydride
H226-H302-H314-

H330

P210-P260-P280-

P304 + P340 +

P310-P305 + P351

+ P338-P370 +

P378

Acetone H225-H319-H336

P210-P280-P304 +

P340 + P312-P305

+ P351 +

P338-P337 +

P313-P403 + P235

Acetonitrile
H225-H302 + H312

+ H332-H319

P210-P261-P280-

P305 + P351 +

P338-P370 +

P378-P403 + P235

Barium hydroxide H302-H314

P260-P280-P301 +

P312 + P330-P303

+ P361 +

P353-P304 + P340

+ P310-P305 +

P351 + P338 +

P310

Benzyl bromide H315-H319-H335
P261-P305 + P351

+ P338

1-Boc-piperazine H315-H319-H335
P261-P305 + P351

+ P338

Cesium carbonate H318-H335
P280-P305 + P351

+ P338 + P310
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Substance GHS pictogram Hazard statement
Precautionary

statement

Chloroform

H302-H315-H319-

H331-H336-H351-

H361d-H372

P201-P260-P264-

P280-P304 + P340

+ P312-P403 +

P233

1-Cyanonaphthalene
H302-H312-H315-

H319-H332-H335

P261-P280-P305 +

P351 + P338

2-Cyanophenol H302-H317-H318

P280-P301 + P312

+ P330-P305 +

P351 + P338 +

P310

Cyanuric chloride
H302-H314-H317-

H330

P260-P280-P301 +

P312 + P330-P303

+ P361 +

P353-P304 + P340

+ P310-P305 +

P351 + P338

Dichloromethane
H315-H319-H335-

H336-H351-H371

P260-P280-P305 +

P351 + P338

Diethyl oxalate

H302-H314-

H360FD-H371-

H372

P201-P260-P280-

P303 + P361 +

P353-P305 + P351

+ P338-P308 +

P313

N,N-Diisopropylethyl-

amine

H225-H302-H318-

H331-H335

P210-P261-P280-

P304 + P340 +

P312-P305 + P351

+ P338 +

P310-P403 + P233

N,N-Dimethyl-

formamide

H226-H312 +

H332-H319-H360D

P201-P210-P261-

P280-P308 +

P313-P370 + P378
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Substance GHS pictogram Hazard statement
Precautionary

statement

Ethanol H225-H319

P210-P305 + P351

+ P338-P370 +

P378-P403 + P235

Ethyl acetate H225-H319-H336

P210-P305 + P351

+ P338-P370 +

P378-P403 + P235

Ethyl succinyl chloride H314
P280-P305 + P351

+ P338-P310

Formamide H351-H360D-H373

P201-P260-P280-

P308 +

P313

Formic acid
H226-H302-H314-

H331

P210-P280-P303 +

P361 + P353-P304

+ P340 +

P310-P305 + P351

+ P338-P403 +

P233

Hexane

H225-H304-H315-

H336-H361f-H373-

H411

P201-P210-P273-

P301 + P310-P308

+ P313-P331

Hydrazine

monohydrochloride

H301 + H311 +

H331-H317-H350-

H410

P201-P261-P273-

P280-P301 +

P310-P311

Hydrochloric acid H290-H314-H335
P261-P280-P305 +

P351 + P338-P310

Hydroxylamine

hydrochloride

H290-H302 +

H312-H315-H317-

H319-H351-H373-

H410

P273-P280-P305 +

P351 + P338-P501

Isophthaldehyde - - -
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Substance GHS pictogram Hazard statement
Precautionary

statement

Methyl iodide

H301 + H331-

H312-H315-H317-

H334-H335-H351

P261-P280-P301 +

P310-P311

Methanol
H225-H301 + H311

+ H331-H370

P210-P280-P302 +

P352 + P312-P304

+ P340 +

P312-P370 +

P378-P403 + P235

Palladium on carbon - - -

Perchloromethyl

mercaptan

H301 +

H311-H314-H330

P260-P280-P284-

P301 + P310-P305

+ P351 +

P338-P310

Potassium carbonate H315-H319-H335
P305 + P351 +

P338

Potassium

permanganate
H272-H302-H410 P220-P273-P501

Piperidine
H225-H302-H311 +

H331-H314

P210-P280-P304 +

P340 + P310-P305

+ P351 +

P338-P370 +

P378-P403 + P235

Propylphosphonic

acid anhydride (50%

in DMF)

H290-H314-H360

P201-P280-P303 +

P361 + P353-P304

+ P340 +

P310-P305 + P351

+ P338-P308 +

P313

Pyridine
H225-H302 + H312

+ H332-H315-H319

P210-P280-P305 +

P351 + P338
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Substance GHS pictogram Hazard statement
Precautionary

statement

Samarium(II) iodide

solution (0.1 M in

THF)

H225-H319-H335-

H351-H373

P210-P260-P280-

P305 + P351 +

P338-P370 +

P378-P403 + P235

Sodium H260-H314

P223-P231 +

P232-P280-P305 +

P351 + P338-P370

+ P378-P422

Sodium carbonate H319
P305 + P351 +

P338

Sodium hydroxide H290-H314

P280-P303 + P361

+ P353-P304 +

P340 + P310-P305

+ P351 + P338

Sulfuric acid H290-H314

P260-P280-P303 +

P361 + P353-P304

+ P340 +

P310-P305 + P351

+ P338

Triethylamine
H225-H302-H311 +

H331-H314-H335

P210-P261-P280-

P303 + P361 +

P353-P305 + P351

+ P338-P370 +

P378

Trifluoroacetic acid H314-H332-H412
P273-P280-P305 +

P351 + P338-P310

Tetrahydrofuran
H225-H302-H319-

H335-H351

P210-P280-P301 +

P312 + P330-P305

+ P351 +

P338-P370 +

P378-P403 + P235
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9 Appendix

9.1 Chemotypes of Renin Inhibitors
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Chemotype 2
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Chemotype 4

N
H

O

N
H

N
N

O

Cl
3VYD

N
H

O

N
H

N
N

O

Cl

3VYE

N
H

O

N
H

N
N

O

Cl

3VYF

N
H

OH

N

O N

N
H

O
O

4Q1N

N
H

H
N

S
O

O
N
H

O

O

O

4GJD

Chemotype 5

N

NH

Cl

4GJ6

O

OO
N

O

NH

4GJ7

OO

O

O

N

NH

HN S
O

O

4RYG O

O
O N

O

NH

O

HN

O

4RZ1

111



Appendix

Chemotype 6

N

N
O

HN

HO

F

3OOT

N

N
O

HN

3OQF

N

N
O

HN

O

3OQK

N N

N
O

HN

O

F

3SFC

Chemotype 7

OH

HO
N
H

O

O

N
O

N

S N

NH2

1BIL

OH

HO
N
H

O

OH

OH

1HRN

N
H

O
H
N

N NH

O

S
O

O
HO

ON
H

1RNE

112



Appendix

Chemotype 8

N

O

O

NH2

OH

3Q3T

O

Cl

H
N

O

O
N

O

N
H

NH
O

3Q4B

O

Cl

H
N

O

O
N

O

N
H

H
N

O

3Q5H

Chemotype 9

NH
NH

N

O

O

Cl
Cl

F

Cl

F

3G70
NH

NH
N

O

O

O

Cl

Cl

3G6Z

NH
NH

N

O

O

Cl
Cl

F

Cl

F

3G72

113



Appendix

Chemotype 10

HN
N

O

HN

O

O O

O

2BKT

N

O

N
HN

O

O O

O

OH

2FS4

Chemotype 11

N
Cl

OH

O

O

N
H

H
N

3GW5

N
Cl

OH
HN

O

O

N
H

H
N

3KM4

114



Appendix

9.2 Python Script for the Construction of RMSD Matrices

Python script that calculates pairwise RMSD values between all PyMol entries:

from pymol import cmd

def RMSDmatrix():

entry = cmd.get_names()

for i in range(0, len(entry) ):

for j in range(i+1, len(entry) ):

RMSD = cmd.align('%s' % (entry[i]),'%s' % (entry[j]),cycles=0)

RMSDstring = '%6.3f' % (RMSD[0])

print RMSDstring

print ”Script has finished"

cmd.extend('RMSDmatrix',RMSDmatrix)
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9.3 Docking Performance of Individual Crystal Structures of Renin

Tab. 16: Docking performance of individual crystal structures in our test system in terms of binding
pose prediction (expressed as ratio of binding poses with RMSD <3 Å), screening utility (AUC ROC and
BEDROC (with α = 20)), scoring accuracy (R2) and chemotype-corrected AUC ROC.

PDB
Binding Pose

<3 Å [%]
AUC ROC BEDROC R2

Chemotype-
corrected AUC

ROC

1BIL 31.1 0.607 0.094 0.069 0.655
1HRN 22.2 0.600 0.133 0.035 0.587
1RNE 22.2 0.667 0.166 0.016 0.681
2BKT 4.4 0.464 0.150 0.041 0.491
2FS4 11.1 0.642 0.111 0.028 0.661
2G1O 20.0 0.612 0.165 0.011 0.582
2G1R 26.7 0.640 0.197 0.001 0.620
2G1Y 26.7 0.723 0.251 0.007 0.718
2IKO 8.9 0.639 0.099 0.053 0.641
2IKU 22.2 0.658 0.201 0.014 0.647
2IL2 42.2 0.746 0.275 0.118 0.736
2V0Z 46.7 0.789 0.395 0.171 0.761
2V10 35.6 0.744 0.347 0.242 0.741
2V11 35.6 0.748 0.327 0.226 0.730
2V12 40.0 0.783 0.417 0.244 0.781
2V13 42.2 0.724 0.276 0.125 0.719
2V16 44.4 0.724 0.307 0.207 0.725
3G6Z 13.3 0.545 0.105 0.131 0.571
3G70 13.3 0.577 0.130 0.108 0.602
3G72 17.8 0.574 0.089 0.086 0.579
3GW5 51.1 0.736 0.313 0.225 0.733
3KM4 42.2 0.727 0.249 0.074 0.700
3OOT 20.0 0.738 0.300 0.089 0.726
3OQF 35.6 0.742 0.244 0.197 0.737
3OQK 28.9 0.698 0.183 0.106 0.688
3Q3T 55.6 0.757 0.350 0.088 0.750
3Q4B 28.9 0.654 0.241 0.148 0.665
3Q5H 33.3 0.657 0.279 0.159 0.685
3SFC 11.1 0.613 0.175 0.033 0.634
3VSX 24.4 0.746 0.288 0.212 0.747
3VUC 26.7 0.710 0.284 0.193 0.701
3VYD 37.8 0.739 0.320 0.332 0.728
3VYE 37.8 0.738 0.281 0.174 0.713
3VYF 22.2 0.709 0.380 0.273 0.713
4GJ6 15.6 0.684 0.177 0.139 0.699
4GJ7 35.6 0.766 0.351 0.100 0.786
4GJD 17.8 0.618 0.159 0.142 0.615
4Q1N 24.4 0.748 0.326 0.226 0.748
4RYG 40.0 0.813 0.386 0.098 0.800
4RZ1 42.2 0.737 0.252 0.059 0.723
5KOQ 40.0 0.832 0.381 0.111 0.835
5KOS 35.6 0.771 0.247 0.143 0.769
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PDB
Binding Pose

<3 Å [%]
AUC ROC BEDROC R2

Chemotype-
corrected AUC

ROC

5SXN 6.7 0.576 0.113 0.000 0.570
5SY3 15.6 0.608 0.064 0.026 0.605
5SZ9 20.0 0.571 0.084 0.064 0.550
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9.4 Docking Performance of Ensembles of Crystal Structures Constructed by

Hierarchical Clustering

Tab. 17: Docking performance of ensembles of crystal structures constructed by hierarchical clustering
with average linkage.

Ensemble
size

PDB
Binding Pose

<3 Å [%]
AUC ROC BEDROC R2

Chemotype-
corrected
AUC ROC

2
3G70
4RZ1

42.2 0.679 0.213 0.107 0.682

3
4GJ6
4RZ1
3G70

35.6 0.693 0.214 0.142 0.702

4

2G1R
3OQF
4GJ6
3G70

46.7 0.755 0.259 0.156 0.750

5

3G70
2BKT
2G1R
3OQF
4GJ6

33.3 0.582 0.173 0.069 0.594

6

2BKT
2FS4
3G70
2G1R
3OQF
4GJ6

28.9 0.583 0.178 0.082 0.597

7

2V10
3OQF
2BKT
2FS4
3G70
2G1R
4GK6

35.6 0.650 0.184 0.154 0.662

8

4RZ1
3Q5J
2V10
2BKT
2FS4
3G70
2G1R
4GJ6

42.2 0.673 0.263 0.203 0.708
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9.5 Docking Performance of Ensembles of Crystal Structures Constructed by

K -means Clustering

Tab. 18: Docking performance of ensembles of crystal structures constructed by k -means clustering.

Ensemble
size

PDB
Binding Pose

<3 Å [%]
AUC ROC BEDROC R2

Chemotype-
corrected
AUC ROC

2
3G72
1HRN

22.2 0.610 0.167 0.077 0.609

3
3G72
1HRN
5KOQ

42.2 0.728 0.293 0.137 0.728

4

3OQF
2V0Z
2G1Y
3G72

60.0 0.819 0.354 0.279 0.806

5

2V16
3OQF
3G72
3OQK
2G1R

55.6 0.802 0.352 0.212 0.793

6

2V16
3OQK
3G70
3OQF
2BKT
2G1R

51.1 0.645 0.197 0.151 0.665

7

2BKT
5SY3
3G70
3OQF
2G1R
3Q4B
4RZ1

40.0 0.641 0.249 0.091 0.667

8

3OQF
3G70
3VYD
2G1R
2V11
4RZ1
3Q4B
2BKT

51.1 0.687 0.256 0.205 0.712
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9.6 Docking Performance of Ensembles Constructed from MD-derived

Structures

Tab. 19: Docking performance in terms of binding pose prediction (expressed as ratio of binding poses
with RMSD < 3 Å) of ensembles constructed from MD-derived structures by k -means clustering. T1-T10
reflect the ten trajectories of MD simulations performed in this work. Their mean value and standard
deviation (STD) is calculated.

k -means ensemble size
2 3 4 5 6 7 8

B
in

di
ng

Po
se

<
3

Å
[%

]

T1 22.2 20.0 24.4 22.2 15.6 13.3 11.1
T2 4.4 2.2 8.9 20.0 17.8 24.4 17.8
T3 17.8 22.2 20.0 17.8 22.2 13.3 22.2
T4 6.7 4.4 4.4 11.1 11.1 4.4 4.4
T5 17.8 11.1 13.3 8.9 17.8 11.1 8.9
T6 11.1 15.6 4.4 6.7 11.1 13.3 11.1
T7 6.7 15.6 17.8 17.8 15.6 24.4 17.8
T8 15.6 4.4 15.6 17.8 13.3 11.1 13.3
T9 17.8 8.9 20.0 17.8 17.8 17.8 13.3

T10 2.2 6.7 6.7 4.4 6.7 11.1 4.4
Mean 12.2 11.1 13.6 14.4 14.9 14.4 12.4
STD 6.9 7.0 7.1 6.1 4.4 6.2 5.8

Tab. 20: Docking performance in terms of binding pose prediction (expressed as ratio of binding poses
with RMSD < 3 Å) of ensembles constructed from MD-derived structures by hierarchical clustering with
average linkage. T1-T10 reflect the ten trajectories of MD simulations performed in this work. Their mean
value and standard deviation (STD) is calculated.

hierarchical ensemble size
2 3 4 5 6 7 8

B
in

di
ng

Po
se

<
3

Å
[%

]

T1 11.1 11.1 11.1 17.8 20.0 20.0 20.0
T2 4.4 6.7 8.9 13.3 8.9 6.7 4.4
T3 2.2 4.4 2.2 2.2 8.9 8.9 11.1
T4 4.4 4.4 4.4 4.4 6.7 6.7 6.7
T5 26.7 22.2 11.1 17.8 6.7 6.7 4.4
T6 2.2 2.2 2.2 4.4 4.4 11.1 8.9
T7 13.3 13.3 8.9 8.9 6.7 6.7 8.9
T8 24.4 15.6 17.8 17.8 8.9 8.9 15.6
T9 2.2 8.9 8.9 8.9 8.9 11.1 11.1

T10 2.2 0.0 4.4 4.4 26.7 22.2 22.2
Mean 9.3 8.9 8.0 10.0 10.7 10.9 11.3
STD 9.4 6.8 4.8 6.2 7.0 5.7 6.2
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Tab. 21: Docking performance (in terms of AUC ROC) of ensembles constructed from MD-derived
structures by k -means clustering. T1-T10 reflect the ten trajectories of MD simulations performed in
this work. Their mean value and standard deviation (STD) is calculated.

k -means ensemble size
2 3 4 5 6 7 8

AU
C

R
O

C

T1 0.646 0.648 0.647 0.744 0.710 0.620 0.626
T2 0.517 0.509 0.529 0.622 0.620 0.690 0.632
T3 0.653 0.631 0.662 0.618 0.656 0.673 0.649
T4 0.581 0.654 0.664 0.622 0.627 0.647 0.649
T5 0.636 0.652 0.624 0.676 0.649 0.630 0.599
T6 0.630 0.691 0.629 0.647 0.674 0.660 0.657
T7 0.637 0.662 0.708 0.684 0.640 0.720 0.636
T8 0.663 0.650 0.653 0.673 0.690 0.718 0.721
T9 0.711 0.570 0.622 0.712 0.668 0.700 0.647

T10 0.607 0.599 0.575 0.609 0.656 0.636 0.577
Mean 0.628 0.627 0.631 0.661 0.659 0.669 0.639
STD 0.052 0.053 0.050 0.045 0.028 0.037 0.038

Tab. 22: Docking performance (in terms of AUC ROC) of ensembles constructed from MD-derived
structures by hierarchical clustering with average linkage. T1-T10 reflect the ten trajectories of MD
simulations performed in this work. Their mean value and standard deviation (STD) is calculated.

hierarchical ensemble size
2 3 4 5 6 7 8

AU
C

R
O

C

T1 0.622 0.627 0.638 0.650 0.655 0.655 0.655
T2 0.587 0.590 0.647 0.621 0.628 0.663 0.675
T3 0.589 0.509 0.525 0.566 0.577 0.578 0.584
T4 0.553 0.573 0.618 0.617 0.631 0.630 0.627
T5 0.676 0.651 0.608 0.625 0.587 0.564 0.570
T6 0.556 0.575 0.595 0.575 0.587 0.623 0.638
T7 0.650 0.657 0.539 0.538 0.606 0.606 0.616
T8 0.685 0.620 0.613 0.612 0.647 0.636 0.639
T9 0.664 0.658 0.610 0.593 0.598 0.607 0.605

T10 0.613 0.584 0.606 0.617 0.710 0.657 0.654
Mean 0.620 0.604 0.600 0.601 0.623 0.622 0.626
STD 0.048 0.047 0.039 0.033 0.041 0.033 0.033

121



Appendix

Tab. 23: Docking performance (in terms of BEDROC) of ensembles constructed from MD-derived
structures by k -means clustering. T1-T10 reflect the ten trajectories of MD simulations performed in
this work. Their mean value and standard deviation (STD) is calculated.

k -means ensemble size
2 3 4 5 6 7 8

B
E

D
R

O
C

T1 0.115 0.124 0.204 0.232 0.187 0.101 0.094
T2 0.082 0.083 0.124 0.157 0.145 0.163 0.151
T3 0.140 0.154 0.159 0.135 0.161 0.135 0.152
T4 0.065 0.120 0.157 0.137 0.138 0.179 0.177
T5 0.065 0.134 0.111 0.146 0.136 0.111 0.102
T6 0.097 0.242 0.149 0.087 0.127 0.106 0.096
T7 0.225 0.173 0.168 0.188 0.167 0.193 0.130
T8 0.191 0.168 0.174 0.138 0.146 0.220 0.239
T9 0.199 0.093 0.158 0.188 0.164 0.131 0.117

T10 0.094 0.111 0.109 0.115 0.057 0.074 0.053
Mean 0.127 0.140 0.151 0.152 0.143 0.141 0.131
STD 0.058 0.047 0.029 0.041 0.035 0.046 0.052

Tab. 24: Docking performance (in terms of BEDROC) of ensembles constructed from MD-derived
structures by hierarchical clustering with average linkage. T1-T10 reflect the ten trajectories of MD
simulations performed in this work. Their mean value and standard deviation (STD) is calculated.

hierarchical ensemble size
2 3 4 5 6 7 8

B
E

D
R

O
C

T1 0.121 0.137 0.139 0.134 0.145 0.137 0.136
T2 0.112 0.112 0.136 0.136 0.153 0.179 0.180
T3 0.110 0.076 0.076 0.101 0.078 0.082 0.084
T4 0.077 0.100 0.139 0.139 0.134 0.142 0.140
T5 0.156 0.118 0.119 0.114 0.110 0.106 0.103
T6 0.049 0.071 0.118 0.101 0.102 0.103 0.120
T7 0.110 0.107 0.047 0.047 0.064 0.064 0.064
T8 0.144 0.090 0.129 0.133 0.156 0.153 0.161
T9 0.098 0.098 0.059 0.033 0.050 0.058 0.058

T10 0.136 0.088 0.095 0.115 0.181 0.094 0.090
Mean 0.111 0.100 0.106 0.105 0.117 0.112 0.114
STD 0.032 0.020 0.034 0.037 0.044 0.040 0.041
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Tab. 25: Docking performance (in terms of R2) of ensembles constructed from MD-derived structures by
k -means clustering. T1-T10 reflect the ten trajectories of MD simulations performed in this work. Their
mean value and standard deviation (STD) is calculated.

k -means ensemble size
2 3 4 5 6 7 8

R
2

T1 0.036 0.046 0.168 0.280 0.288 0.235 0.145
T2 0.118 0.233 0.251 0.112 0.109 0.283 0.281
T3 0.247 0.076 0.101 0.157 0.271 0.251 0.268
T4 0.296 0.279 0.214 0.279 0.212 0.156 0.160
T5 0.225 0.107 0.038 0.133 0.221 0.200 0.181
T6 0.308 0.250 0.273 0.285 0.260 0.172 0.124
T7 0.222 0.267 0.294 0.228 0.266 0.269 0.171
T8 0.235 0.308 0.235 0.199 0.307 0.313 0.296
T9 0.134 0.067 0.179 0.103 0.144 0.150 0.105

T10 0.249 0.146 0.040 0.100 0.097 0.137 0.080
Mean 0.207 0.178 0.179 0.187 0.217 0.217 0.181
STD 0.085 0.100 0.093 0.076 0.076 0.062 0.076

Tab. 26: Docking performance (in terms of R2) of ensembles constructed from MD-derived structures
by hierarchical clustering with average linkage. T1-T10 reflect the ten trajectories of MD simulations
performed in this work. Their mean value and standard deviation (STD) is calculated.

hierarchical ensemble size
2 3 4 5 6 7 8

R
2

T1 0.088 0.100 0.144 0.105 0.115 0.097 0.096
T2 0.162 0.190 0.271 0.272 0.127 0.047 0.081
T3 0.091 0.002 0.005 0.076 0.100 0.064 0.068
T4 0.094 0.131 0.012 0.012 0.030 0.041 0.045
T5 0.109 0.181 0.133 0.114 0.123 0.138 0.147
T6 0.124 0.160 0.280 0.211 0.271 0.297 0.220
T7 0.119 0.146 0.093 0.084 0.184 0.184 0.181
T8 0.150 0.141 0.321 0.319 0.294 0.293 0.284
T9 0.058 0.058 0.033 0.055 0.072 0.076 0.075

T10 0.041 0.083 0.124 0.172 0.174 0.133 0.127
Mean 0.104 0.119 0.142 0.142 0.149 0.137 0.132
STD 0.038 0.059 0.115 0.099 0.083 0.095 0.076
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Tab. 27: Docking performance (in terms of chemotype-corrected AUC ROC) of ensembles constructed
from MD-derived structures by k -means clustering. T1-T10 reflect the ten trajectories of MD simulations
performed in this work. Their mean value and standard deviation (STD) is calculated.

k -means ensemble size
2 3 4 5 6 7 8

C
he

m
ot

yp
e-

co
rr

ec
te

d
AU

C
R

O
C T1 0.668 0.661 0.656 0.750 0.725 0.628 0.611

T2 0.503 0.502 0.549 0.641 0.637 0.710 0.659
T3 0.684 0.657 0.691 0.655 0.675 0.710 0.663
T4 0.603 0.658 0.701 0.645 0.653 0.663 0.665
T5 0.642 0.651 0.627 0.681 0.636 0.639 0.605
T6 0.654 0.702 0.670 0.677 0.692 0.675 0.684
T7 0.631 0.667 0.719 0.701 0.670 0.726 0.658
T8 0.662 0.665 0.654 0.680 0.709 0.732 0.732
T9 0.732 0.601 0.616 0.710 0.675 0.707 0.646

T10 0.625 0.597 0.554 0.612 0.682 0.650 0.592
Mean 0.638 0.644 0.658 0.686 0.674 0.683 0.657
STD 0.058 0.060 0.074 0.052 0.028 0.036 0.043

Tab. 28: Docking performance (in terms of chemotype-corrected AUC ROC) of ensembles constructed
from MD-derived structures by hierarchical clustering with average linkage. T1-T10 reflect the ten
trajectories of MD simulations performed in this work. Their mean value and standard deviation (STD) is
calculated.

hierarchical ensemble size
2 3 4 5 6 7 8

C
he

m
ot

yp
e-

co
rr

ec
te

d
AU

C
R

O
C T1 0.609 0.622 0.632 0.667 0.670 0.671 0.671

T2 0.595 0.605 0.660 0.642 0.654 0.676 0.693
T3 0.625 0.508 0.522 0.600 0.596 0.595 0.608
T4 0.586 0.610 0.636 0.636 0.644 0.642 0.640
T5 0.685 0.648 0.611 0.622 0.592 0.570 0.570
T6 0.557 0.580 0.605 0.593 0.611 0.642 0.656
T7 0.648 0.665 0.568 0.567 0.633 0.632 0.647
T8 0.695 0.626 0.638 0.636 0.655 0.647 0.668
T9 0.659 0.653 0.608 0.605 0.612 0.617 0.616

T10 0.633 0.608 0.635 0.646 0.720 0.677 0.674
Mean 0.634 0.621 0.624 0.619 0.635 0.639 0.650
STD 0.045 0.050 0.057 0.029 0.039 0.034 0.040
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