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Summary 

Mycobacteria present a unique class of Gram-positive prokaryotes bearing an 

exclusive outer membrane. Their existence on this planet is dated far longer than most other 

bacterial species. Surviving for eons mycobacteria can be considered as bacterial reptiles, 

and just like those mycobacteria are slow in terms of motility, growth and cellular division. 

Taking this analogy to the next level, just like reptiles they comprise a very thick “skin” made 

up of special lipids only found amongst Actinobacteria. They outlived ice ages and dinosaurs 

and might as well withstand global warming and mankind. Still, some species present a 

major threat for dangerous infections. Mycobacterium tuberculosis, leprae and avium are the 

causes of infectious diseases as tuberculosis, leprosy and others. Considering modern times 

access to antibiotics is available to almost everyone and almost every sickness is curable, 

the fact that one third of the world’s population is latently infected with tuberculosis is 

frightening. And it gets worse: The improper use of antibiotics in agriculture and public health 

leads to a significant increase of (multidrug-) resistance. The number of multidrug-resistant 

tuberculosis (MDR-TB) is estimated around half a million incidents annually. Taking a look at 

treatment options is also alarming. Currently tuberculosis is medicated by the combination of 

four different antibiotics, of which the latest dates from the 1960’s. In the past four decades 

only a single drug for tuberculosis indication was marketed, predominantly due to the 

impermeability of mycobacterial cell walls. 

With these facts in mind it is time for a change. Natural products comprise an 

enormous potential for antibacterial substances and serve as drug leads. New structural 

features have to be explored in order to find novel treatment strategies. The recent discovery 

of teixobactin is an excellent example for circumvent resistance. In order to take the long way 

of pharmaceutical research and clinical trials it is necessary to determine cellular targets of 

small molecules. Activity-based protein profiling (ABPP) is a mature technique to find protein 

targets reliably. The work presented here focuses on various kinds of novel molecular 

features based on and inspired by natural products with anti-mycobacterial activity. ABPP is 

used to reveal their protein targets as well as new pathways to interfere with. Interestingly, 

disruption of mycobacterial lipid metabolism could be shown as a successful tool to contain 

cellular growth. 

 

 

 

 

 

 

 



 

 

Zusammenfassung 

Mykobakterien stellen, durch ihre besondere Außenmembran, eine einzigartige 

Klasse an Gram-positiven Prokaryoten dar, deren Existenz auf diesem Planten weit länger 

andauert, als von vielen anderen Bakterienarten. Dass sie bereits mehrere Erdzeitalter 

durchlebt haben legt den Vergleich zu Reptilien nahe, denn genauso wie sie bewegen, 

wachsen und reproduzieren sie sich langsam. Will man diese Analogie auf die Spitze treiben, 

vergleicht man die dicke Haut von Reptilien mit der enorm hydrophoben Zellwand der 

Actinobakterien. Diese haben bereits Eiszeiten und die Dinosaurier überlebt und werden 

wohl auch die Erderwärmung und eventuell die menschliche Rasse überdauern. Dennoch 

stellen einige Spezies eine enorme Gefahr durch Infektionen dar. Mycobacterium 

tuberculosis, leprae und avium sind die Erreger von Tuberkulose, Lepra und anderen 

Infektionskrankheiten. Bedenkt man, dass in der heutigen Zeit Antibiotika überall und für fast 

jeden verfügbar sind und damit fast jede Krankheit behandelbar, macht es einem Angst, 

dass ein Drittel der Weltbevölkerung an latenter Tuberkulose leidet. Aber es kommt noch 

schlimmer: Der unsachgemäße Einsatz von Antibiotika in der Landwirtschaft und im 

Gesundheitswesen führen zum stetigen Wachstum von (Multi-)Resistenzen. Die Zahl der 

Multiresistenten Tuberkuloseinfektionen wird jährlich auf ca. eine halbe Million Fälle 

gerechnet. Auch ein Blick auf die Behandlungsmöglichkeiten sind alarmierend: So wird 

Tuberkulose derzeit durch den teilweise gleichzeitigen Einsatz von vier Antibiotika behandelt, 

von denen das neuste aus den 1960ger Jahren stammt. In den letzten vier Jahrzehnten 

wurde genau ein Tuberkulosemedikament zugelassen, was vor allem an der 

undurchlässigen Zellmembran liegt. 

Aufgrund dieser Tatsachen muss etwas passieren. Naturstoffe tragen ein enormes 

Potenzial für antibakterielle Substanzen und dienen häufig als Vorläufer von Medikamenten. 

Neuartige Strukturen müssen gefunden werden um neue Behandlungsstrategien zu 

entwickeln. Die kürzliche Entdeckung von Teixobactin ist ein herausragendes Beispiel, um 

Resistenzen zu trotzen. Um den schweren Weg pharmazeutischer Forschung und klinischer 

Studien zu gehen, ist es nötig die zellulären Ziele der Moleküle zu kennen. Aktivitätsbasierte 

proteomische Studien sind eine ausgereifte Methode um proteinogene Ziele zu identifizieren. 

Diese Arbeit beschäftigt sich mit verschiedenen neuartigen Strukturen auf der Basis von oder 

inspiriert durch Naturstoffe. Es werden neue zelluläre Ziele und Stoffwechselwege gefunden, 

die als Anhaltspunkt zur Tuberkulosbekämpfung dienlich sein können. Interessanter Weise 

kann die Störung der mykobakteriellen Fettsäuresynthese ein aufs andere Mal erfolgreich als 

Wachstumsinhibitor gezeigt werden.  
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Chapter 1 Introduction 

1.1 Mycobacteria 

The class of Actinobacteria includes Corynebacteria and Mycobacteria hallmarked by 

a unique membrane structure (as described in 1.2.), which leads to the development of 

special characteristics for these prokaryotes.1 The incorporation of branched long-chain fatty 

acids, so-called mycolic acids, besides usual triacylglycerides creates an almost 

impermeable surface.2 These lipids are unique for Actinobacteria and associated for 

pathology, forming the most outer layer of the bacterial membrane creating extensions (cord-

factor) comparable to molds when grown on solid medium, which led to the Greek prefix 

myco- meaning “fungus”.3, 4 Mycobacteria are characteristically Gram-positive, aerobic 

bacteria with a long doubling time compared to other bacterial species.5 Generally 

mycobacteria can give rise to severe infections in humans and other animals. The complex 

of M. tuberculosis (Mtb), M. africanum, M. microti and M. bovis causes tuberculosis.6 

Infection with M. leprae can led to Hansen’s disease (leprosy) and also M. avium presents a 

major threat to immunocompromised humans.  

Robert Koch was the first person to isolate a culture of Mtb and to characterize it as 

the etiologic agent of tuberculosis in 1882.7 Nowadays, it is still responsible for the largest 

number of tuberculosis infections, causing over 1.5 million deadly incidences and almost 10 

million newly reported cases annually.8 Being spread by aerosols, it enters human 

macrophages in the respiratory tract and withstands the immune response by hiding 

intracellularly. After infection Mtb is difficult to treat using standard antibiotics as these 

bacteria are able to switch between an active (reproductive) and a latent (steady) state inside 

the host. In latent stage key metabolic processes are reduced to a minimum rendering most 

anti-tuberculosis agents ineffective.9 Bacteria are able to survive within the host for years and 

become prevalent upon immune deficiency (i.e. HIV-infection). Current treatment involves a 

combination of four different antibiotics, namely isoniazid, rifampicin, ethambutol and 

pyrazinamide, over a period of six month. Only a few second-line drugs are available (Table 

1.1). Unfortunately, the number of (multidrug)-resistant tuberculosis (MDR-TB) is steadily 

rising10 and novel drugs rarely pass clinical phases causing a need for new pharmaceutical 

compounds, therapeutic strategies and cellular targets.11 With a timely gap of more than 40 

years the latest approved drug selectively targeting tuberculosis is bedaquiline, a 

diarylquinoline inhibiting the F1F0-ATPase.12, 13 Efforts to develop anti mycobacterial 

compounds are additionally challenged by the uptake of small molecules being able to cross 

the highly hydrophobic mycomembrane and still act at their designated target.14, 15 
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Table 1.1: First- and second-line drugs used against tuberculosis. 

 Drug (year discovered) Mechanism of Action 

 

First-Line 

Drugs 

Isoniazid (1952) Inhibition of mycolic acid synthesis 

Rifampicin (1966) Inhibition of RNA synthesis 

Pyrazinamide (1952) Inhibition of fatty acid synthesis 

Ethambutol (1961) Inhibition of arabinogalactan synthesis 

Bedaquiline (2004) Inhibition of the F1F0-ATPase 

 

 

 

Second-Line 

Drugs 

Streptomycin (1944) Inhibition of protein synthesis 

Kanamycin (1957) Inhibition of protein synthesis 

Capreomycin (1960) Inhibition of protein synthesis 

Quinolones (1963) Inhibition of DNA gyrase 

Ethionamide (1956) Inhibition of mycolic acid synthesis 

p-Aminosalicylat (1946) Inhibition of folic acid and iron metabolism 

 

As working with virulent Mtb is more dangerous than using other (opportunistic)-

pathogens and more time intensive due to its long doubling time Mycobacterium smegmatis 

(Msmeg) is commonly used as a model organism.16 Both strains possess high DNA-

sequence identity as well as high amino acid similarity. Msmeg is a non-toxic, fast growing 

bacterium (doubling time ~3h) that displays similar microbial features to Mtb in terms of cell 

wall permeability, protein expression and growth conditions.17 General screens can be 

performed in Msmeg and transferred to Mtb. 

1.2 Mycobacterial membrane structure 

One of the major difficulties to treat mycobacterial infections is their unusual cellular 

envelope composition. The typical motive of Gram-positive bacteria is an enclosed cytosolic 

compartment surrounded by a lipid bilayer mainly consisting of triacylglycerides (TAGs). 

Attached to this membrane are multiple layers of peptidoglycan (murein), a polymer of 

sugars interconnected by amino acids. Mycobacteria share these structural features despite 

differing in their interconnectivity of the peptidoglycan to other bacteria.18 Furthermore a 

second polymer consisting of arabinose- and galactose-sugars, the arabinogalactan layer 

(AG), is attached on top. The outer surface of the AG is covalently linked to mycobacterial 

fatty acids (mycolic acids), which form a second membrane together with glycolipids (cord-

factor) around the bacterium for protection from environmental influences.1, 19 

Mycolic acids are exclusively found in Actinobacteria. They present an essential 

feature for bacterial survival and pathogenesis.20 In contrast to TAGs, which are generally 

used to assemble biological membranes, mycolic acids are branched long chain β-hydroxy 

fatty acids.21 Their structure consists of an α-chain with 24 to 26 carbon atoms and a mero-

chain of up to 60 carbons making them significantly more hydrophobic than other lipids. Each 
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chain is synthesized individually starting with acetyl-coenzyme A (Ac-CoA) using fatty acid 

synthase complexes (FAS) to perform chain elongation (Fig. 1.1).22 The α-branch commonly 

consists of a completely saturated carbon chain only carboxylated in α-position prior to 

condensation of chains to present a strong nucleophile. In comparison mero-chains usually 

possess several different modifications like unsaturations, vinylic substitution or 

cycloproplylation that influence their “secondary structure” (Appendix Fig. 6.1).23 Especially 

chain length and the kind of modification within the mero-chain are specific to each bacterial 

species. Finally processed mero-chain molecules are activated as adenosine mono 

phosphate (AMP) esters and serve as electrophiles in a hetero-Claisen condensation. This 

reaction is catalyzed by the polyketide synthase 13 (PKS13), a multi-domain enzyme that 

binds both substrates, performs activation and fusion of the mycolic acid and finally releases 

the product, β-oxo-mycolic acid.24 

 

 
Fig. 1.1: Biosynthesis of immature mycolic acids. CoA: Coenzyme A. FAS: fatty acid synthase. 

 

After trehalose is transferred onto the β-oxo-mycolic acid via esterification of one of its 

primary alcohol functions to form trehalose monomycolate (TMM), further reduction to the β-

hydroxy acid is performed by the dehydrogenase CmrA25 and the mature glycolipid is 

shuttled across the inner cell membrane by an ABC transporter MmpL3 (Fig. 1.2).26 

Trehalose has been shown to be essential for mycolic acid transfer regardless of its oxidation 

state, making it a substantial metabolite of mycobacterial persistence.27 Once a TMM 

molecule has entered the periplasmic space it cannot be transported back into the cytosol. 

Instead it is either transferred onto AG and therefore covalently attached to the cell wall or 

the mycolic acid residue of one TMM molecule is transferred onto the free primary alcohol of 

a sugar, glucose or TMM to form glucose monomycolate (GMM) or trehalose dimycolate 

(TDM), respectively. All of these processes are catalyzed by a group of orthologous serine-
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hydrolases, Antigen85 A/B/C (Ag85A/B/C).28 TMM, GMM and TDM are incorporated into the 

outer cell membrane to form a bilayer with AG-linked lipids (Fig. 1.2). As they are attached by 

hydrophobic interactions it is possible to move within the membrane and to extract these 

lipids from the cell without disrupting its integrity.29  

 

 
Fig. 1.2: Schematic representation of mycobacterial cell wall components. Mycolic acids are maturated 

in the cytosol to TMM, transported in the periplasm to be transferred onto various acceptor substrates and 

incorporated in the mycomembrane. 

1.3 Natural products as leads for drug design 

Natural products present a major class of biologically active molecules. In general 

they are secondary metabolites of pro- and eukaryotes serving different purposes, like 

defense of enemies or attraction of mating partners as well as for establishment in their 

ecological niche. Due to their high activity and specificity they are widely used as starting 

points for the development of novel drugs.30 The on-going research of newly identified and 

synthetically accessible molecules increases the structural diversity in this field and helps to 

fill the gap in chemical space to address new molecular targets. 

Due to their co-evolution with cellular systems, natural products possess advantages 

in their physico-chemical properties distinguishing them from libraries of synthetic 

compounds.31 Addressing a variety of targets, natural products are valued inspirations for 

lead compounds in pharmaceutic research.32 The empirically found rule of five, stated by 

Lipinski and co-workers after analysis of thousands of drug structures, set a frame to 

physico-chemical properties of bioactive small molecules.33 These rules specify a compound 
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to be of less than 500 Da molecular weight, its lipophilicity by the logarithmic partition 

coefficient between water and 1-octanol of less than five, the number of hydrogen donors of 

less than five and the number of hydrogen acceptors of less than ten, though one rule may 

be excluded.33 This rule is further restricted to orally available molecules. 

Bioactive natural products can be distinguished into two major groups by their way of 

binding to cellular interactors (mostly proteins). They can either bind non-covalently to an 

active- or allosteric site to inhibit or enhance its molecular function while the respective 

residence time in its binding pocket is defined by its affinity. Otherwise they bear an intrinsic 

reactivity and bind in a covalent manner forming a chemical bond between the small 

molecule and the binding partner. In case of the latter an electrophilic core of the natural 

product is required as proteins usually display (activated) amino acid nucleophiles in their 

structure. In fact about 30 % of marketed drugs interact covalently with their target molecules 

as part of their mode of action.34, 35 

 

 
Fig. 1.3: Classes of electrophilic natural products. Electrophilic centers are highlighted in red. Arrows 

indicate site of nucleophilic attack. 

 

Presented electrophiles in natural product scaffolds can be grouped by the following 

classes: strained cyclic systems, Michael-acceptors and enhanced leaving groups, (Fig 1.3); 

red arrows indicate the site of reactivity.36 In case of strained cyclic systems three- and four-

membered rings display a high reactivity towards nucleophiles as the free energy gain of ring 

opening is the major driving force enabling this irreversible reaction. An intermolecular 
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reaction can be further enhanced if the obtained product displays a more conjugated system. 

Michael-acceptors are found in various decorations of substituents primarily for steric 

interactions. The type of acceptor group regulates electronic features and promotes 

reactivity. In general Michael-acceptors present soft electrophiles often cross-reacting with 

thiol nucleophiles. Finally, enhanced leaving groups can be found in a broad class of 

intrinsically reactive natural products. Their activation can be due to various functionalities, 

i.e. α-halo ketones, intramolecular disulfide bonds or carbamate residues, which leads to a 

promiscuous biomolecule reactivity. 

Not only natural products themselves but also their derivatives and precursors are of 

particular interest for pharmaceutical studies. In certain cases inverting the stereochemistry 

of a natural product by using its enantiomer can boost its potency or lead to a loss of 

function.37 Utilizing total synthesis approaches gives access to individual building blocks of 

natural products and can therefore provide functional information for the parent molecule and 

its mode of action.38 For example, the group of Romo and co-workers has shown how certain 

core structures of the natural products salinosporamide A and angelastatin A are essential 

for the overall activity of the compound and provide derivatives with enhanced biological 

activity.39, 40 However, accessing derivatives of natural products by total synthesis can be 

very time intensive and resource consuming. An alternative approach is suggested by so-

called mutasynthesis.41-43 Instead of isolation of a natural product by its original organism, 

specific genes essential for biosynthesis are knocked out and respectively derivatized 

precursors are fed to enable the synthesis of an altered product. This methodology can also 

be coupled to semisynthesis, i.e incorporation of halogenated aromatic compounds can be 

followed by cross-coupling of various residues after isolation. A different strategy to access 

novel natural products or derivatives of known molecules is to activate, silence or selectively 

enhance gene expression of proteins involved in biosynthesis. This methodology named 

“Genome mining” has been shown to produce numerous unknown natural products including 

scaffolds with antibiotic activity.44, 45 

1.4 Actvity-based protein profiling 

Identifying cellular targets of a natural product is a field of interdisciplinary research. It 

requires the employment of techniques such as phenotypic screening, fluorescence 

microscopy, proteomics and more.46, 47 Recently established procedures use parent 

compound based small probes to isolate and identify biological interaction partners. A 

commonly used technique for selective target identification presents affinity 

chromatography.48, 49 It requires the initial covalent attachment of a molecule onto a solid 

support, while a mobile phase containing possible interactors is passed over it. In case of 

target recognition interaction partners are retained and other molecules are rapidly eluted 

enabling fast and broad screening, i.e. cell lysates. However, the use of cellular lysates 
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displays immediate drawbacks: the creation of an artificial environment might lead to false 

positive hits. Furthermore, the lack of a covalent bond between the interaction partners 

requires a tight binding with high affinity to isolate hits. Finally, the level of structural 

perturbation to the derivatized small molecular probe during attachment to the solid support 

is quite high; especially if it is unknown which part of the molecule is responsible for the 

biological interaction and molecular function. 

Alternative methods aim to use a soluble molecular interacting probe in a less artificial 

manner. Activity-based protein profiling presents such an alternative as a mature technique 

to identify proteinogenic interactors.50-54 Especially the ability to utilize these probe molecules 

in living organisms and perform in-situ labeling experiments provides a huge advantage over 

other methods. Still, parent molecules must be derivatized to allow pull-down of interacting 

targets. Equipment of compounds with a small tag provides a handle for further derivatization 

of the probe-interactor complex. The general structure of such probes follows a strict pattern, 

consisting of three essential elements: active core, spacer and tag. The active core is the 

part of the parent molecule that interacts with biological targets either by intrinsic reactivity or 

affinity-based binding. It should stay unmodified and the spacer should be attached furthest 

away from that site. The spacer presents a molecular string connecting the functional core 

and its tag. It serves the purpose to access the bio-orthogonal tag after probe recognition by 

a much bigger biomolecule. Finally the tag is a functional group of discrete reactivity under a 

broad range of reaction conditions, i.e. solvent, temperature, pH or additives. 

Pioneering work in the field of such reaction conditions, also referred to as bio-

orthogonal, was the development of the Staudinger ligation by Saxon and Bertozzi.55 Here, 

an aza-ylid is generated by modification of the Staudinger reaction of a phosphine and an 

azide, yielding a stable amid linkage.56 Since this initial work, the number of new developed 

bio-orthogonal reactions has readily increased with various modifications to classical 

procedures.57-59 Most attractive is the cycloaddition of an azide and an alkyne, formerly 

described by Huisgen in the 1960s and revisited by Sharpless and Meldal in 2002.60-63 By 

addition of a ligand-bound copper-(I) catalyst the reaction (CuAAC) is mediated to form the 

triazole at room temperature in water (Fig. 1.4). This type of reaction is also referred to as 

Click-chemistry and is widely used in the field of biological chemistry as both tags are 

amongst the smallest possible, the reaction proceeds fast (reaction time < 1h), both tags are 

rarely found in biological systems and even react in buffers with high salt content. While 

azides are more and more commercially found in functionalization regents, a preference to 

place the alkyne tag onto the molecule of interest has emerged.64 
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Fig. 1.4: Proposed molecular mechanism of copper-(I) mediated cycloaddition of 1,2,3-triazoles from 

azides and terminal alkynes. 

 

Unfortunately, incorporation of alkyne tags into natural products is not necessary 

trivial. Although terminal alkynes likely mimic residual methyl groups their incorporation and 

synthetic behavior is hindered by altered electronic features and reactivity. Desirably, the 

alkyne is positioned at the end of an alkyl-chain within the molecule, which usually requires a 

re-synthesis of the backbone structure as well as alkyne orthogonal chemistry or additional 

protection groups.65-68 Alternatively, one applies a masked alkyne synthesis strategy, i.e. 

utilizing/introducing a primary alcohol function, which is at a late stage of the synthesis 

oxidized to the respective aldehyde and further homologized into the alkyne.69-71 Both models 

incorporate several synthetic steps with unknown outcome making the semisynthesis of an 

already existing natural product an attractive alternative, which is indeed applied in most 

cases. Therefore, functional groups of the natural product (i.e. alcohols, amines) are used to 

introduce alkyne tagged linkers.72-76  

In doubt about the mode of action incorporation of so-called minimal UV-crosslinkers 

containing a diazirine group are common. Diazirines decay to highly reactive carbene 

species upon UV-irradiation that can react with amino acids in physical proximity; hence they 

are applied in case of non-covalent target interaction.77 

Probe molecules are added to live cells to cross their membrane and interact with 

their targets. In case of non-covalent target binding cells are UV irradiated in order to 

crosslink the probe with protein interactors. Afterwards cells are lysed and the small molecule 

– biomolecule complex is functionalized with an azide reagent (i.e. biotin-based) in the 

background of the remaining lysate. Proteins are enriched on solid support, washed and 

digested by a protease to give a complex mixture of peptides. These peptides are applied to 
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high performance liquid chromatography coupled mass-spectrometry fragmentation (HPLC-

MS/MS) and further analysis to assign peptides to proteins. Possible mode of action of 

natural products are concluded from binding site identification experiments of respective 

proteins.78 

1.5 Objective 

The purpose of this work is to find novel anti-mycobacterial compounds and to 

investigate their molecular mode of action. Therefore natural products, fragments of natural 

products and natural product-based derivatives are revised in this study: 

The group of ramariolides presents a novel group of butenolides exhibiting an 

unusual spirocyclic core structure paired with a long alphatic hydrocarbon chain.79 The aim is 

to develop a total synthesis strategy to access this natural product, test these molecules for 

their activity against Mycobacteria and to synthesize alkyne analogs to find cellular protein 

targets by ABPP experiments. 

 

 
Fig. 1.5: Molecular structure of ramariolides A-D. 

 

β-Lactones are commonly found in natural products as functional core structures and 

present excellent protein binders.80-82 The goal is to screen a small library of these natural 

product fragments for their anti-mycobacterial activity and to elucidate its origin by utilizing 

genetic and biochemical methods. 

 

 
Fig. 1.6: β-lactones in natural products and derivatives. 
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Lalistat (4.1) is a known inhibitor of the human lysosomal acid lipase (hLAL), the 

same enzyme targeted by orlistat (THL), a marketed drug based on the natural product 

lipstatin.83 THL has been shown to be a growth inhibitor in Mycobacteria mainly acting on 

hydrolase functions. Investigations on the anti-mycobacterial effect of lalistat are performed 

and target analysis is conducted by ABPP experiments.84 

 

 
Fig. 1.7: Human lysosomal acid lipase inhibitors. 
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Chapter 2 Ramariolides 

2.1 Background and synthetic analysis 

The isolation of ramariolides A-D was first reported by Andersen and co-workers in 

2012 (Fig. 1.4).79 They described a group of four novel natural products from fruiting bodies 

of the coral mushroom Ramaria cystidiphora. Due to their shared 2-furanone functionality 

they are grouped within butenolides. In addition to this unsaturated γ-lactone, ramariolide A 

and B display a highly interesting spriocyclic acetal group. Although spirocyclic acetals are 

typical structural motives in nature, there has neither been a [3.5]- nor a [4.5]-membered 

system reported. These highly strained ring systems present a synthetic challenge and 

display an interesting electrophilic core. Furthermore the bivalent nature of ramariolides, 

including a polar head group combined with a long (C10) aliphatic chain, makes these 

molecules interesting substrates for anti-mycobacterial research, as they appear to be able 

to cross the hydrophobic membrane and still be acting intracellular. 

Applying the definition of a functional head and hydrocarbon tail, the molecule can be 

retrosynthetically divided. Olefination of the individual parts marks the synthetic key step 

leading to a common precursor that allows access to all members of this natural product 

family by interconversion (Fig. 2.1). 

 

 
Fig. 2.1: Retrosynthetic analysis of ramariolide natural products. 

2.2 Synthesis of ramariolides A-D 

Long chain fatty acids were identified as a possible starting point for the total 

synthesis of the hydrocarbon tail. Corresponding building blocks are commercially available 

in large amounts. Following the initial steps of an Arndt-Eistert homologation the carboxylic 

acid is activated using oxalyl chloride in the presence of catalytic amounts of DMF. 

Transformation of these acid chlorides into a ketone functionality was accomplished using 

TMS-diazomethane as a mild reagent for elongation of the carbon chain.85 TMS-
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diazomethane acts as a nucleophile in this case replacing the chloride under loss of TMS. 

The obtained α-diazo-ketone can be isolated or used without further purification. As 

described by Gangjee et al. addition of concentrated hydrobromic acid under reflux to α-

diazo-ketones led to release of molecular nitrogen forming α-bromo ketones.86 The reactions 

can be carried out over three steps without further purification in excellent yields of 2.6 

(Scheme 2.1). 

 

 
Scheme 2.1: Assembly of the head and tail blocks to the central intermediate. 

 

Introduction of the butenolide functionality was attempted as described by Pattenden 

et al. using maleic anhydride in a Wittig olefination.87 Therefore, α-bromo ketones were 

treated with triphenyl phosphine in chloroform, precipitating the corresponding phosphonium 

salt. The so formed Wittig-salt was filtered off and deprotonation was performed in 

H2O/MeOH = 1/1 (v/v) using KOH.88 Once more the formed product crashed out and was 

readily available after drying. This recrystallization gave access to stable ylides in quantitive 

yield and high purity. Ylide and maleic anhydride were refluxed in toluene for 16 h to give a 

mixture of the corresponding (E)- and (Z)-configured olefins 2.7 and 2.8 in up to 60 % overall 

yield (Scheme 2.1). The decrease in yield can be explained by co-occurance of partial 

homoolefination and polymerization of the acceptor substituted ylide. To prevent these side 

reactions, strong diluted conditions were applied but did not inhibit undesired product 

formation completely. Analysis of the products showed a 3:1 ratio in favor of the (E)-

configured olefin over its (Z)-isomer, which were determined by the respective 4J- and 5J-

coupling constants of olefinic protons by 1H-NMR according to Seltzer et al. (Fig. 2.2).89 Their 

drastic difference in polarity can be explained by the molecular dipole moment: Due to its 

inability to rotate around the formed carbon-carbon double bond the oxygen atoms in 2.8 

create a significantly stronger dipole that results in a more polar molecule. 

 

 
Fig. 2.2: Coupling constants of olefinic protons for structural determination. 
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Subsequent reduction of the (E)-configured ketone 2.7 was attempted using NaBH4 

as hydride donor. While conducting this reaction in MeOH mainly gave a methoxylated 

Michael-addition product, the solvent was changed to THF. Unfortunately, the solvent 

change only led to decomposition of the starting material, which required adjustment of the 

reduction agent. Utilizing NaBH3CN in THF finally yielded the desired product 2.3 in up to 

92 %.90 These findings can be explained by the electron withdrawing effect of the cyanide 

substituent, which reduces the overall reactivity of the borohydrate to a moderate rate 

(Scheme 2.2). The obtained racemic product correlates to (±)-ramariolide C matching 

published data in MS and NMR spectra.79 

 

 
Scheme 2.2: Synthesis of ramariolide C and A. 

 

Interconversion of ramariolide C (2.3) to A (2.1) required epoxidation of the exocyclic, 

conjugated double bond in anti-configuration to the newly formed hydroxyl group. Testing 

various reaction conditions including epoxidation agents like m-CPBA, H2O2, oxone and 

DMDO was resulted either in no conversion or decomposition. Finally, applying Sharpless 

conditions for epoxidation of allylic alcohols yielded ramariolide A (Scheme 2.2).91, 92 The 

reaction utilizes the alcohol functionality to coordinate a titanium-(IV) species, which is 

chelated by tartrate ester and t-butyl hydroperoxide, to perform the cycloaddition of oxygen 

onto the alkene. Furthermore the transition state enhances a si-sided attack leading to a 

87:13 ratio of the desired stereoisomer. The overall moderate yield of this reaction can be 

explained by the formation of the spirocyclic core: After the transfer of the oxygen four 

heteroatoms are in close physical proximity coordinating to the titanium ions in the reaction, 

which hinders product separation during aqueous work up. Neither continuous extraction, nor 

acidification and alkalization led to increased product isolation. Analysis of optical rotation 

revealed (+)-tartrate to favor the formation of the desired enantiomer. Although the specific 

rotation of the synthetic product differed from reported values, enantiomeric access of 55 % 

could be determined by NMR titration using europium tris[3-(heptafluoro-

propylhydroxymethylene)-(+)-camphorate] (Fig 2.3.).93 Chiral Europium salts are reported to 

coordinate onto α-epoxy alcohols creating a diastereotopic environment, which enables 

differentiation of enantiomers by NMR. 
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Fig. 2.3: NMR-titration of ramariolide A using europium tris[3-(heptafluoro-propylhydroxymethylene)-(+)-

camphorate] in different amounts induced formation of a diastereomeric environment. 

 

Ramariolide B (2.2) represents a structural isomer of ramariolide A, differing in the 

acetal forming hydroxyl group and the configuration of the spirocyclic rings. The 

interconversion of these natural products was attempted applying either alkaline or 

Brønsted/Lewis acidic conditions.94 Although reacetalization could be observed, only the 

formation of the epimeric spirocycle (2.9) was achieved. It was therefore rationalized that the 

inverted stereochemistry of the (Z)-configured olefin 2.8 would provide a reasonable starting 

point for the desired isomer. While analogous reduction of the ketone with NaBH3CN in THF 

led to the allylic alcohol, various epoxidation conditions (H2O2, dimethyldioxirane, vanadium-

catalysis) resulted in exclusive formation the syn-configured α-hydroxy epoxide 2.10 

(Scheme 2.3).  

 

 
Scheme 2.3: Selective formation of a syn-configured α-epoxi alcohol and verification by X-ray analysis. 
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Possible explanations for this finding are the 1,3-allylic strain, which favors an attack 

from the less hindered side of the hydroxyl group, and a hydrogen-bond formation of 

peroxide donors by the lactone- and alcohol-oxygens leading to the syn-diastereomer. The 

structure of 2.10 was verified by 2D NMR analysis and X-ray crystallography (Scheme 2.3). 

As syn-configuration of the two functional groups would not give rise to the desired molecule, 

inversion of the alcohol functionality was anticipated. Although activated ester species of the 

alcohol were isolated, treatment of alkaline conditions or other nucleophiles resulted in 

decomposition (Scheme 2.4). 

 

 
Scheme 2.4: Attempted inversion of the secondary α-epoxy alcohol. 

 

Presumably the strained spirocyclic lactone is preferred over the attack of the 

enhanced leaving group. Alternatively, oxidation to the α-epoxy ketone provides a prochiral 

center for the reduction to the correctly configured substrate. Utilizing Zn(BH4)2 for the 

coordination to the epoxy- and keto-functionalities of the substrate a re-faced attack of the 

hydride is highly favored yielding the anti-configured diastereomer 2.11 in a 4:1 ratio (Fig. 

2.4).95 

 

 
Fig. 2.4: Fischer-projection indicating the favored re-faced attack of hydride by oxygen coordination of 

zinc-ion. 
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With compound 2.11 in hand, a broad screen of conditions was conducted to form 

ramariolide B via homo-Payne rearrangement (Scheme 2.5).94 Alkaline reagents repetitively 

led to decomposition of starting material, presumably due to attack of the spirocycle and 

opening of the lactone. The application of Lewis-acids in various equivalents did not show 

any conversion of starting material. Finally switching to Brønsted acidic conditions showed 

first promising results. The use of trichloroacetic acid formed a peak with differing retention 

time but identical molecular weight in LC-MS analysis. Although this product could not be 

isolated, a continuous screen of acids revealed camphersulfonic acid as viable reagent to 

catalyze the isomerization in quantitative amounts.96 Spectral analysis showed high identity 

to published data in 1H-, 13C- and 2D-NMR experiments.79 Finally, structural conformation of 

2.2 was validated by crystallization and X-ray analysis. 

 

 
Scheme 2.5: Screening conditions for rearrangement to ramariolide B. 

 

In addition to the desired molecule 2.2 a side product was isolated in minor amounts 

in this reaction. Analysis by 2D NOE NMR experiments revealed the spirocyclic epimer of 

ramariolide B (2.9). Due to the perpendicular nature of spirocycles substituents of the oxetan 

ring are in the same plane as atoms in the furanone ring to give strong signals (Fig 2.5).  
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Figure 2.5: Isolated [4.5]-spirocyclic products. Arrows indicate observed NOE signals. 

 

Furthermore, isolation of the spirocyclic epimer gave insight in the molecular reaction 

mechanism. Supposedly, the acid protonates the oxirane moiety (2.12) and subsequently 

forms an acyclic carbocation (2.13-trans), which is highly stabilized in conjugation to an 

electron donating oxygen and double bond. Attack of the free hydroxyl group leads to the 

kinetically favored ramariolide B formation. Rotation of the opened single bond (2.13-cis) and 

closing of the oxetan cycle is much slower and gives the observed side product in minor 

amounts (Scheme 2.6). 

 

 
Scheme 2.6: Mechanistic rational for acid-mediated rearrangement of the acetal. 

 

Application of terminally unsaturated fatty acids to the established procedures 

resulted in structural alkene and alkyne derivatives (Appendix Fig. 6.2) and yielded amongst 

others ramariolide D. Inspired by the structural motive of a terminal olefin, alkyne analogues 

could be synthesized. Due to an alkyne orthogonal synthetic strategy derivatives were 

obtained without adjustment of protocols or use of protection groups. The hydrocarbon chain 

presents a natural linker spacing the functional core and the bio-orthogonal tag from each 

other. 
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2.3 Bioactive ramariolide ABPP probes for target identification 
 

All natural products and their alkyne derivatives were tested against a series of 

pathogenic bacterial strains to determine their minimal inhibitory concentration of bacterial 

growth as summarized in Table 2.1.  

 

Table 2.1: Bioactivty screen of ramariolides A-D and analouges 

 

 

All ramariolides were active against diverse Gram-positive strains with ramariolide A 

exhibiting most pronounced potency against Staphylococcus aureus USA300 (30 µM) as well 

as mycobacteria including Mycobacterium tuberculosis H37Rv (25 µM). Unfortunately, the 

terminal alkynylated compound 2.19 did not maintain antimicrobial activity, which is essential 

for ABPP experiments, although the corresponding control substance 2.16 was bioactive. A 

possible explanation might be the altered geometry of the triple bond that negatively 

interferes with target binding. 

Validation of the compound structure for alternative modification sites revealed the 

free secondary hydroxy group of ramariolide A as a synthetically accessible position for the 

introduction of an alkyne tag. Although ramariolide A contains possible protein reactive 

groups (i.e. oxirane, Michael acceptor) the mode of target binding could be also driven by 

reversible interactions. Therefore alteration by esterification was anticipated using a minimal 

photo-crosslinker.97 This building block was designed as a general accessibility of 
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compounds for AfBPP experiments. It contains a terminal alkyne to allow functionalization via 

click chemistry, a diazirine moiety that can be activated to a highly reactive carbene species 

upon UV irradiation and a functional group (e.g. carboxylic acid) for covalent modification of 

the molecule of interest. Despite it is not known if the alcohol functionality of ramariolide A is 

actively involved in target interaction (i.e. hydrogen bond acceptor/donor) formation of an 

ester enables free interaction of the hydrocarbon chain with its binding pocket and th 

accessibility of the terminal alkyne. Initial attempts for esterification used a mild base, as 

pyridine, not to interfere with the reactive core of the natural product as well as catalytic 

amounts of DMAP. After no conversion was observed activation of the free acid function was 

attempted using classical coupling reagents as EDCI or HATU in the presence of HOBt to 

prevent racemization. Neither varying the solvent nor changing to less common 

disuccinimidylcarbonat (DSC) as coupling agent resulted in ester formation. Finally, 

conversion of the carboxylic group to an acid chloride gave the desired molecule in moderate 

yield. Although the natural product was used in small quantities in this reaction, starting 

material could be partially recovered but no minimal linker was reobtained, suggesting 

severe formation of side products upon activation with these harsh conditions. The newly 

synthesized probe 2.23 showed comparable bioactivity to the original natural product and 

was therefore used in all further experiments. 

 

 
Scheme 2.7: Esterification of the secondary alcohol of ramariolide A. 
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2.4 Proteome analysis and target validation 

Selective bioactivity of compounds is a commonly observed feature in chemical 

biology and also often found for natural products. The limitation of a substance to act only in 

Gram-positive bacteria can be explained by their ability to cross the cell wall. Nevertheless, 

an antimycobacterial effect is a rare feature and arose interest for cellular targets and the 

molecular mode of action. Initial analysis was started in the mycobacterial model strain 

Msmeg following established procedures.98 Cells were grown and harvested in exponential 

growth phase to cover a wide spectrum of expressed proteins involved in cellular growth. For 

target evaluation cells were incubated with probe 2.23 and afterwards irradiated with UV-light 

(365 nm) to find all interacting protein partners. Furthermore cells were lysed and proteomic 

analysis was separated in a soluble and a insoluble fraction. Each partition was clicked to 

biotin azide and enriched on avidin beads before released by tryptic digestion (Fig 2.7). The 

obtained cleaved peptide fragments were further modified by dimethyl labeling using light, 

medium and heavy isotope reagents.99 A label-switch was performed throughout biological 

replicates. Finally control and probe treated samples were pooled prior to LC-MS/MS 

analysis. 

 

 
Fig. 2.7: Diagrammatic workflow of affinity based protein profiling utilizing dimethyl labeling for protein 

analysis. 
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Identified proteins were plotted as a (log2-)ratio of probe to DMSO treatment against 

statistical significance (-log10 p-value) (Fig 2.8). Proteins enriched by a factor > 2 with a p-

value of 0.05 or below were considered as hits (highlighted in green, cut-offs are marked by 

dashed lines). Evaluation of the soluble protein fraction revealed five hits as essential 

proteins (labeled in red) for mycobacterial growth (Fig. 2.9A)100, while none were detected in 

the insoluble fraction (Fig. 2.9). These hits comprise the 30S ribosomal proteins S4 (RpsD) 

and S5 (RpsE), the caseinolytic protease subunit X (ClpX) and the metabolic enzymes 

aspartate kinase (Ask) and homoserine dehydrogenase (Hsd). RpsD and RpsE are small 

ribosome-associated proteins, which are highly abundant soluble proteins found in a 

prokaryotic cell. Previous proteomics experiments in E. coli also identified these proteins as 

possible contaminants during affinity enrichment.101 Therefore, these proteins were not 

considered in more detail. All non-essential hit proteins are summarized in Appendix Table 

6.1. 

 

 
Fig. 2.9: Scatter plot of M. smegmatis mc(2) 155 proteome analysis after UV-irradiation of  ABPP probe 

2.23 versus DMSO A. soluble fraction B. insoluble fraction. 
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The molecular chaperon ClpX is well-studied and known to assist the ClpP subunit in 

protein degradation. Analysis of overexpressed mycobacterial protein did not reveal binding 

with probe 2.23 (Fig. 2.10).102-104 

 

 
Fig. 2.10: Gel-based APBB of mycobacterial ClpX overexpressed in E. coli using 30 µM 2.23 without 

UV-irradiation. Fluorescence scan after incubation in the dark and application of click-chemistry using rhodamine-

azide. “+” indicates induction of protein expression by addition of IPTG; “-“ represents absence of inducer. 

 

Finally, Ask and Hsd catalyze subsequent steps in amino acid anabolism and have 

been shown to be essential for microbacterial growth.105, 106 It is thus intriguing to speculate 

that ramariolide A might compete with natural substrates for enzyme binding by blocking their 

active site pockets. 

In order to validate this hypothesis mycobacterial ask was cloned in E. coli and gel-

based ABPP experiments were conducted. Addition of 2.23 to Ask-overexpressing cells 

without UV-irradiation followed by rhodamine-azide click chemistry resulted in a strong 

fluorescent band of predicted molecular size upon induction of protein expression, indicating 

a covalent mode of binding (Fig. 2.11A). Furthermore gel-based labeling of purified protein 

was successful in contrast to heat disrupted control samples (Fig. 2.11B). 
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Fig. 2.11: Gel-based ABPP experiments on recombinant expressed Ask. A. Fluoresence scan of Ask 

labeled with 2.23 in E. coli. “+” indicates induction of protein expression by addition of IPTG; “-“ represents 

absence of inducer. B. In-vitro labeling of purified Ask using 30 µM 2.23 without UV-irradiation under native and 

heat denatured conditions. Fluorescence scan after incubation in the dark and application of click-chemistry using 

rhodamine-azide. 

 

These results suggest a specific interaction and the requirement of a native fold for 

ramariolide A binding. Based on the covalent binding mode gel-free ABPP experiments were 

repeated without UV crosslinking using 2.23 against DMSO (Fig. 2.12A) as well as 

competition with unmodified ramariolide A (Fig. 2.12B). Importantly, Ask was consistently 

among the most significantly enrichted proteins in both experiments (remaining hits are listed 

in table 5.1). Although these findings highly imply interference of ramariolide natural products 

with amino acid anabolism in mycobacteria, binding to other target enzymes cannot be 

excluded and is under further evaluation. 

 

 
Fig. 2.12: Scatter plot of gel-free ABPP dimethyl labeling experiment in M. smegmatis mc(2) 155 soluble 

fraction without UV-irradiation A. 30 µM 2.23 vs. DMSO. B. 30 µM 2.23 vs. 100 µM 2.1. 
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2.5 Conclusion 
In summary the first total synthesis of ramariolides A-D was achieved. All compounds 

display anti-microbacterial activity in µM range in Gram-positive strains. Furthermore it was 

possible to introduce a terminal alkyne tag to the core-structure of the natural product. The 

corresponding AfBPP probe retained antibacterial activity and was therefore successfully 

applied for target identification in mycobacteria by ABPP experiments. Essential members of 

the bacterial amino acid metabolism were identified as interactors and validated by in-situ 

and in-vitro experiments providing strategies for future drug development. 
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Chapter 3 Mycobacterial targets of ß-lactones 

3.1 β-Lactones in natural products as enzyme inhibitors 

β-Lactones are frequently found scaffolds in natural products that appear with various 

substitution patterns including polycyclic and spirocyclic systems (Fig. 3.1).  

 

 
Fig. 3.1: β-Lactone containing poly- and spirocyclic natural products. Salinosporamide107 and 

oxazolomycin108 are depict as representative structures for this compound class. β-lactone core highlighted in red. 

 

The electrophilic nature of β-lactones is fine tuned by electronic effects of immediate 

substituents that are able to enhance or restrict reactivity. The reason that these scaffolds 

are highly interesting for biological chemistry is their intrinsic reactivity towards nucleophilic 

active sites of enzymes.109, 110 In particular β-lactone containing natural products and their 

derivatives have been described to potently inhibit hydrolases such as the proteasome.111-114 

The key for this inhibition is the circular ring strain of these four-membered cyclic esters, 

which is released upon proteinogenic attack of Ser/Thr residues. The formation of a new, 

intermolecular ester bond leads to a covalent inhibition of the enzymes’ active site restricting 

natural substrate binding (Fig. 3.2). Usually the opened β-lactone can be hydrolyzed over 

time restoring the original enzyme; however depending on the half-life of the newly formed 

bond cells might proteolyse dysfunctional enzymes. 

 

 
Fig. 3.2: Mechanism of β-lactone hydrolase inhibition by nucleophilic attack of Ser/Thr residue of 

hydrolases and subsequent ring opening. 
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For reasons stated above β-lactones have been subject of extensive studies to reveal 

cellular targets and off-targets in eurkaryotic and prokaryotic cells.80, 84, 115 Simplified 

structures of natural products containing the reactive β-lactone core have been synthesized 

(Scheme 3.1) by one-pot cyclisation of a thioester and an aldehyde.116 

 

 
Scheme 3.1: General procedure to access ß-lactones. 

 

Screening Gram-positive and Gram-negative pathogenic strains (S. aureus, L. 

monocytogenes, E. coli) for antibacterial activity only revealed antivirulent effects.81, 82 In-

depth analysis revealed the caseinolytic protease subunit P (ClpP) as the major target of 

these scaffolds.117 This enzyme is known as an ATP dependent serine protease responsible 

for degradation of cellular proteins and directly related to bacterial virulence.115, 118, 119 

Application of β-lactone substances to mycobacteria indeed showed a cytotoxic effect. Mtb. 

Interestingly, some compounds showed a growth inhibitory effect at low µM range (Table 

3.1).  

Table 3.1: MIC screening of β-lactones in bacterial strains. 
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Targeting of mycobacterial ClpP by β-lactones seemed a reasonable rational. In 

contrast to other strains (S. aureus, L. moncytogenes) the enzyme complex is essential for 

mycobacteria.120 Therefore, the heterologous Mtb ClpP1/2 complex was recombinantly 

expressed and purified in order to conduct activity assays using a fluorescent test peptide 

(Fig. 3.3). Controversially, compounds showing a promising MIC only inhibited mycobacterial 

ClpP poorly or only at very high concentration compared to MIC, while not very potent 

antimycobacterial compound were found as good inhibitors for the protease (Table 3.1).  

 

 
Fig 3.3: Fluorescent substrate for determination of Mtb in-vitro ClpP1/2 activity. 

3.2 Mycobacterial targets of EZ120 

To elucidate molecular targets in mycobacteria, an ABPP probe (EZ120P) based on 

the most potent β-lactone EZ120 was synthesized, exchanging the terminal double bond for 

an alkyne moiety. Fortunately the novel substance retained comparable biological activity as 

the parent compound and therefore was used for further studies. Gel-based ABPP 

experiments on the overexpressed and purified enzyme as well as in-situ labeling of 

mycobacterial cells clearly showed the binding to ClpP. In order to determine all molecular 

targets in mycobacteria gel-free ABPP experiments were conducted. Therefore 

mycobacterial cells were grown to exponential phase and incubated with EZ120P or DMSO 

as control. Afterwards cells were lysed and conjugated to biotin azide by click chemistry. 

Soluble and insoluble fractions were separated by centrifugation. As insoluble fractions of 

Mtb could not be handled outside the safety laboratory as required for proteomic workflow, 

analysis was available for the model strain Msmeg only. Insoluble fractions were passed over 

a size exclusion filter to remove potentially unlysed cells and proteins were enriched on 

avidin beads before tryptic digest to release peptides for mass-spectrometric detection (LC-

MS/MS). Samples were analyzed by label-free quantification.121, 122 Therefore, samples were 

quantified by individual runs and compared by their absolute intensity. Normalized ratios of 

probe and DMSO treated samples were plotted as log2-fold enrichment against statistical 

significance (-log10 p-value). For soluble fractions proteins exceeding an enrichment factor of 

four with a p-value of 0.05 or below were considered as hits, while for insoluble fractions the 

cut-off was set to an enrichment of factor eight or higher and a p-value of 0.05 or below(Fig. 

3.4). 
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Application of these criteria reveals a variety of hydrolases (proteases, esterases, 

lipases) of typical α,β-fold as targets across mycobacterial strains in soluble and insoluble 

fractions. This is in large agreement to previous results.80, 120, 123 In order to detect protein 

targets responsible for cellular death, hit proteins were filtered again by essentiality on 

mycobacterial growth based on TnSeq-analysis.100 Interestingly, ClpP(2) is the only protein 

matching these criteria for Msmeg, while Mtb shows polyketide synthase 13 (Pks13) as 

promising hit, which is also found in Msmeg with strong statistical significance but minor 

enrichment. Furthermore ClpP is only a minor target in Mtb, which provides a possible 

explanation for the discrepancy of EZ120 MIC in Msmeg and Mtb. 

 

 
Fig. 3.4: Proteomic analysis of mycobacterial targets of EZ120P vs. DMSO A. Scatter plot of M. 

smegmatis mc(2)155 soluble fraction. B. Scatter plot of M. tuberculosis H37Rv soluble fraction. C. Scatter plot of 

M. smegmatis mc(2) 155 insoluble fraction. D. Overview of new essential protein hits. Dotted line: cut-off values 

(log2-fold enrichment ≥ 2 for soluble and ≥ 3 for unsoluble targets; p-value ≤ 0.05). Green: proteins not essential 

for growth. Red/orange: essential mycobacterial proteins. 

 

Labeling analysis of the insoluble fraction of Msmeg showed a similar pattern of 

hydrolases, including proteins already found in the soluble fraction. As these proteins show a 

similar enrichment factor in both experiments they are considered as carry over between 
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fractions. Although searching for essential mycobacterial proteins did not deliver one direct 

hit, the fact that antigen 85 (Ag85) A and B are found within hit-criteria and Ag85C is also 

enriched, although to a lesser extent, indicates their involvement in this process. Despite the 

fact that each of these enzymes is not considered essential, targeting of all three of them is. 

They are described as homologs being able to compensate each other’s physiological 

role.124  

As gel-free analysis is challenged by decreased fluidity and disruptiveness of 

mycobacterial membranes SDS-PAGE of the insoluble fraction in Msmeg was performed 

additionally (Appendix Fig. 6.3). Labeled proteome was clicked to a linker consisting of 

rhodamine and biotin moiety, samples were enriched before separation by SDS-PAGE. 

Fluorescent scanning showed a distinct set of protein bands, which were excised, digested 

and analyzed by LC-MS/MS. In line with gel-free data Ag85 enzymes A,B, and C were most 

prominently enriched compared to the DMSO control. These results highlight a preference of 

EZ120P for targeting Pks13 and Ag85 serine hydrolases in mycobacteria. With the exception 

of ClpP, no essential function could be assigned to any other protein hit suggesting that 

these proteins largely contribute to the observed antibiotic effect. We thus focused our target 

validation and functional analysis on Pks13 and Ag85. 

3.3 Target validation of Pks13 

Mtb Pks13 is a 186 kDa cytoplasmic polyketide synthase catalyzing the final step of 

fatty acid chain assembly in mycolic acid synthesis.24, 125 It consists of the following five 

domains: N-terminal acyl carrier protein, β-ketoacetyl synthase, acyltransferase, C-terminal 

acyl carrier protein and thioesterase.126 The C-terminal thioesterase (TE) domain represents 

a serine hydrolase and is responsible for product release.24, 125 Being the strongest 

nucleophile within this multi-domain enzyme, the TE active site serine is a strong candidate 

for EZ120 binding.  

Therefore, the C-terminal part of Pks13 including the TE domain sequence was 

cloned in E. coli for recombinant expression and purification. In order to confirm putative 

binding an active site serine to alanine mutant (S1522A) was constructed and purified. With 

both constructs in hand gel-based ABPP experiments were conducted using EZ120P for 

labeling, followed by click chemistry utilizing rhodamine-azide for detection. Comparison of 

fluorescence (Fig. 3.5A) and coomassie (Fig. 3.5B) scanning clearly indicate the protein 

expression upon induction. Wild-type (wt) enzyme is specifically labeled upon treatment with 

probe meanwhile the mutant remains unaffected indicating modification of Ser 1533. 
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Fig. 3.5: Gel-based APBB of Mtb Pks13-TE domain and S1533A mutant overexpressed in E. coli using 

30 µM EZ120P. A. Fluorescence scan after incubation in the dark and application of click-chemistry using 

rhodamine-azide. B.Coomassie stain. “+” indicates induction of protein expression by addition of IPTG; “-“ 

represents absence of inducer. 

 

To validate previous results intact protein MS experiments were carried out with 

purified wt- and mutant enzyme. Addition of tenfold molar excess EZ120 to wt-enzyme led to 

a mass increase corresponding to binding of one molecule (Fig. 3.6A) in contrast to the 

S1533A-mutant, which showed no adduct formation (Fig. 3.6B). These findings support the 

hypothesis of EZ120 binding to the TE-domain of Pks13 and inhibition of the active site by 

modification of the serine nucleophile. For further elucidation of the specificity of the Pks13-

TE domain a variety of specific and non-specific covalent binding hydrolase inhibitors was 

tested by intact protein MS. These comprised other initially tested β-lactones (D3, P1, E2) 

(Appendix Fig. 6.4A) as well as the commercially available lysosomal acid lipase inhibitors 

orlistat (β-lactone) and lalistat (thiadiazol carbamate) (Appendix Fig. 6.4).110, 127 Surprisingly, 

no other molecule showed mass-adduct formation indicating the selectivity and specificity of 

EZ120 for Pks13-TE binding. 
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Fig. 3.6: Intact MS spectra of A. wt-TE domain and B. S1533A mutant with tenfold excess of EZ120. 

 

In order to quantify the activity of Pks13-TE domain a screen on fluorescent 

hydrocarbon esters was performed revealing 4-methylumbelliferyl heptanoate as a suitable 

substrate to monitor turnover. The molecule presumably mimics natural fatty acid binding 

and is hydrolyzed releasing a fluorescent product. Initial studies showed discrete activity of 

wt-enzyme, while no activity could be observed for S1533A mutant. Application of EZ120 

reveals reduction of enzyme activity with increasing concentration of EZ120 suggesting 

inhibition by active site acylation (Fig. 3.7). 

 

 
Fig. 3.7: Activity assay for Pks13-TE domain. Increasing concentrations of EZ120 show significant 

inhibition of enzyme activity.  

 

Considering the native action of the TE-domain includes binding of an extremely 

apolar molecule bearing two long hydrocarbon chains similar to the decoration of EZ120. 

Furthermore, opening of the β-lactone core leads to formation of a β-hydroxy ester adduct as 

with in mycolic acids. Unfortunately, this rational does not explain the selectivity of EZ120 

over differently decorated β-lactones. Co-crystallization studies of active site bound inhibitor 

might provide a satisfying explanation. 



Chapter 3 

32 

3.4 Target validation of Ag85-family 

ABPP experiments of the insoluble protein fraction of Msmeg suggested proteins of 

the Ag85 family as predominant targets. Their molecular function is described as mycolic 

acid transferases,28, 128 catalyzing the acylation reaction of a donor molecule (TMM) onto an 

acceptor substrate (TMM, AG, glucose) in mycobacterial periplasm.129 The fact that they act 

downstream the mycolic acid metabolism makes them highly interesting protein targets. 

Furthermore the mode of β-lactone binding would be analogous to Pks13 miming β-hydroxy 

acids. The class of Ag85 enzymes presents homologous serine hydrolases with conserved 

catalytic triad suggesting functional interchangeability (Fig. 3.8).130  

 

 
Fig. 3.8: Alignment of Mtb Ag85A, B and C by primary sequence. Amino acids of catalytic triad 

highlighted in red. 

 

While none of the individual genes is essential double knock-out was reported to 

affect viability.131 In Msmeg six genes are annotated as members of the Ag85 group, hence 

only three of them have been reported to be expressed by q-PCR experiments with Ag85A 

being the most active enzyme . The same three proteins have been detected in the ABPP 

analysis. In Mtb only three genes (Ag85A, B and C) are known by genomic analysis, with the 

exception of a fourth one (Ag85D) with different function. All Mtb proteins have been 

previously expressed and functionally characterized stating Ag85C as the predominant 

enzyme.28, 132 The importance of this protein group as mycobacterial drug target was shown 

by the Ronning group that found ebselen as a small molecular covalent inhibitor.133 Although 

binding to a near active site cysteine the mode of action is presumed to work for all three 

enzymes similarly and results in mycobacterial cell death upon treatment.134 



Chapter 3 

33 

Binding of EZ120P to the class of Ag85 enzymes was already indicated by gel-based 

ABPP MS experiments. Nevertheless, further verification was expected by creation of a 

single gene knock out. For reasons of safety and time genetic implementation were 

performed in Msmeg. Successful construction of an ∆Ag85A strain and a complemented 

strain, carrying the knocked-out gene at the genomic L5 site (∆Ag85A//Ag85A::L5), was 

shown by western blot. Using an Ag85A specific antibody caused loss of the corresponding 

protein band, while protein expression could be restored in case of the complement strain 

(Fig. 3.9A). Comparative gel-based ABPP experiments of wt- and knock-out strains revealed 

the disappearance of one characteristic band around 30 kDa as in Western analysis (Fig. 

3.9C).  

 

 
Fig. 3.9: Gel-based comparative analysis of wt-, ∆Ag85A and ∆Ag85A//Ag85A::L5 Msmeg strains. A. 

Western Blot of Ag85A. B. Western blot loading control. C. Fluorescence scan after EZ120P (10 µM) incubation in 

the dark and application of click-chemistry using rhodamine-azide. 

 

Access to the Ag85A knock-out strain enabled a number of phenotypical studies. The 

doubling time in liquid medium increased by 60 % and also bacterial growth on solid medium 

resulted in smaller colonies. Microscopic analysis revealed significant smaller individuals 

compared to wt-strain. Finally, MIC determination using standard drugs against mycobacteria 

showed a significant increase of cell susceptibility for rifampicin (16-fold), vancomycin (12-

fold) and also for EZ120 (fourfold). These findings presumably result from destabilized 

mycomembranes, which could be more permeable for drug application. In case of EZ120 the 

lack of Ag85A leads to a faster inhibition of the mycolic acid transfer and results in cell death 

at lower concentrations. All observed phenotypes could be complemented to wt-level with 

reimplementation of Ag85A gene at L5-site. 

Application of EZ120 presumably blocks Ag85A/B/C activity in mycobacterial cells 

and has a similar effect on single gene knock-out strains, should result in similar MIC effects. 

As current treatment of tuberculosis requires the administration of several drugs in order to 

kill cells by synergistic effects β-lactone was tested in combination with the first-line drugs 

isoniazid (INH), rifampicin (Rif) and vancomycin (Vanc) in Msmeg by checkerboard resazurin 

assay (Fig. 3.10).135, 136 Synergistic effect were evaluated using fractional inhibitory 

concentration index (FICI). Application of INH and Rif did not show any increased or 
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decrease dose-response. In contrast combining Vanc and EZ120 resulted in an MIC drop of 

four- and 125-fold, respectively and is strongly synergistic (Fig. 3.10). This drastic change of 

cell susceptibility might originate from a disrupted mycomembrane and increased influx as 

well as degenerated membrane synthesis. 

 

 
Fig. 3.10: Checkboard rasazurin assay applying Vancomycin vs. EZ120 on Msmeg. Pink color indicates 

cellular growth. Blue color indicates no growth. 

3.5 Effect of EZ120 on mycolic acid synthesis 

Pks13 and the Ag85 proteins are not only shared members of the hydrolase family 

but also act on the same metabolic pathway catalyzing essential steps in mycobacterial cell 

membrane synthesis. It would therefore be intriguing to test the impact of β-lactone treatment 

on de-novo synthesis of mycolic acids. Classical methods utilize radiolabeling to track down 

and quantify metabolic pathways. As the application of radioactive material to a human 

pathogen increases handling and waste disposal exponentially, a method based on [13C] MS 

detection had to be developed.137 To establish the procedure initial experiments focused on 

mycolate levels of wt- and ∆Ag85A Msmeg strains using INH as negative and a no-labeling 

replicate as positive control. In theory the mutant strain, lacking a mycolic acid transacylation 

enzyme, should incorporate less material in cell wall synthesis. Cells were grown in adjusted 

media to exponential phase and cell numbers were normalized. After short growth (~3h) in 

exponential phase [1,2-13C]acetate was added and bacteria were grown until stationary 

phase was entered. The cells were freeze-dried and normalized again by dry-weight. Free 

lipids were extracted and cell wall bound mycolates were saponified. Subsequent LC-MS 

analysis of isolated mycolates gave a complex pattern of peaks (Fig. 3.11A). Although no 

immediate interpretation could be made a significant change between applied conditions was 

observed and incorporation of [13C-acetate] was successful. Comparison of trial runs with 

control clearly indicated that larger peaks represent mycolic acids without isotope 
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incorporation while “tailing” was created by far less abundant isotope labeled lipids. 

Problematically, a Gaussian-like distribution of incorporation interfered with variation of fatty 

acid chain length used for mycolic acid synthesis making the overall spectra unsuitable for 

analysis. Fortunately, ion-collision MS/MS experiments enabled directed fragmentation of 

mycolic acids into α- and mero-branch. As only charged particles of the α-branch were 

detectable, analysis of MS/MS spectra showed a significant difference of [13C] incorporation 

and de-novo synthesis of cell wall associated mycolates (Fig. 3.11B). 

 

 

Fig. 3.11: Negative mode LC-MS analysis of cell wall bound MAs of Msmeg strains. A. Whole spectrum. 

B. Ion-induced fragmentation by MS/MS at 969 m/z. 

 

With this functional novel methodology in hand following experiments aimed for dose 

response relations. As the MIC is more than 30-fold smaller in Mtb compared to Msmeg, 

switching from the model strain to the actual pathogen was necessary. Initial trials required 

control of bacterial growth under adjusted media conditions as well as pharmacokinetics of 

EZ120 in Mtb. Furthermore working under biosafety level 3 conditions disables freeze-drying 

of cells and an adequate technique had to be established to reliable kill bacteria and extract 

lipids. Finally, Mtb was grown to exponential phase and normalized before EZ120 was added 

in 1x, 5x and 10x MIC, as well as DMSO (positive control) and 5x INH MIC (negative control). 

Cells were grown for 3 h before [1,2-13C]acetate was added and growth continued until 

stationary phase was entered. Bacteria were harvested, washed and suspended in 

CHCl3/MeOH=2/1 over-night. Concentration of the supernatant to dryness gave extractable 

lipids, while dead cells could be saponified to yield cell wall bound mycolates. Subsequent 

LC-MS analysis applying multidimensional MS fragmentation of saponified samples resolved 

[13C] incorporation levels as a direct measure of MA synthesis (Fig. 3.12A). Summing up all 

intensities of individual isotope labeled species shows de-novo incorporation of mycolates in 

cell wall structure (Fig. 3.12B). Increasing concentrations of EZ120 showed a clear tendency 

to reduce cell wall bound MAs to about 30% of initial level. All experiments were performed in 

technical triplicates and at least biological duplicates. 
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Fig. 3.12: Negative mode LC-MS analysis of cell wall bound MAs of Mtb with increasing concentration of 

EZ120. A. Full spectrum B. Sum of 13C incorporated fragment intensities of EZ120 treated cells. INH-negative 

control. 
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3.6 Conculsion 

In summary β-lactones were tested for their anti-mycobacterial activity in Msmeg and 

Mtb. Target identification was conducted using probes based on parent compounds with 

retained activity utilizing state of the art methods of biological chemistry, genetics and 

proteomics. In-depth proteome analysis revealed two enzymes involved in mycobacterial 

lipid metabolism and cell wall assembly as prominent hits. In-situ and in-vitro studies of these 

enzymes provided sufficient data showing covalent binding and inhibition of the active site. 

Furthermore, extensive examinations of mycobacterial lipids led to the successful 

development of an isotope-based methodology to quantify mycolates from bacteria. This 

presents a major advantage to circumvent hazardous radiolabeling in pathogenic 

microorganisms. Application of this technique to initially found compounds underlined the 

assumption of involvement in essential lipid metabolism and provides a reasonable rational 

for selective compound activity in mycobacteria.  
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Chapter 4 Lalistat 

4.1 Lipid metabolism in mycobacteria 

 The integrity of mycobacterial cell membrane is essential for cellular survival and 

pathogenesis.1 Serving as the primary defense line, bacteria require specialized membranes 

to protect the cell from environmental influences.19 In particular, prokaryotes able to endure 

inside eukaryotes, i.e. listeria or mycobacteria, are experts for membrane modification in 

order to adapt altered conditions, such as phagocytosis or immune response. Infection 

experiments with Mtb have shown that triacylglycerides (TAGs), one of the main membrane 

building blocks, accumulate within intracellular inclusion bodies.138-140 The metabolic turnover 

of TAGs to fatty acids is strictly regulated by hydrolases and lipases (Fig. 4.1).6, 141, 142 

Homeostasis of lipids and fatty acids presents an important feature during bacterial infection 

of the host, providing a valuable energy source as well as a regulator for membrane fluidity 

and permeability.143, 144 Finally lipids are required for cell division to extend membranes 

building block for primary metabolic purposes. In addition fatty acids are crucial for 

mycobacterial survival in latent state.145 

 

 
Fig. 4.1: Simplified mechanism of enzymatic TAG-hydrolysis. R1-R3 are usually long, unbranched 

hydrocarbon chains. 

 

4.2 Mycobacterial hydrolases 

Hydrolases make up an entire enzyme class ubiquitously found in nature. Lipases 

present a subclass specified to saponify hydrophobic esters, which are mostly fatty acid- or 

steroid based-molecules. The main common feature of this enzyme class is the conserved 

catalytic triad at the active site displaying a general mode of action (Scheme 4.1).146 This 

triade consists of a nucleophile (serine, threonine or cysteine), a base (histidine, lysine or 

serine) and an acid (asparate or glutamate). In order to increase the strength of the 

nucleophile a hydrogen bond is formed by the base, which is itself activated by hydrogen 

bonding to the regularly charged acid. Additionally, active sites are usually equipped with an 
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oxyanion hole, which presents a pocket of positively charged residues (lysine, arginine and 

histidine) to stabilize a (partial) negative charge. 

 

 
Scheme 4.1: General catalytic cycle of hydrolytic ester cleavage. 

 

The ester substrate is recognized by the active site by affinity and steric demand of 

the binding pocket. In the initial step the nucleophile attacks the carbonyl functionality of the 

ester creating a primary tetrahedral intermediate with an oxyanion pointing into the 

corresponding pocket. During this process the base is protonated, forming an ionic bond to 

the previous hydrogen association. The formed anion stabilizes by reformation of a carbonyl 

group and thereby releases the alcoholate, which gets protonated by the charged base, and 

makes room for water. The previous substrate is now covalently bound to the enzyme by a 

newly formed ester bond. The associated water molecule is pre-activated by the base in a 

way that the oxygen serves as a nucleophile and attacks the carbonyl group again. Once 

more a tetrahedral intermediate with an oxyanion is formed and stabilized before the 

carbonyl functionality is retained under release of the free acid. The base donates a proton 

originating from water onto the nucleophile to restore the initial state in order to enable a new 

substrate turnover. 

Functional restriction of certain enzymes can be anticipated to regulate cell specific 

processes externally. This can be to compensate a hyperfunction or to shut down a 

metabolic pathway completely. Molecular inhibitors are therefore commonly found and can 

be commercially available for certain enzymes.147 Due to the conserved mode of action 
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reversible binding small molecules are more target selective but their efficacy highly depends 

on the affinity to its target protein. Reversible inhibitors mostly act on an allosteric site and 

induce conformational changes or block the active site. In contrast covalent binders modify 

parts of the catalytic triad to disrupt the catalytic mechanism. The enhanced nucleophilicity at 

the active site is frequently used to form a stable, hardly hydrolysable bond. Typically 

inhibitors mimic substrate properties to rest the catalytic cycle in the acyl-enzyme state.148 

An example for such covalent inhibition is orlistat, a marketed drug that primarily 

targets human lysosomal acid lipase (LAL) and is used to treat adiposity.38, 83, 149, 150 The 

molecule is based on the natural product lipstatin  (Fig. 1.5) and characterized by a β-lactone 

ring, which provides an excellent electrophile to be attacked by the active site serine.151 Upon 

binding to the enzyme the lactone opens, additionally mediated by the cyclic ring strain, and 

the acylated enzyme cannot be hydrolyzed nor bind regular substrate (Scheme 4.2A).152 

Based on this principle investigation on a second generation of inhibitors were made 

revealing the thiodiazole lalistat (4.1) as a more potent compound.127 This molecule carries a 

piperidine carbamate as reactive group.123 Similar to an ester the active site nucleophile 

attacks the carbonyl and the heterocyclic alcohol is released forming a new carbamate that 

disrupts the catalytic triade (Scheme 4.2B). 

 

 
Scheme 4.2: Covalent inhibition of serine-hydrolases. A. Binding of orlistat under β-lactone opening. B. 

Binding of lalistat under carbamate reformation. 

 

Since orlistat’s mode of action and cellular targets had been elucidated in humans 

application to prokaryotic systems were analyzed.38 Focusing on known mammalian lipase 

inhibitors could present a novel therapeutic strategy to treat bacterial infections. The 

mycobacterial genome encodes numerous hydrolytic enzymes involved in lipid 
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metabolism.153 Among those, the lip gene family consisting of 24 lipid/ester hydrolases 

termed Lip C to Z, which share a conserved consensus sequence as well as alpha/beta 

hydrolase fold.154 Previous studies already revealed an anti-mycobacterial effect of orlistat.155 

In-depth target analysis via ABPP with an alkynylated orlistat probe in M. bovis (BCG) 

revealed binding of multiple enzymes belonging to the Lip family. Inhibiting the TAG 

metabolism of mycobacteria could provide a new opportunity to shorten current treatment 

and encourages a detailed analysis of lalistat and its target spectrum. 

4.3 Synthesis of lalistat and ABPP probe 

The synthesis of lalistat followed the published procedure of Rosenbaum et al. 

(Scheme 4.3).127 Therefore, commercially available 3,4-dichloro-1,2,5-thiadiazole (4.3) was 

refluxed in piperidine replacing one chlorine substituent. Consecutively, a hydroxy 

functionality was generated by treatment of potassium hydroxide in a DMSO-water mixture at 

100 °C. Finally, the obtained alcohol (4.4) was deprotonated using potassium tert-butanoate 

in THF and commercially available piperidine carbonylchloride was added to yield lalistat 

(4.1). Analysis of the final product by 1H- and 13C-NMR as well as LC-HRMS was in 

agreement with published data.127 

 

 
Scheme 4.3: Synthetic route to lalistat. 

 

In order to identify proteinogenic targets of lalistat a molecular ABPP probe (4.2) was 

required carrying an alkyne tag in a position that remains protein bound even after alteration 

of the active site. Therefore introduction of an acetylene moiety was anticipated onto the 

carbamate forming piperidine. This derivatization can be achieved by modification of the last 

step of the synthetic route. 4-Ethynylpiperidine (4.6) was obtained as a TFA-salt from 

commercially available N-Boc-piperidine-4-carboxaldehyde by subsequent Ohira-Bestmann 

homologation and deprotection.156 Coupling of the two building blocks 4.7 and 4.6 was 

achieved by phosgene mediated activation of the alcohol 4.4 to the corresponding 

chloroformate 4.7, which yielded the anticipated probe molecule 4.2 (Scheme 4.4). 
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Scheme 4.4: Synthetic design of a lalistat-based ABPP probe. 

4.4 Bioactivity  

Having lalistat (4.1) and its alkynylated derivative 4.2 in hand, enabled condution of 

in-situ experiments in procaryotes. First, a broad screen of antibacterial activity was 

conducted to determine MICs against various bacterial stains. Lalistat showed no effect up to 

200 µM concentration against Gram-negative strains and also no impact on viability on most 

Gram-positive bacteria was found (Table 4.1). Interestingly, the compound exhibited 

bioactivity against the human pathogenic strain Mtb H37Rv of about 25-30 µM whereas no 

growth deficit was observed for Msmeg mc(2) 155.  

 

Table 4.1: MIC determination of lalistat and probe against various bacterial strains. 

 

 

For additional information of lalistat’s anti-tuberculosis properties growth of green 

fluorescent protein (GFP) expressing Mtb H37Rv was monitored for 7 days in presence of 

either 4.1 or rifampicin and DMSO as controls.157 A bacteriostatic effect was observed for 

lalistat down to a concentration of 4 µM (Fig. 4.2), which support the previous findings. 
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Fig. 4.2: Growth curves of GFP expressing Mtb strains in presence of varying concentrations of A. 

rifampicin or B. lalistat. 

 

Finally, the effect of La-0 on intracellular growth of M. tuberculosis in human 

macrophage host cells was determined. Therefore human monocytes derives macrophages 

were treated with Mtb in a 1:1 ratio for 4 h. The cells were subsequently cultured for 7 days 

with various concentrations of 4.1 and DMSO as control. Afterwards cells were lysed and 

CFUs were determined.158 Addition of lalistat during this process showed a sustainable 

reduction of the bacterial load by up to 55 % compared to the untreated control suggesting 

that the compound can even address intracellular bacteria (Fig. 4.3). 

 

 
Fig. 4.3: CFU count of Mtb after macrophage infection and drug treatment. 
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Currently, Mtb infection is treated by a combination of up to four different drugs; 

therefore combinations of lalistat and various (myco-)bacterial drugs, namely INH, rif and 

Vanc, were tested by checkerboard assay. Remarkably, a strong effect was obtained for the 

combined application of lalistat and vancomycin resulting in a MIC drop of factor 4 for lalistat 

and 16 for vancomycin (Figure 4.4). Using the fractional inhibitory concentration index 

(FICI)135, 136 a cooperative effect could be concluded, which might originate from membrane 

disruption. 

 

 
Fig. 4.4: Checkerboard resazurin assay for 4.1 and vancomycin against Mtb. Pink: growth. Purple: no 

growth. 

4.5 Target identification 

Probe compound 4.2. retained the activity of the parent molecule making it suitable 

for further target identification studies (Table 4.1). First of all covalent protein labeling was 

examined by using analytical SDS-PAGE. Mtb cells were grown to exponential phase and 

treated with 4.2. or DMSO as control for 1 h. After cell lysis a rhodamine tag was attached to 

the alkyne moiety via click-chemistry. Modified proteins were visualized by fluorescence 

scanning after gel separation (Fig. 4.5). Gel-based analysis of target specificity is obtained by 

competitive ABPP experiments. Bacteria are primarily treated with 4.1 before 4.2 is added to 

compete for specific binding sites. Interestingly, proteins around a molecular size of 30 kDa 

showed increased fluorescent signal response with raising probe concentration while others 

(~50 kDa) only marginally changed intensity. A concentration between 30 µM and 60 µM was 

sufficient to achieve saturated labelling, whereas excess of 3:1 of lalistat to probe enabled a 

strong decrease of signal intensity. 
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Fig. 4.5: Fluorescent signal of analytical SDS-PAGE of Mtb cytosolic fraction treated with lalistat. 

 

For a detailed analysis of cellular targets gel-free proteomic experiments were 

conducted. As described previously (Chapter 2.4) modified proteins were clicked onto biotin 

azide after probe treatment and cell lysis.98 This procedure enabled enrichment on avidin 

followed by a tryptic digest to obtain peptides, which were dimethyl labeled using light, 

medium and heavy isotope reagents including a label switch.99 Pooling of differently labeled 

samples and LC-MS/MS analysis led to identification of enriched proteins, displayed in a 

volcano plot by the normalized and log2(x) transformed labelling ratios of probe versus 

DMSO as a function of statistical significance (-log10 p-value) (Fig. 4.6A). To validate these 

enriched hits competitive experiments were performed using a 2:1 ratio of lalistat to probe 

concentration (Fig. 4.6B). Proteins enriched by a factor ≥ 4 with a p-value of 0.05 or below 

were considered as hits (cutoffs highlighted by dashed lines). 
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Fig. 4.6: Scatter plot of Mtb H37Rv cytosolic proteome analysis of 4.2 versus A. DMSO and B. 4.1. Red: 

Members of Lip protein family. Green: annotated hydrolases. 

 

Using the set criteria for target identification revealed the majority of significantly 

enriched proteins as hydrolases (labeled in green). Even more striking is the fact that nine 

members of the Lip enzyme family were identified as promising hits (highlighted and 

annotated in red). Analyses of the competition experiments strongly support the initial 

findings as only hydrolases cross the set threshold. Furthermore seven Lip enzymes are 

shown to be selectively reacting with lalistat. 

A comparison of lalistat hits with results of previous orlistat proteome labeling studies 

in M. bovis (BCG)84 revealed Lip M, O, N, I and G as shared targets. Interestingly, the 

orlistat-based ABPP probe also revealed Lip H, V and W as targets, while Lip R and T were 

selectevly captured by 4.2 (Table 4.2). This complementary lipase profile can be traced back 

to different physico-chemical properties and the mode of action of the two covalent inhibitors. 

It is thus intriguing to speculate that the shared preference for a common set of Lip enzymes 

may contribute to the growth inhibitory effects of both compounds. 

 

Table 4.2: Comparative analysis of Lip-enzymes identified with hydrolase inhibitors. 

Orlistat shared Lalistat 

Lip H Lip G Lip R 

Lip V Lip I Lip T 

Lip W Lip M  

 Lip N  

 Lip O  
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4.6 Target validation 

LipR is one of the most strongly enriched hits that was selectively found by proteomic 

analysis with 4.2. Therefore it was exemplary confirmed as target by gel-based ABPP 

experiments. Heterologous overexpression of the Mtb enzyme in E. coli resulted in strong 

fluorescent in-situ labeling, whereas non-induced expression only showed a background 

signal indicating specific binding (Fig. 4.7). Coomassie stain reveals the protein selectivity of 

the overexpressed enzyme in presence of the E. coli proteome. 

 
Fig. 4.7: Validation of LipR targeting by gel-based ABPP using 4.2. “+”: addition of IPTG to induce 

protein expression.”-“: represents absence of inducer. 

 

4.7 Conclusion 

In summary lalistat has been shown to specifically inhibit growth of Mtb by 

independent experiments. Proteomic analysis revealed a selective set of lipases/hydrolases 

that are defunctionalized, which might result in disruption of membrane integrity. Especially 

reduced growth of lalistat treated Mtb in macrophages as well as combination with 

vancomycin lead to this conclusion. Given the importance of these enzymes for M. 

tuberculosis viability during infection they may represent promising drug targets. Future 

studies need to further dissect and characterize the exact function and mechanism of these 

enzymes in order to design customized inhibitors suited to interfere with essential metabolic 

processes specifically in the bacteria. With regard to the paucity of potent anti-mycobacterial 

inhibitors future tuberculosis treatment approaches could largely benefit form adding these 

compounds into treatment regimens. They could also pave the way for the development of 

more specific drugs targeting mycobacterial lipases. Their use in combination with known 

anti-mycobacterial agents may offer an urgently needed opportunity to improve and shorten 

tuberculosis therapy. 
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Chapter 5 Experimental Section 

5.1 Organic chemistry 

5.1.1 General Methods and Material 

All reactions with air- or moisture-sensitive substances were carried out using 

standard SCHLENK techniques with Argon (Ar 4.6) as inert gas. Unless indicated otherwise, 

glass equipment was dried under high vacuum (10–3 mbar) at 500–600 °C using a heat gun. 

All chemical reagents and solvents were of reagent grade or of higher purity and used 

without further purification as obtained from commercial sources. Reactions at temperatures 

below 0 °C were carried out using Dewar-vessels for cooling. Reaction temperatures 

correlate to the following cooling substances: ice/CaCl2 (-32 °C), aceton/dry-ice (-78 °C). 

Yields refer to purified, dried and spectroscopically pure substances if not reported 

otherwise. 

Flash column chromatography was performed on Merck silica gel (Geduran Si 60, 

0.040 – 0.063 mm) using a forced flow eluent at 0.3 – 0.5 bar pressure. Analytical thin layer 

chromatography (TLC) was performed on aluminum-backed TLC Silica gel 60 F254 plates by 

Merck and compounds were visualized by UV detection (λ = 254 nm) or staining via one of 

the listed stains followed by heating: 

• Cerammonium molybdate [CAM]: 2.00 g cer-(IV)-sulfate, 50.0 g ammonium 

molybdate, 50.0 mL conc. sulfuric acid, 300 mL water 

• Potassiom permanganate [KMnO4]: 3.00 g potassium permanganate, 20.0 g 

potassium carbonate, 5.00 mL 5 % sodium hydroxide solution, 300 mL water 

• Ninhydrin solution: 300 mg ninhydrin, 3.00 mL glacial acetic acid, 100 mL n-butanol 

Reverse-phase HPLC analysis was performed on a Waters 2695 separation module, 

equipped with a Waters PDA 2996 and a Waters XBridge C18 column (3.5 mm, 4.6 x 

100 mm, flow = 1.2 mL/min). For preparative scale RP-HPLC separation a Waters 2545 

quarternary gradient module in combination with a Waters PDA 2998 and a Waters XBridge 

C18 (5.0 µm, 30 x 150 mm, flow = 50 mL/min) column or a YMC Triart C18 (3.5 µm, 10 x 

250 mm, flow = 10 mL/min) column was used. The mobile phase for elution consisted of a 

gradient mixture of 0.1 % (v/v) TFA in water (buffer A, HPLC grade) and 0.1 % (v/v) TFA in 

ACN (buffer B, HPLC grade) unless noted otherwise. 
1H NMR and 13C NMR spectra were recorded at RT on Bruker Avance 200, Avance 

360, Avance 400, Avance 500 and Avance III 500cr spectrometers. Chemical shifts (δ-

values) were referenced to the residual proton or carbon signal of the deuterated solvent in 
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ppm. Coupling constants (J) are reported in Hertz (Hz) and multiplicity is reported as follows: 

s – singlet, d – doublet, t – triplet, q – quartet, m – multiplet, br – broad. 

High resolution mass spectra were obtained on a Thermo Scientific LTQ-FT Ultra via 

electron ionization (ESI-MS) or atmospheric-pressure chemical ionization (APCI-MS). 

Specific optical rotation spectra were obtained on a Perkin-Elmer polarimeter 241 MC 

using a 1 dm cuvette at λ = 589 nm (Na-D-line) at RT. Substances were used in g/100 mL 

concentrated solutions. Optical rotations are annotated in 10-1 ° cm2 g-1. 
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5.1.2 Synthesis 

5.1.2.1 General procedure for α-bromo ketones85, 86 

 

Carboxylic acid (1.00 eq) was dissolved in CH2Cl2 (0.5 M) and DMF (0.05 eq) was 

added dropwise at rt. Oxalyl chloride (1.20 eq) was added dropwise in portions while gas 

formation was observed. The reaction mixture was stirred for 3 h and concentrated under 

reduced pressure. The crude residue was dissolved in ACN (0.5 M) and cooled to 0 °C. TMS 

diazomethane (1.10 eq, 2 M in Et2O) was slowly added dropwise. The reaction was stirred 

for 16 h and warmed to rt. Solvents were removed in-vacuo and the remaining residue was 

dissolved in Et2O (0.4 M) at rt. Hydrogen bromine (10.0 eq, 37% in H2O) was slowly added 

and gas formation could be observed. The reaction mixture was heated under refluxation for 

3 h and stopped by addition of saturated NaCO3 solution. After separation of phases the 

aqueous layer was extracted with EtOAc (3 x 50 mL) and the combined organic layers were 

washed with brine, dried over MgSO4, filtered and concentrated to dryness under reduced 

pressure. The crude residue was applied to flash chromatography. The product was isolated 

as a white wax. 

 

1-Bromododecon-2-one 

 

Yield: 97% 

Rf = 0.32 (Pentane/Et2O = 98/2). 
1H-NMR (400 MHz, CDCl3): δ [ppm] = 3.88 (s, 2 H), 2.64 (t, J = 7.4 Hz, 2 H), 1.66-1.56 (m, 2 

H), 1.35-1.18 (m, 14 H), 0.87 (t, J = 6.6 Hz, 3 H). 
13C-NMR (91 MHz, CDCl3): δ [ppm] = 202.5, 40.0, 34.4, 32.0, 29.6, 29.5, 29.5, 29.4, 29.2, 

24.0, 22.8, 14.3. 

HRMS (APCI): calc. for C12H24BrO [M+H]+: 263.1005; found: 263.1008. 

 

1-Bromododec-11-en-2-one 

 

Yield: 94% 

Rf = 0.34 (Pentane/Et2O = 98/2). 
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1H-NMR (300 MHz, CDCl3): δ [ppm] = 5.81 (ddt, J = 6.7, 10.1, 16.9 Hz, 1 H), 5.03- 4.89 (m, 2 

H), 3.88 (s, 2H), 2.64 (t, J = 7.4 Hz, 2 H), 2.08-1.98 (m, 2 H), 1.63-1.55 (m, 2 H), 1.39-1.27 

(m, 10 H). 
13C-NMR (76 MHz, CDCl3): δ [ppm] = 202.4, 139.3, 114.3, 40.0, 34.5, 33.9, 29.4, 29.3, 29.2, 

29.0, 24.0, 23.7. 

HRMS (APCI): calc. for C12H22BrO [M+H]+: 261.0849; found: 261.0841. 

 

1-Bromododec-11-yn-2-one 

 

Yield: 96% 

Rf = 0.35 (Pentane/Et2O = 98/2). 
1H-NMR (300 MHz, CDCl3): δ [ppm] = 3.87 (s, 2 H), 2.64 (t, J = 7.4 Hz, 2 H), 2.17 (td, J = 2.6, 

7.0 Hz, 2 H), 1.93 (t, J = 2.6 Hz, 1 H), 1.68-1.44 (m, 4 H), 1.45-1.20 (m, 8 H). 
13C-NMR (63 MHz, CDCl3): δ [ppm] = 202.3, 84.8, 68.2, 39.9, 34.4, 29.3, 29.1, 29.0, 28.8, 

28.6, 24.0, 18.5. 

HRMS (APCI): calc. for C12H20BrO [M+H]+: 259.0692; found: 259.0691. 

 

5.1.2.2 General procedure for 5-(2-Oxododecylidene)furan-2(5H)-ones79, 87, 89 

 

α-Bromo ketone (1.00 eq) was dissolved in CHCl3 (0.2 M) at rt and PPh3 (1.10 eq) 

was added. The clear solution turned turbid within 30 min and was stirred for16 h. Solvents 

were removed under reduced pressure and the residue was dissolved in MeOH/H2O (v/v = 

4/1, 0.4 M). KOH (10.0 eq, 5 M in H2O) was added at rt. The reaction mixture immediately 

turned into an organe/yellow suspension, which was rigorously stirred for 3 h. After 

separation of layers the aqueous phase was extracted with CH2Cl2 (3 x 40 mL). The 

combined organic layers were combined, washed with brine, dried over MgSO4, filtered and 

concentrated to dryness under reduced pressure. The waxy residue was dissolved in toluene 

(0.02 M) and maleic anhydride (1.20 eq) was added at rt. The reaction mixture was heated to 

110 °C and refluxed for 16 h. The reaction was allowed to cool down to rt and solvents were 

removed in-vacuo. The residue was applied to flash chromatography to yield the 

corresponding (E)- and (Z)- constituted olefins as white solids. 
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(E)-5-(2-Oxododecylidene)furan-2(5H)-one (2.7) 

 

Yield: 45% 

Rf = 0.22 (H/EtOAc = 92/8). 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 8.32 (dd, J = 0.7, 5.6 Hz, 1 H), 6.47 (dd, J = 1.7, 

5.6 Hz, 1 H), 6.24 (dd, J = 0.7, 1.7 Hz, 1 H), 2.58 (t, J = 7.4 Hz, 2 H), 1.67-1.55 (m, 2 H), 

1.34-1.20 (m, 14 H), 0.87 (t, J = 6.8 Hz, 3 H). 
13C-NMR (126 MHz, CDCl3): δ [ppm] = 200.1, 168.2, 158.7, 143.0, 125.2, 107.9, 45.3, 32.0, 

29.7, 29.6, 29.5, 29.4, 29.2, 24.1, 22.8, 14.3. 

HRMS (ESI): calc. for C16H25O3 [M+H]+: 267.1798; found: 267.1796. 

 

(Z)-5-(2-Oxododecylidene)furan-2(5H)-one (2.8) 

 

Yield: 15% 

Rf = 0.30 (H/EtOAc = 70/30). 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.48 (d, J = 5.6 Hz, 1 H), 6.42 (d, J = 5.6 Hz, 1 H), 

5.56 (s, 1 H), 2.87 (t, J = 7.3 Hz, 2 H), 1.66-1.58 (m, 2 H), 1.34-1.20 (m, 14 H), 0.86 (t, J = 

7.1 Hz, 3 H). 
13C-NMR (75 MHz, CDCl3): δ [ppm] = 199.2, 168.0, 154.4, 145.8, 123.4, 110.7, 43.6, 32.0, 

29.7, 29.6, 29.6, 29.5, 29.3, 24.0, 22.8, 14.3. 

HRMS (ESI): calc. for C16H25O3 [M+H]+: 265.1798; found: 265.1796. 

 

(E)-5-(2-Oxododec-11-en-ylidene)furan-2(5H)-one (2.15) 

 

Yield: 42% 

Rf = 0.26 (H/EtOAc = 90/10). 
1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.32 (dd, J = 0.7, 5.6 Hz, 1 H), 6.47 (dd, J = 1.7, 

5.6 Hz, 1 H), 6.24 (dd, J = 0.7, 1.7 Hz, 1 H), 5.81 (ddt, J = 6.7, 10.1, 17.0 Hz, 2 H), 5.04-4.88 
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(m, 1 H), 2.60 (t, J = 7.4 Hz, 2 H), 2.09-1.98 (m, 2 H), 1.67-1.55 (m, 2 H), 1.34-1.20 (m, 12 

H). 
13C-NMR (126 MHz, CDCl3): δ [ppm] = 200.0, 168.2, 158.8, 143.0, 139.3, 125.2, 114.3, 

107.9, 45.3, 33.9, 29.5, 29.4, 29.2, 29.2, 29.0, 24.1. 

HRMS (ESI): calc. for C16H23O3 [M+H]+: 263.1642; found: 263.1644. 

 

(E)-5-(2-Oxododec-11-yn-ylidene)furan-2(5H)-one (2.17) 

 

Yield: 37% 

Rf = 0.29 (H/EtOAc = 90/10). 
1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.32 (dd, J = 0.7, 5.6 Hz, 1 H), 6.47 (dd, J = 1.7, 

5.6 Hz, 1 H), 6.23 (dd, J = 0.7, 1.7 Hz, 1 H), 2.58 (t, J = 7.4 Hz, 2 H), 2.18 (dt, J = 2.6 Hz, 7.1, 

2 H), 1.93 (t, J = 2.6 Hz, 1 H), 1.68-1.60 (m, 2 H), 1.55-1.49 (m, 4 H), 1.43-1.34 (m, 2 H) , 

1.34-1.20 (m, 6 H). 
13C-NMR (90.6 MHz, CDCl3): δ [ppm] = 199.9, 168.2, 158.8, 143.0, 125.2, 107.9, 83.7, 68.3, 

45.3, 29.4, 29.2, 29.0, 28.8, 28.6, 24.1, 18.5. 

HRMS (ESI): calc. for C16H21O3 [M+H]+: 261.1485; found: 261.1485. 

 

5.1.2.3 General procedure for 5-(2-Hydoxydodecylidene)furan-2(5H)-ones90 

 

5-(2-Oxododecylidene)furan-2(5H)-one (1.00 eq) was dissolved in THF (1.0 M) at rt. 

NaBH3CN (5.00 eq, 2 M in THF) was added at rt and the reaction mixture was stirred for 1 h. 

The reaction was stopped by addition of HCl (15 mL, 2 M) and stirred for 1 h. The solution 

was diluted with EtOAc and after separation of layers the aqueous phase was extracted with 

EtOAc (3 x 15 mL). The combined organic layers were washed with brine, dried over MgSO4, 

filtered and concentrated in-vacuo. The remaining residue was applied to flash 

chromatography to yield the desired alcohols as white waxes. 

 

 

(±)-Ramariolide C (2.3) 
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Yield: 93% 

Rf = 0.24 (H/EtOAc = 70/30). 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.80 (d, J = 5.6 Hz, 1 H), 6.24 (dd, J = 1.7, 5.6 Hz, 1 

H), 5.75 (dd, J = 1.7, 8.1 Hz, 1 H), 4.52 (dt, J = 6.5, 8.1 Hz, 1 H), 1.80 (bs, 1 H), 1.76-1.66 

(m, 1 H), 1.66-1.57 (m, 1 H), 1.36-1.20 (m, 14 H), 0.87 (t, J = 6.8 Hz, 3 H). 
13C-NMR (126 MHz, CDCl3): δ [ppm] = 169.5, 150.6, 140.8, 121.2, 117.6, 68.4, 38.1, 32.0, 

29.7, 29.7, 29.6, 29.5, 29.4, 25.4, 22.8, 14.3. 

HRMS (ESI): calc. for C16H27O3 [M+H]+: 267.1955; found: 267.1952. 

 

(Z)-5-(2-Hydroxydodecylidene)furan-2(5H)-one (2.20) 

 

Yield: 95% 

Rf = 0.22 (H/EtOAc = 70/30). 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.37 (d, J = 5.4 Hz, 1 H), 6.22 (d, J = 5.4 Hz, 1 H), 

5.32 (d, J = 8.4 Hz, 1 H), 4.82-4.76 (m, 1 H), 1.92 (bs, 1 H), 1.74-1.69 (m, 1 H), 1.63-1.54 (m, 

1 H), 1.36-1.21 (m, 14 H), 0.87 (t, J = 6.8 Hz, 3 H). 
13C-NMR (126 MHz, CDCl3): δ [ppm] = 169.5, 149.0, 144.0, 120.5, 118.5, 67.2, 37.2, 32.0, 

29.7, 29.7, 29.7, 29.6, 29.5, 25.3, 22.8, 14.3. 

HRMS (ESI): calc. for C16H27O3 [M+H]+: 267.1955; found: 267.1961. 

 

(±)-Ramariolide D (2.4) 

 

Yield: 82% 

Rf = 0.29 (H/EtOAc = 65/45). 
1H-NMR (500 MHz, C6D6): δ [ppm] = 6.98 (dd, J = 0.6, 5.6 Hz, 1 H), 5.81 (ddt, J = 6.7, 10.2, 

17.0 Hz, 1 H), 5.57 (dd, J = 1.8, 5.6 Hz, 1 H), 5.36 (dd, J = 1.8, 7.9 Hz, 1 H), 5.06 (dq, J = 

1.7, 17.0 Hz, 1 H), 5.01 (dt, J = 1.6, 10.2 Hz, 1 H), 3.94-3.88 (m, 1 H), 2.07-1.97 (m, 2 H), 

1.38-1.31 (m, 4 H), 1.31-1.08 (m, 10 H). 
13C-NMR (126 MHz, C6D6): δ [ppm] = 167.9, 149.8, 139.3, 138.4, 120.2, 115.7, 113.7, 67.2, 

37.4, 33.3, 29.2, 29.1, 29.1, 28.8, 28.6, 24.8. 

HRMS (ESI): calc. for C16H25O3 [M+H]+: 265.1798; found: 265.1798. 
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(E)-5-(2-Hydroxyododec-11-yn-ylidene)furan-2(5H)-one (2.18) 

 

Yield: 72% 

Rf = 0.27 (H/EtOAc = 65/45). 
1H-NMR (250 MHz, CDCl3): δ [ppm] = 7.80 (dd, J = 0.7, 5.6 Hz, 1 H), 6.25 (dd, J = 1.8, 

5.6 Hz, 1 H), 5.75 (ddd, J = 0.7, 1.8, 8.2 Hz, 1 H), 4.52 (dt, J = 6.5, 8.2 Hz, 1 H), 2.18 (td, J = 

2.6, 6.9 Hz, 2 H), 1.94 (t, J = 2.6 Hz, 1 H), 1.78-1.43 (m, 4 H), 1.43-1.18 (m, 10 H). 
13C-NMR (91 MHz, CDCl3): δ [ppm] = 169.4, 150.7, 140.8, 121.3, 117.5, 84.9, 68.4, 68.3, 

38.1, 29.5, 29.1, 28.8, 28.6, 25.4, 18.5. 

HRMS (ESI): calc. for C16H23O3 [M+H]+: 263.1642; found: 263.1642. 

 

5.1.2.4 General procedure for 1-Hydroxyundecyl)-1,4-dioxaspiro[2.4]hept-6-en-5-ones91, 92 

 

(E)-5-(2-Hydoxydodecylidene)furan-2(5H)-one (1.00 eq) was dissolved in CH2Cl2 

(0.5 M) at -32 °C. Titatnium-(IV)-isopropoxide (1.20 eq) and (+)-DIPT (1.40 eq) were added 

and the reaction mixture was stirred for 30 min before tBuO2H (4.50 eq, 5.5 M in H) was 

added. The reaction was allowed to warm to rt under constant stirring for 16 h. The reaction 

was stopped by addition of one volume of saturated potassium tartrate solution, freezing and 

rethawing. After separation of layers the aqueous phase was extracted with CH2Cl2 (3 x 

10 mL) and the organic layers were combined, washed with brine, dried over MgSO4, filtered 

and concentrated to dryness under reduced pressure. The remaining residue was applied to 

flash chromatography followed by RP-HPLC to yield the desired product as a white wax. Ee-

values were determined by NMR-titration using Europium tris[3-

(heptafluoropropylhydroxymethylene)-(+)-camphorate). 

 

(-)-Ramariolide A (2.1) 

 

Yield: 35% (d.r. anti/syn = 87/13, ee = 55 %) 

Rf = 0.31 (H/EtOAc = 70/30). 



Chapter 5 

56 

RP-HPLC (analytical setup, method: gradient 2% B � 98% B over 10 min): tR = 9.53 min. 
1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.55 (d, J = 5.7 Hz, 1 H), 6.35 (d, J = 5.7 Hz, 1 H), 

4.08 (ddd, J = 3.2, 4.4, 7.7 Hz, 1 H), 3.78 (d, J = 3.2 Hz, 1 H), 1.93 (bs, 1 H), 1.70-1.56 (m, 2 

H), 1.56-1.43 (m, 2 H), 1.35-1.20 (m, 14 H), 0.87 (t, J = 6.8 Hz, 3 H). 
13C-NMR (101 MHz, CDCl3): δ [ppm] = 168.5, 149.2, 126.4, 89.9, 67.6, 64.9, 33.7, 32.0, 29.7, 

29.7, 29.6, 29.6, 29.4, 25.3, 22.8, 14.3. 

HRMS (ESI): calc. for C16H25O4 [M-H]-: 281.1758; found: 281.1763. 

[α]25
D -78 (c 5.4, MeOH). 

 

(2S,3S)-2-((S)-1-Hydroxyundec-10-en-1-yl)-1,4-dioxaspiro[2.4]hept-6-en-5-one (2.16) 

 

Yield: 27%  

Rf = 0.30 (H/EtOAc = 70/30). 

RP-HPLC (analytical setup, method: gradient 2% B � 98% B over 10 min): tR = 9.48 min. 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.44 (d, J = 5.7 Hz, 1 H), 6.39 (d, J = 5.7 Hz, 1 H), 

5.81 (ddt, J = 6.7, 10.2, 17.0 Hz, 1 H), 4.99 (dt, J = 1.8, 17.0 Hz, 1 H), 4.95-4.88 (m, 1 H), 

3.89-3.82 (m, 1 H), 3.78 (d, J = 4.0 Hz, 1 H), 2.04 (q, J = 7.0, 7.2 Hz, 2 H), 1.74-1.58 (m, 4 

H), 1.37-1.23 (m, 10 H). 
13C-NMR (126 MHz, CDCl3): δ [ppm] = 162.2, 148.5, 139.3, 126.9, 114.3, 110.1, 90.4, 68.4, 

65.5, 34.9, 33.9, 29.5, 29.5, 29.2, 29.0, 25.1. 

HRMS (ESI): calc. for C16H25O4 [M+H]+: 281.1747; found: 281.1748. 

 

(2S,3S)-2-((S)-1-Hydroxyundec-10-yn-1-yl)-1,4-dioxaspiro[2.4]hept-6-en-5-one (2.19) 

 

Yield: 13%  

Rf = 0.30 (H/EtOAc = 70/30). 

RP-HPLC (analytical setup, method: gradient 2% B � 98% B over 10 min): tR = 9.59 min. 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.56 (d, J = 5.7 Hz, 1 H), 6.36 (d, J = 5.7 Hz, 1 H), 

4.09 (ddd, J = 3.1, 4.3, 7.7 Hz, 1 H), 3.79 (d, J = 3.1 Hz, 1 H), 2.18 (td, J = 2.6, 7.1 Hz, 2 H), 

1.94 (t, J = 2.6 Hz, 1 H), 1.67-1.58 (m, 2 H), 1.53-1.44 (m, 4 H), 1.42-1.21 (m, 8 H). 
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13C-NMR (126 MHz, CDCl3): δ [ppm] = 168.6, 149.2, 126.4, 110.1, 89.9, 84.9, 68.3, 67.5, 

64.9, 33.6, 29.5, 29.1, 28.8, 28.5, 25.3, 18.5. 

HRMS (ESI): calc. for C16H23O4 [M+H]+: 279.1591; found: 279.1591. 

 

5.1.2.5 (2S*,3R*)-2-((R*)-1-Hydroxyundecyl)-1,4-dioxaspiro[2.4]hept-6-en-5-one (2.9) 

 

(Z)-5-(2-Hydroxydodecylidene)furan-2(5H)-one (563 mg, 2.1 mmol) was dissolved in 

CH2Cl2 (21 mL) and 3-Chloroperoxybenzoic acid (466 mg, 2.7 mmol) was added at rt. The 

reaction was monitored by TLC. After 3 h complete conversion of starting material was 

observed. The reaction was stopped by addition of saturated NaHCO3 solution (5 mL) and 

layers were separated. The aqueous phase was extracted with EtOAc (3 x 10 mL) and 

organic phases were combined, washed with brine, dried over MgSO4 and filtered. The 

filtrate was evaporated to dryness under reduced pressure and the remaining residue was 

applied to flash chromatography (H/EtOAc = 80/20 � 70/30). The desired product (464 mg, 

1.6 mmol, 78%) was obtained as a white wax. 

Rf = 0.38 (H/EtOAc = 70/30). 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.56 (d, J = 5.7 Hz, 1 H), 6.36 (d, J = 5.7 Hz, 1 H), 

4.09 (ddd, J = 3.2, 4.4, 7.7 Hz, 1 H), 3.79 (d, J = 3.2 Hz, 1 H), 1.94 (bs, 1 H), 1.69-1.43 (m, 4 

H), 1.43-1.21 (m, 14 H), 0.88 (t, J = 6.8 Hz, 3 H). 
13C-NMR (126 MHz, CDCl3): δ [ppm] = 168.6, 149.2, 126.4, 89.9, 67.5, 64.9, 33.6, 32.0, 29.7, 

29.7, 29.6, 29.6, 29.5, 25.3, 22.8, 14.3. 

HRMS (ESI): calc. for C16H27O4 [M+H]+: 283.1904; found: 283.1911. 

 

5.1.2.6 General procedure for (S)-1-((2S,3S)-5-Oxo-1,4-dioxaspiro[2.4.]hept-6-en-2-

yl)undecylnoates79 

 

Carboxylic acid (1.10 eq) was dissolved in CH2Cl2 (1.0 M) at rt. DMF (0.05 eq) and 

oxalyl chloride (1.20 eq) were added dropwise and the reaction mixture was stirred for 2 h at 

rt. Solvents were removed under reduced pressure and the remaining residue was dissolved 

in CH2Cl2 (1.0 M). Ramariolide A (1.00 eq) was dissolved in CH2Cl2 (1.0 M) and pyridine 

(3.00 eq) was added and cooled to 0 °C. The solution of activated acid was added dropwise 

to the reaction mixture and a deep orange color change was observed. The reaction was 

allowed to warm to rt and monitored by TLC. After 2 h no further consumption of starting 
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material could be observed and the reaction was stopped by addition of saturated NH4Cl 

solution. After separation of phases the aqueous layer was extracted with CH2Cl2 (3 x 

10 mL). Combined organic phases were washed with brine, dried over MgSO4, filtered and 

concentrated to dryness under reduced pressure. The remaining residue was applied to flash 

chromatography to give the desired product as a yellow oil. 

 

(S)-1-((2S,3S)-5-Oxo-1,4-dioxaspiro[2.4.]hept-6-en-2-yl)undecyl 2-(3-(but-3-yn-1-yl)-3H-

diazirin-3-yl)acetate (2.23) 

 

Yield: 24%  

Rf = 0.28 (H/EtOAc = 90/10). 
1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.37 (d, J = 5.7 Hz, 1 H), 6.38 (d, J = 5.7 Hz, 1 H), 

4.80 (ddd, J = 4.6, 7.1, 8.3 Hz, 1 H), 3.72 (d, J = 7.1 Hz, 1 H), 2.48 (td, J = 1.9, 7.3 Hz, 2 H), 

2.25 (td, J = 2.6, 6.9 Hz, 2 H), 1.97 (t, J = 2.6 Hz, 1 H), 1.87-1.76 (m, 4 H), 1.34-1.21 (m, 14 

H), 0.88 (t, J = 6.9 Hz, 3 H). 
13C-NMR (76 MHz, CDCl3): δ [ppm] = 172.4, 152.4, 148.2, 126.6, 90.1, 82.8, 69.9, 69.9, 69.6, 

62.1, 41.3, 32.7, 32.5, 32.0, 31.6, 29.7, 29.6, 29.4, 24.8, 23.5, 22.8, 17.8, 14.3. 

HRMS (ESI): calc. for C23H31N2O5 [M+H]+: 417.2384; found: 417.2388. 

 

(S)-1-((2S,3S)-5-Oxo-1,4-dioxaspiro[2.4.]hept-6-en-2-yl)undecyl hex-5-ynolate 

 

Yield: 37%  

Rf = 0.25 (H/EtOAc = 85/15). 
1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.37 (d, J = 5.7 Hz, 1 H), 6.38 (d, J = 5.7 Hz, 1 H), 

4.80 (ddd, J = 4.5, 7.0, 8.2 Hz, 1 H), 3.73 (d, J = 7.0 Hz, 1 H), 2.48 (td, J = 1.9, 7.4 Hz, 2 H), 

2.25 (td, J = 2.7, 6.9 Hz, 2 H), 1.97 (t, J = 2.7 Hz, 1 H), 1.88-1.80 (m, 2 H), 1.79-1.68 (m, 2 

H), 1.36-1.21 (m, 16 H), 0.87 (t, J = 6.9 Hz, 3 H). 
13C-NMR (76 MHz, CDCl3): δ [ppm] = 172.4, 168.4, 148.2, 126.6, 123.6, 90.1, 82.9, 70.0, 

69.6, 62.2, 32.8, 32.0, 31.7, 29.7, 29.6, 29.5, 29.4, 24.9, 23.5, 22.8, 17.8, 14.3. 
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HRMS (ESI): calc. for C22H33O5 [M+H]+: 377.2323; found: 377.2326. 

 

5.1.2.7 (2S*,3R*)-2-Undecanoyl-1,4-dioxaspiro[2.4]hept-6-en-5-one (2.21) 

 

(2S*,3R*)-2-((R*)-1-Hydroxyundecyl)-1,4-dioxaspiro[2.4]hept-6-en-5-one (464 mg, 

1.65 mmol) was dissolved in CH2Cl2 (15 mL) at rt. DMP (773 mg, 1.82 mmol) are added to 

the reaction mixture. The reaction was monitored by TLC and after 2 h complete conversion 

was observed. The solvents were removed under reduced pressure and the remaining 

residue was applied to flash chromatography (H/EtOAc = 80/20) to yield 68% of the desired 

product (313 mg, 1.12 mmol) as a white powder. 

Rf = 0.27 (H/EtOAc = 80/20). 
1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.11 (d, J = 5.6 Hz, 1 H), 6.48 (d, J = 5.6 Hz, 1 H), 

3.84 (s, 1 H), 2.67 (td, J = 3.0, 7.2 Hz, 2 H), 1.68-1.53 (m, 2 H), 1.36-1.22 (m, 14 H), 0.87 (t, 

J = 6.7 Hz, 3 H). 
13C-NMR (126 MHz, CDCl3): δ [ppm] = 203.3, 167.4, 148.3, 127.6, 89.2, 62.7, 39.2, 32.0, 

29.7, 29.6, 29.5, 29.4, 29.1, 22.8, 22.7, 14.3. 

HRMS (ESI): calc. for C16H25O4 [M+H]+: 281.1747; found: 281.1754. 

 

5.1.2.8 (2S*,3R*)-2-((S*)-1-Hydroxyundecyl)-1,4-dioxaspiro[2.4]hept-6-en-5-one (2.11)95 

 

(2S*,3R*)-2-Undecanoyl-1,4-dioxaspiro[2.4]hept-6-en-5-one (313 mg, 1.12 mmol) 

was dissolved in THF (20 mL) at rt. Zn(BH4)2 (1.12 mL, 5 M in THF) was added dropwise via 

syringe at 0 °C. The cloudy mixture was allowed to warm to rt and monitored by TLC. After 

2 h complete conversion was observed and the reaction was stopped by addition of HCl 

(5 mL, 2 M). The mixture was diluted with EtOAc and after separation of layers the aqueous 

phase was extracted with EtOAc (3 x 15 mL). The combined organic layers were washed 

with brine, dried over MgSO4, filtered and concentrated to dryness in-vacuo. The remaining 

residue was applied to flash chromatograpy (H/EtOAc = 75/25 � 70/30). The desired 

product (170 mg, 605 µmol) could be isolated in 54% yield as a white wax. 
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Rf = 0.34 (H/EtOAc = 70/30). 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.14 (d, J = 5.6 Hz, 1 H), 6.4 (d, J = 5.6, 1 H), 3.90 (td, 

J = 4.5, 8.0 Hz, 1 H), 3.36 (d, J = 7.7 Hz, 1 H), 1.92 (bs, 1 H), 1.83-1.73 (m, 1 H), 1.73-1.64 

(m, 1 H), 1.63-1.49 (m, 1 H), 1.48-1.39 (m, 1 H), 1.38-1.20 (m, 14 H), 0.88 (t, J = 6.9 Hz, 3 

H). 
13C-NMR (126 MHz, CDCl3): δ [ppm] = 168.6, 149.8, 126.4, 90.3, 69.6, 64.2, 34.9, 32.1, 29.7, 

29.7, 29.7, 29.6, 29.5, 24.9, 22.8, 14.3. 

HRMS (ESI): calc. for C16H27O4 [M+H]+: 283.1904; found: 283.1901. 

 

5.1.2.9 (±)-Ramariolide B (2.2)94 

 

(2S*,3R*)-2-((S*)-1-Hydroxyundecyl)-1,4-dioxaspiro[2.4]hept-6-en-5-one (50 mg, 

177 µmol) was dissolved in CH2Cl2 (10 mL) at rt. (±)-CSA (41 mg, 177 µmol) was added at rt 

and the reaction was monitored by TLC. Over a period of 3 h a color change from light 

yellow, orange to deep red could be observed until complete conversion of starting material. 

The reaction was stopped by addition of saturated NaHCO3 solution. After separation of 

layers the aqueous phase was extracted with CH2Cl2 (3 x 10 mL). The combined organic 

phases were washed with brine, dried over MgSO4, filtered and concentrated under reduced 

pressure. The remaining residue was applied to flash chromatography (H/EtOAc = 75/25 � 

70/30). Ramariolide B could be obtained as a white wax (12 mg, 42 µmol, 24%). 

Rf = 0.33 (H/EtOAc = 70/30). 
1H-NMR (500 MHz, C6H6): δ [ppm] = 6.08 (d, J = 5.6 Hz, 1 H), 5.38 (d, J = 5.6 Hz, 1 H), 4.37 

(q, J = 6.7 Hz, 1 H), 3.84 (dd, J = 6.1, 12:2 Hz, 1 H), 2.29 (d, J = 12.2 Hz, 1 H), 1.54-1.45 (m, 

1 H), 1.43-1.38 (m, 1 H), 1.38-1.21 (m, 14 H), 0.93 (t, J = 6.8 Hz, 1 H). 
13C-NMR (126 MHz, C6H6): δ [ppm] = 168.2, 148.8, 124.4, 112.8, 90.4, 74.1, 34.4, 32.2, 29.9, 

29.8, 29.7, 29.6, 29.5, 24.5, 23.0, 14.2. 

HRMS (ESI): calc. for C16H25O4 [M+H]+: 283.1904; found: 283.1904. 
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5.1.2.10 4-(N,N-Dimethylamino)-N’-(6-hydroxyhexyl)benzamide 

 

4-(N,N-Dimethylamino)benzoic acid (332 mg, 2.00 mmol) was dissolved in DMF 

(20 mL) and EDCI (402 mg, 2.10 mmol) as well as HOBt (321 mg, 2.10 mmol) were added at 

rt. The resulting suspension was stirred for 20 min to become a clear solution. NEt3 (1.39 mL, 

10.0 mmol) and 6-amino-1-hexanol (246 mg, 2.10 mmol) were added at rt. The reaction was 

monitored by TLC and indicated complete conversion after 2 additional hours. The reaction 

was stopped by addition of brine. After separation of phases the organic phase was 

extracted with saturated NH4Cl solution (3 x 100 mL). The combined aqueous layers were 

extracted with EtOAc (2 x 40 mL). The combined organic layers were dried over MgSO4 and 

concentrated to dryness under reduced pressure. The crude mixture was applied to flash 

chromatography (H/EtOAc = 30/70 � 20/80) to yield 239 mg (0.91 mmol, 45%) of product as 

a white solid. 

Rf = 0.37 (H/EtOAc = 20/80). 
1H-NMR (360 MHz, CDCl3): δ [ppm] = 7.69 (d, J = 8.8 Hz, 2 H), 6.66 (d, J = 8.8 Hz, 2 H), 

6.25 (bs, 1 H), 3.62 (t, J = 6.3 Hz, 2 H), 3.44-3.42 (m, 2 H), 3.00 (s, 6 H), 2.23 (bs, 1 H), 1.67-

1.51 (m, 4 H), 1.48-1.33 (m, 4 H). 
13C-NMR (91 MHz, CDCl3): δ [ppm] = 167.6, 152.4, 128.3, 121.5, 111.1, 62.6, 45.8, 40.1, 

39.6, 26.5, 8.6. 

HRMS (ESI): calc. for C15H25N2O2 [M+H]+: 265.1916; found: 265.1907. 

Mp: 101 °C. 

 

5.1.2.11 4-(N,N-Dimethylamino)-N’-(6-oxohexyl)benzamide 

 

Sulfur trioxide pyridine complex (174 mg, 1.09 mmol) was dissolved in DMSO (50 mL) 

at -72 °C. After 10 min 4-(N,N-dimethylamino)-N’-(6-hydroxyhexyl)benzamide (239 mg, 

0.91 mmol) was added and after 30 min NEt3 (747 µL, 5.46 mmol) was added. The reaction 

mixture was stirred at -78 °C until TLC indicated consumption of starting material and then 
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allowed to warm to rt. The reaction was stopped by addition of saturated NH4Cl solution and 

phases were separated. The aqueous layer was extracted with EtOAc (3 x 30 mL) and 

organic layers were combined, washed with brine, dried over MgSO4 and concentrated to 

dryness under reduced pressure. The crude mixture was applied to flash chromatography 

(H/EtOAc = 30/70) to yield 172 mg (0.66 mmol, 72%) of product as a white solid. 

Rf = 0.30 (H/EtOAc = 30/70). 
1H-NMR (300 MHz, CDCl3): δ [ppm] = 9.77 (t, J = 1.7 Hz, 1 H), 8.02-7.43 (m, 2 H), 6.71-6.65 

(m, 2 H), 6.15 (bs, 1 H), 3.45 (td, J = 0.6, 7.2 Hz, 2 H), 3.02 (s, 6 H), 2.46 (td, J = 1.7, 7.2 Hz, 

2 H), 1.75-1.57 (m, 4 H), 1.49-1.35 (m, 2 H). 
13C-NMR (75 MHz, CDCl3): δ [ppm] = 202.6, 167.5, 152.4, 128.3, 121.5, 111.1, 43.7, 40.2, 

39.5, 29.6, 26.5, 21.7. 

HRMS (ESI): calc. for C15H23N2O2 [M+H]+: 263.1760; found: 263.1755. 

Mp: 66 °C. 

 

5.1.2.12 General procedure for S-(Pyridin-2-yl) thiolates 

 

Carboxylic acid (1.00 eq) was dissolved in CH2Cl2 (0.5 M) at rt and DMF (0.05 eq) 

was added. Oxalyl chloride (1.20 eq) was added dropwise under strong gas formation. The 

reaction mixture was stirred for 3 h and the solvents were removed under reduced pressure. 

The remaining residue was dissolved in CH2Cl2 (1.0 M) and 2-pyridylmercaptane (1.20 eq) 

and NEt3 (2.16 eq) were added at 0°C. The reaction mixture was allowed to warm to rt and 

stirred for 2 h. The reaction was stopped by addition of 1 M HCl and phases were separated. 

The aqueous layer was extracted with EtOAc (3 x 30 mL) and organic layers were combined 

and washed with saturated NaHCO3 solution, brine and dried over MgSO4. The crude 

product was concentrated to dryness under reduced pressure and applied to flash 

chromatographie. The product was isolated as a light yellow solid. 

 

S-(Pyridin-2-yl)-10-undecene thiolate 

 

Yield: 92% 

Rf = 0.35 (H/EtOAc = 96/4). 
1H-NMR (360 MHz, CDCl3): δ [ppm] = 8.65-8.62 (m, 1 H), 7.78-7.72 (m, 1 H), 7.65-7.61 (m, 1 

H), 7.2 (ddd, J = 1.0, 5.0, 7.0 Hz, 1 H), 5.89-5.76 (m, 1 H), 5.05-4.92 (m, 2 H), 2.71 (t, J = 

7.0 Hz, 2 H), 2.09-2.00 (m, 2 H), 1.79-1.68 (m, 2 H), 1.45-1.25 (m, 10 H). 
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13C-NMR (91 MHz, CDCl3): δ [ppm] = 196.6, 151.7, 150.4, 139.2, 137.0, 130.1, 123.4, 114.2, 

44.2, 33.8, 29.2, 29.1, 29.0, 28.9, 28.9, 25.4. 

HRMS (ESI): calc. for C16H24NOS [M+H]+: 278.1579; found: 278.1564. 

 

S-(Pyridin-2-yl)-10-undecyne thiolate 

 

Yield: 76% 

Rf = 0.36 (H/EtOAc = 96/4). 
1H-NMR (360 MHz, CDCl3): δ [ppm] = 8.66-8.63 (m, 1 H), 7.77-7.72 (m, 1 H), 7.65-7.61 (m, 1 

H), 7.28-7.19 (m, 1 H), 2.67 (t, J = 7.5 Hz, 1 H), 2.21 (td, J = 2.6, 7.5 Hz, 1 H), 1.96 (t, J = 

2.6 Hz, 1 H), 1.73-1.68 (m, 2 H), 1.62-1.28 (m, 7 H). 
13C-NMR (91 MHz, CDCl3): δ [ppm] = 197.5, 134.5, 129.3, 129.1, 84.7, 68.1, 43.7, 29.1, 28.9, 

28.8, 28.7, 28.4, 25.6, 18.4. 

HRMS (ESI): calc. for C16H22NOS [M+H]+: 276.1417; found: 276.1421. 

 

5.1.2.13 General procedure for (3R*,4R*) oxetan-2-ones116 

 

Diethylamine (1.05 eq) was dissolved in THF (2.0 M) and cooled to -72°C. nBuLi 

(1.10 eq) was added dropwise and the solution was stirred for 10 min. S-(Pyridin-2-yl) 

thiolate (1.00 eq) was dissolved in THF, added to the reaction mixture and stirred for 1.5 h. 4-

(N,N-Dimethylamino)-N’-(6-oxohexyl)benzamide was dissolved in THF and added dropwise 

to the reaction over a period of 45 min via a syringe externally cooled by a dry ice filled 

aluminum funnel. The reaction mixture was stirred for 2 h while being gradually warmed up to 

0 °C. The reaction was stopped by addition of saturated NH4Cl solution. After separation of 

phases the aqueous layer was extracted with ethyl acetate (3 x 30 mL). The combined 

organic layers were washed with brine, dried over MgSO4 and filtered. The solvent was 

removed under reduced pressure and the crude product was applied to flash 

chromatography. The product was isolated as a pale yellow oil. 

 

 

 

 

 

(3R*,4R*)-4-(4-(N,N-Dimethylamino)benzamino-5-pentyl)-3-(non-8-enyl)oxetan-2-one 
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Yield: 12% 

Rf = 0.18 (H/EtOAc = 70/30). 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.73-7.68 (m, 2 H), 6.74 (d, J = 7.2 Hz, 2 H), 6.10 (bs, 

1 H), 5.82 (ddt, J = 6.7, 10.1, 16.9 Hz, 1 H), 5.04-4.98 (m, 1 H), 4.95 (ddt, J = 1.2, 2.3, 

10.3 Hz, 1 H), 4.23 (ddd, J = 4.0, 6.7, 8.7 Hz, 1 H), 3.46 (dd, J = 6.1, 13.4 Hz, 2 H) 3.18 (ddd, 

J = 4.0, 6.7, 8.7 Hz, 1 H), 3.04 (s, 6 H), 2.06 (dd, J = 6.7, 14.5 Hz, 2 H), 1.91-1.69 (m, 4H), 

1.68-1.60 (m, 2 H), 1.55-1.27 (m, 16 H). 
13C-NMR (91 MHz, CDCl3): δ [ppm] = 171.5, 167.3, 151.9, 139.0, 128.3, 114.2, 111.6, 78.0, 

77.2, 56.2, 40.5, 39.6, 34.3, 33.7, 29.7, 29.2, 29.1, 28.9, 28.8, 27.8, 26.9, 26.6, 24.8. 

HRMS (ESI): calc. for C26H4N2O3 [M]+: 428.3039; found: 428.3035. 

 

(3R*,4R*)-4-(4-(N,N-Dimethylamino)benzamino-5-pentyl)-3-(non-8-ynyl)oxetan-2-one 

 

Yield: 14% 

Rf = 0.15 (H/EtOAc = 70/30). 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.69 (d, J = 9.0 Hz, 2 H), 6.70 (d, J = 9.0 Hz, 2 H), 

6.01 (t, J = 6.0 Hz, 1 H), 4.24 (ddd, J = 4.0, 5.7, 7.60 Hz, 1 H), 3.47 (qd, J = 1.2, 7.0 Hz, 2 H), 

3.19 (ddd, J = 4.0, 6.7, 8.6 Hz, 1 H), 3.04 (s, 6 H), 2.21 (td, J = 2.6, 7.1 Hz, 2 H), 2.02-1.92 

(m, 1 H), 1.92-1.71 (m, 4 H), 1.71-1.30 (m, 16 H).. 
13C-NMR (91 MHz, CDCl3): δ [ppm] = 171.5, 167.4, 152.4, 128.3, 121.4, 111.1, 84.6, 78.0, 

68.2, 56.2, 40.1, 39.6, 34.4, 29.7, 29.1, 28.8, 28.6, 28.4, 27.8, 26.9, 24.9, 18.35. 

HRMS (ESI): calc. for C26H39N2O3 [M+H]+: 427.2956; found: 427.2952. 
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5.1.2.14 3-Piperidinyl-4-chloro-1,2,5-thiadiazol 

 

3,4-Dichloro-1,2,5-thiadiazole (0.91 mL, 9.7 mmol) was dissolved in piperidine 

(3.8 mL, 38.7 mmol) at rt. The reaction mixture was heated to 100°C and continuously stirred 

for 2 h. After cooling to rt the mixture was poured in ice water (10 mL). Concentrated HCl 

was added until the pH of the aqueous solution was 2. The remaining solution was extracted 

with CH2Cl2 (3 x 10 mL). The organic layer was washed with brine, dired over MgSO4 and 

filtered. The mixture was concentrated under reduced pressure to dryness and the residue 

was applied to flash chromatography (pure CH2Cl2). The desired product was isolated as a 

solid (1.86 g, 9.05 mmol, 93%). 

Rf = 0.42 (CH2Cl2). 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 3.42-3.40 (m, 4 H), 1.73-1.70 (m, 4 H), 1.65-1.61 (m, 2 

H). 
13C-NMR (91 MHz, CDCl3): δ [ppm] = 160.2, 135.9, 50.3, 25.7, 24.3. 

HRMS (ESI): calc. for C7H10ClN3S [M]+: 203.0284; found: 203.0302. 

 

5.1.2.15 3-Hydroxy-4-piperidinyl-1,2,5-thiadiazole (4.4)127 

 

3-Piperidinyl-4-chloro-1,2,5-thiadiazol (1.00 g, 4.91 mmol) was dissolved in a 

H2O/DMSO (4:1, 10 mL) mixture. To this solution KOH (1.13 g, 20.1 mmol) was added and 

refluxed for 4 h. The reaction was monitored by TLC and cooled to 0 °C after consumption of 

starting material. The reaction was stopped by addition of water (10 mL) and adjusted to pH 

2 by addition of concentrated HCl. The white precipitate was filtered off, dried under reduced 

pressure and applied to flash chromatography (CH2Cl2/MeOH = 98/2). The desired product 

was isolated as a white solid (580 mg, 3.1 mmol, 64%). 

Rf = 0.28 (CH2Cl2/MeOH = 98/2 ). 
1H-NMR (500 MHz, DMSO-d6): δ [ppm] = 12.68 (bs, 1 H), 3.46-3.41 (m, 4 H), 1-60-1.52 (m, 6 

H). 
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13C-NMR (91 MHz, DMSO-d6): δ [ppm] = 153.7, 150.7, 47.9, 24.9, 23.8. 

HRMS (ESI): calc. for C7H11N3OS [M]+: 185.0623; found: 185.0618. 

 

5.1.2.16 Lalistat (La-0)(4.1)127 

 

3-Hydroxy-4-piperidinyl-1,2,5-thiadiazole (150 mg, 0.81 mmol) was suspended in THF 

(3 mL) at rt. KOtBu (405 µL, 0.81 mmol, 2 M in THF) was added via syringe and the reaction 

mixture was stirred for 10 min. Piperidinecarbonyl chloride (85 µL, 0.67 mmol) was added 

and the reaction was stirred for 16 h at rt. The reaction was stopped by addition of H2O 

(10 mL) and extracted with CH2Cl2 (3 x 10 mL). The organic layers were combined, washed 

with brine, dried over MgSO4 and filtered. The crude product was concentrated to dryness 

under reduced pressure and applied to RP-HPLC to yield 106 mg (0.43 mmol, 53%) of 

desired product as a white solid.  

RP-HPLC (analytical setup, method: gradient 2% B � 98% B over 10 min): tR = 8.84 min. 
1H-NMR (500 MHz, CDCl3): δ [ppm] = 3.61-3.59 (m, 2 H), 3.54-3.51 (m, 2 H), 3.4-3.38 (m, 4 

H), 1.69-1.60 (m, 12 H). 
13C-NMR (91 MHz, CDCl3): δ [ppm] = 154.0, 151.0, 146.9, 49.2, 46.1, 45.7, 26.2, 25.6, 24.4, 

24.3. 

HRMS (ESI): calc. for C13H21N4O2S [M+H]+: 297.1380; found: 297.1384. 

 

5.1.2.17 tert-Butyl 4-ethynylpiperidine-1-carboxylate156 

 

tert-Butyl 4-formylpiperidine-1-carboxylate (2.4 g, 12 mmol) was dissolved in MeOH 

(50 mL) at rt. Potassium carbonate (3.1 g, 24 mmol) and dimethyl-1-diazo-2-

oxopropylphosphonate (2.2 g, 12 mmol) were slowly added to form a turbid suspension and 

stirred for 3 h at rt. The reaction was stopped by addition of saturated NaHCO3 (50 mL) 

solution and diluted with Et2O (50 mL). After separation of phases the aqueous layer was 

extracted with Et2O (3x 30 mL) and the organic layers were combined and washed with 
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brine, dried over MgSO4, filtered and dried under reduced pressure. The obtained residue 

was a white solid, which proved to be the desired product (2.1 g, 11.2 mmol, 93%).  
1H-NMR (200 MHz, CDCl3): δ [ppm] = 3.68-3.66 (m, 2 H), 3.20-3.15 (m, 2 H), 2.58 (m, 1 H), 

2.09 (s, 1 H), 1.77-1.75 (m, 2 H), 1.60-1.57 (m, 2 H), 1.45 (s, 9 H). 

HRMS (ESI): calc. for C12H20NO2 [M+H]+: 210.1489; found: 210.1490. 

 

5.1.2.18 4-Ethynylpiperidine (4.6)156 

 

tert-Butyl 4-ethynylpiperidine-1-carboxylate (1.5 g, 7.2 mmol) was dissolved in CH2Cl2 

(20 mL) at rt and TFA (2 mL) was added. The reaction was monitored by LCMS, stirred for 

90 min and solvents were removed in-vacuo to yield the desired product (780 mg, 7.2 mmol, 

100%) without any further purification. 

HRMS (ESI): calc. for C7H11N [M]+: 109.0891; found: 109.0891. 

 

5.1.2.19 4-(Piperidin-1-yl)-1,2,5-thiadiazol-3-yl 4-ethynylpiperidine-1-carboxylate (4.2) 

 

4-(Piperidin-1-yl)-1,2,5-thiadiazol-3-ol (76.7 mg, 0.41 mmol) was dissolved in THF 

(10 mL). NaH (16.4 mg, 60% in mineral oil, 0.41 mmol) was added and the resulting 

suspension was stirred until recovery of a solution indicating complete deprotonation. A 

phosgene solution (234 µL, 20% in toluene, 1.75 M, 0.41 mmol) was added and the resulting 

solution was stirred at rt for 10 min. 4-Ethynylpiperidine-TFA salt (144 mg, 0.70 mmol) and 

DIPEA (120 µL, 0.70 mmol) were combined in THF (2 mL) and stirred for 5 min. This solution 

was added to the in-situ formed chloroformate solution and stirred at rt for 20 min. The 

reaction was stopped by addition of 1 M HCl (10 mL) and diluted with EtOAc (25 mL). After 

separation of phases the organic layer was washed three times with saturated NaHCO3 

solution, dried over MgSO4 and concentrated in-vacuo. The product was purified by RP-

HPLC as the HCl salt to yield as a clear oil. 
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RP-HPLC (analytical setup, method: gradient 2% B � 98% B over 10 min): tR = 8.73 min. 
1H-NMR (360 MHz, CDCl3): δ [ppm] = 3.89-3.73 (m, 2 H), 3.59-3.43 (m, 2 H), 3.42-3.35 (m, 4 

H), 2.73 (tq, J = 3.7, 7.0 Hz, 1 H), 2.15 (d, J = 2.4 Hz, 1 H), 1.95-1.83 (m, 2 H), 1.78-1.68 (m, 

2 H), 1.67-1.57 (m, 6 H). 
13C-NMR (91 MHz, CDCl3): δ [ppm] = 153.8, 150.9, 146.6, 85.5, 70.5, 49.1, 43.2, 42.8, 31.4, 

20.9, 26.4, 25.5, 24.3. 

HRMS (ESI): calc. for C15H21N2O2 [M+H]+: 321.1380; found: 321.1372. 
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5.2 Biochemistry 

5.2.1 Microbiology 

5.2.1.1 Material 

5.2.1.1.1 Bacteria 

• Escherichia coli: K12 

• Escherichia coli: BL21 

• Enterococcus faecalis V583 

• Pseudomonas aeruginosa PAO1 

• Salmonella typhimurium LT2 

• Staphylococcus aureus: NCTC8325 

• Staphylococcus aureus: Mu50 

• Staphylococcus aureus: USA300 

• Listeria monocytogenes: EGD-e 

• Mycobacterium smegmatis: mc(2)155 

• Mycobacterium bovis: Bacillus Calmette-Guérin (BCG) Pasteur  

• Mycobacterium tuberculosis: H37Rv 

5.2.1.1.2 Media 

 

Media Composition 

Luria Broth (LB-Medium) 10.0 g/L casein digested 

5.0 g/L yeast extract 

5.0 g/L NaCl 

adjust to pH = 7.5, autoclave 

B-Medium 10.0 g/L peptone extract 

5.0 g/L NaCl 

2.0 g/L dextrose 

5.0 g/L yeast extract 

1.0 g/L K2HPO4 

adjust to pH = 7.5, autoclave 

BHB-Medium 17.5 g/L brain-heart-broth 

2.5 g/L Na2HPO4 

2.0 g/L dextrose 

10.0 g/L peptone extract 

5.0 g/L NaCl 

adjust to pH = 7.4, autoclave 
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7H9-Medium 4.7 g/L 7H9 powder 

2 mL/L glycerol 

2.5 mL/L 20% Tween 80 

5 g/L BSA (fraction V) 

2 g/L dextrose 

850 mg/L NaCl 

3 mg/L catalase 

filter sterile 

Sauton’s Medium 20 mL/L glycerol 

1.33 g/L L-asparagine 

833 mg/L Tween 80 

660 mg/L citric acid 

177 mg/L K2PO4 

166 mg/L MgSO4 

56 mg/L NaH2PO4 

35 mg/L NaCl 

16.7 mg/L ferric ammonium citrate 

adjust to pH = 7.2, filter sterile 

SOC 20.0 g/L yeast extract 

5.0 g/L tryptone 

0.50 g/L NaCl 

0.2 g/L KCl 

1.00 g/L MgCl2 

1.20 g/L MgSO4 

3.60 g/l dextrose 

adjust to pH = 7.3, autoclave 

5.2.1.2 Methods 

5.2.1.2.1 Over-night cultures 

5 mL of the strain specific media for cultivation were inoculated with 5 µL of the 

desired bacterial cryostock (1:1,000) with a sterile tip in a culture tube. The culture was 

incubated for 16 h at 200 rpm in an Innova incubator shaker. Cultures were always prepared 

freshly to avoid genetic variations and sterile controls (medium not containing bacteria) were 

added each time. 

5.2.1.2.2 Cryostocks 

2 mL of a dense grown overnight culture were harvested by centrifugation for 5 min at 

6000 g and 4 °C. The supernatant was discarded and the remaining pellet was resuspended 
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in 500 µL of fresh corresponding medium including antibiotics if required. To this suspension 

500 µL of sterile glycerol was added and the mixture was transferred into a cryo-tube, mixed 

by inversion and frozen in liquid nitrogen to be stored at -80 °C. 

5.2.1.2.3 Competent cells 

5.2.1.2.3.1 Chemically competent (E. coli K12, TOP10/BL21(+)/XL1 Blue) 

 An overnight culture of bacteria of the desired strain was started. 300 mL medium 

were inoculated 1:100 with the overnight culture. As soon as the culture reached an OD600 of 

0.5 - 0.7 the cells were split in 50 mL aliquots and stored on ice for 15 min. All further working 

steps were performed on ice or using solutions pre-cooled to 4 °C. The cells were harvested 

by centrifugation for 2 min at 6000 g and 4 °C. The supernatant was discarded and the pellet 

was resuspended in 25 mL of sterile 50 mM CaCl2 solution. The suspension was incubated 

on ice for 30 min and centrifuged for 2 min at 6000 g and 4 °C. The supernatant was 

discarded and the cells were resuspended in 1.25 mL of 50 mM CaCl2 solution and 

incubated for 30 min on ice. 125 µL of glycerol was added and gently mixed. Aliquots of 

50 µL were taken in sterile tubes, frozen in liquid nitrogen and stored at -80 °C. 

5.2.1.2.3.2 Electro competent (E.coli Artic Express, M. smegmatis mc(2) 155) 

 An overnight culture of bacteria of the desired strain was started. Cells were 

incubated at 37 °C until OD600 of 0.5 – 0.7 was reached. Cells were harvested by centrifuging 

for 10 min at 6000 g and 4 °C. The supernatant was discarded and cells were resuspended 

in ½ initial Volume of 10 % (v/v) glycerol. Cells were spun for 10 min at 6000 g and 4 °C. The 

supernatant was discarded and cells were resuspended in ¼ initial volume of 10 % (v/v) 

glycerol. After centrifugation for 10 min at 6000 g and 4 °C the supernatant was discarded 

and cells were resuspended in 1/20 initial Volume of 10 % (v/v) glycerol. 50 µL Aliquots were 

prepared in tubes and frozen in liquid nitrogen to be stored at -80 °C. 

5.2.1.2.4 Minimal Inhibitory Concentration (MIC) Assay 

Probe-mediated growth inhibition was carried out using 96-well plates. A culture of 

stationary phase growing bacteria was diluted to a final OD600 = 0.001 in fresh media. 99 µL 

of the diluted bacteria was added to 1 µL of various concentrations (100 fold) of prepared 

compound stocks in DMSO and incubated at 37 °C under a water impermeable membrane. 

Plates were checked daily for bacterial growth by eye (turbidity) and MIC was determined for 

the lowest concentration of compound inhibiting growth. Experiments were carried out in 

triplicates. To determine the growth of mycobacteria 100 µL of a 0.02 % resazurin solution 

was added after 2 days and 7 days for M.smegmatis and M. tuberculosis, respectively. A 

color change from purple to pink within 2 to 4 days indicated viable cells while purple colored 

wells suggested no bacterial growth. 
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5.2.1.2.5 FICI determination 

Determination synergistic drug effects were calculated using fractional inhibitory 

concentration index (FICI): 

���� = 	
���	� + 	

���	�
+	
���		 + �

���		
 

MIC A+B – MIC of drug A when combined with drug B 

MIC B+A – MIC of drug B when combined with drug A 

Results were evaluated as follows: synergism: ≤ 0.5, indifference: > 0.5 – 4, antagonism > 4. 

5.2.1.2.6 Analysis of mycobacterial lipids 

Mycobacterial strains are inoculated in adjusted Sauton’s medium for MS-analysis. 

Bacteria are grown at 37 °C under continuous rolling to mid-exponential phase (OD600 = 0.5) 

and cell numbers are normalized. Test substance as well as DMSO (positive control) and 

isoniazid (negative control) are added to separate flasks and grown for 3 h until [1,2-13C] 

sodium acetate is added (3 mg/ml). Cells are grown for 21 h and centrifuged at 6000 rpm for 

10 min. at 4 °C. The supernatant is discarded and the pellet is washed with PBS. Repetition 

of the washing process resulted in a pellet of bacteria, which was resuspended in a 2:1 

mixture of chloroform/methanol (20 mL). Bacteria are stored at room temperature of 24 h. 

Concentration of the supernatant to dryness yielded extractable lipids, which were used for 

TLC analysis. The remaining delipidated cell pelled was transferred into a glass vial, a 15 % 

KOH solution was added and the system was capped and heated to 120 °C for 2 h. The 

supernatant was extracted with chloroform/methanol = 1/1 and neutralized using diluted HCl. 

Concentration of the organic phase to dryness gave cell wall bound lipids, which were 

redissolved in chloroform/methanol = 1/1 to a 1 mg/mL solution, which was applied to MS 

measurements.  

5.2.1.2.7 Mycobacterium tuberculosis Growth Analysis 

GFP-expressing Mycobacterium tuberculosis H37Rv was generated using the 

plasmid 32362:pMN437 (Addgene), kindly provided by M. Niederweis (University of 

Alabama, Birmingham, AL). 1x106 bacteria were cultured in 7H9 medium supplemented with 

oleic acid-albumin-dextrose-catalase (OADC) (10%), Tween 80 (0.05%), and glycerol (0.2%) 

in a total volume of 100 ml in a black 96 well plate with clear bottom (Corning Inc, Corning, 

NY) sealed with an air-permeable membrane (Porvair Sciences, Dunn Labortechnik, Asbach, 

Germany). Growth was as measured as RLU at 528 nm after excitation at 485 nm in a 

fluorescence microplate reader (Synergy 2, Biotek, Winooski, VT) at indicated time points. 

5.2.1.2.8 Analysis of M. tuberculosis growth in human macrophages 

Mononuclear cells were isolated from peripheral blood (PBMC) of healthy volunteers 

by density gradient centrifugation. Monocytes were separated (purity consistently >95%) by 
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counterflow elutriation. Human monocyte-derived Macrophages (hMDM) were generated in 

the presence of 10 ng/ml recombinant human M-CSF from highly purified monocytes as 

described.159 M. tuberculosis growth in human macrophages was analyzed as described.158 

In brief 2x105 hMDMs were cultured in 500ml RPMI 1640 with 10% FCS and 4mM L-

glutamine in 48-well flat-bottom microtiter plates (Nunc) at 37°C in a humidified atmosphere 

containing 5% CO2. Macrophages were infected with M. tuberculosis strain H37Rv with an 

MOI of 1:1. Four hours post infection, non-phagocytosed bacteria were removed by washing 

three times with 0.5ml Hanks’ balanced salt solution (HBSS; Invitrogen) at 37°C. After 

washing and after 3 days of cultivation, 0.5 ml media was added to the macrophage culture. 

At day 7 supernatants were completely removed and macrophage cultures were lysed at 4 

hours and 7 days post infection by adding 10 ml 10% Saponin solution (Sigma) in HBSS at 

37°C for 15 min. Lysates were serially diluted in sterile water containing 0.05% Tween 80 

(Merck, Darmstadt, Germany) and plated twice on 7H10 agar containing 0.5% glycerol 

(Serva) and 10% heat-inactivated bovine calf serum (BioWest, France). After 3 weeks at 

37°C the CFUs were counted. 
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5.2.2 Genomics 

5.2.2.1 Materials 

5.2.2.1.1 Buffers 

Name Composition 

TAE-buffer stock (pH = 7.0) 2.0 M Tris-HCl 

1.0 M HOAc 

0.1 M EDTA 

TAE-gel buffer 20 mL TAE-buffer stock 

980 mL ddH2O 

TAE-running buffer 10 mL TAE-buffer stock 

990 mL ddH2o 

TE buffer 10 mM Tris base 

1 mM EDTA 

pH = 8.0 

DNA loading buffer 250 mg bromphenol blue 

250 mg xylen cyanol 

33 mL Tris-HCl (150 mM) 

60 mL glycerol 

7 mL ddH2O 

Ethidium bromide stock dissolve 1 tablet in 1 mL ddH2O 

dilute 1:10 with ddH2O 

5.2.2.1.2 Plasmids 

Name Source Resistance Tags Induction 

pDONR 201 Invitrogen Kanamycin - - 

pET 300 Invitrogen Ampicillin N-His6 IPTG 

pET 28 Invitrogen Kanamycin N-His6 IPTG 

5.2.2.1.3 Primers 

Construct: N-His6-attB1-ask-Stop-attB2 

Primer1: ggggacaagtttgtacaaaaaagcaggctttGCGCTCGTCGTACAGAAATAC 

Primer2: ggggaccactttgtacaagaaagctgggtgTCAGCGCCCCGTTCCCG 

Construct: N-His6-attB1-TEV-ClpX-Stop-attB2 

Primer1: ggggacaagtttgtacaaaaaagcaggctttgagaatctttattttcagggcGCGCGCATTGGAGACG 

Prim2: ggggaccactttgtacaagaaagctgggtgTTACGCGCTCTTGTCGC 

Construct: N-His6-attB1-TEV-LipR-Stop-attB2 

Primer1: ggggacaagtttgtacaaaaaagcaggctttgagaatctttattttcagggcAACCTGCGCAAAAACG 
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Primer2: ggggaccactttgtacaagaaagctgggtgTCATTTGACTACTCCCCGTGG 

5.2.2.2 Methods 

5.2.2.2.1 Extraction of DNA 

5.2.2.2.1.1 Genomic DNA 

 Genomic DNA was prepared from overnight cultures of the respective Bacteria using 

the DNeasy Kit (Quiagen, Hilden, Germany). For mycobacteria the protocol was adjusted on 

lysing conditions as suggested within the Kit. 

5.2.2.2.1.2 Plasmid DNA 

 Plasmid isolation of small scale cultures (≤ 5 mL) was performed using Promega 

PureYieldTM Plasmid Prep System. DNA was eluted in ddH2O or TE-buffer. 

5.2.2.2.2 Polymerase Chain Reaction (PCR) 

 Polymerase chain reactions are carried out to amplify DNA fragments, create targeted 

mutations and many more purposes. Depending on the DNA polymerase reaction mixtures 

may vary. In this work either of the following conditions were applied. Unsuccessful reactions 

were modified with different additives as DMSO, MgCl2 or template concentration: 

KOD reaction      Q5 reaction 

25 µL KOD reaction buffer (2x)   10 µL Q5 reaction buffer (5x) 

10 µL dNTPs (2 mM)     10 µL GC enhancer (5x) 

2.5 µL DMSO      1 µL dNTPs (10 mM) 

1.5 µL primer (each)     2.5 µL primer (each) 

1 µL template DNA     1 µL template DNA 

1 µL KOD polymerase    0.5 µL Q5 polymerase 

7.5 µL ddH2O      23.5 µL ddH2O 

 Genetic modifications on organisms were usually verified using colony PCRs. 

Thereby intact cells served as DNA template using the following conditions: 

 Taq reaction 

 2 µL Taq reaction buffer (5x) 

 1 µL dNTPs (10 mM) 

 1 µL primer (each) 

 0.5 µL DMSO 

 0.5 µL Taq polymerase 

 4 µL ddH2O 

 dip pipette tip of targeted colony into mixture 

The following programs were used to amplify DNA fragments: 
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Tab. 5.1: Knock-down PCR. 

step temp. [°C] time [sec] 

1) hotstart 98 30 

2) melting 98 15 

3) annealing 68/72 (KOD/Q5) 30 

4) elongation 68/72 (KOD/Q5) 30 per 500 bp 

5) repeat step 2 – 4 20 times 

6) melting 98 15 

7) annealing 55 30 

8) elongation 68/72 (KOD/Q5) 30 per 500 bp 

9) repeat step 6 – 8 20 times 

10) finish 68/72 (KOD/Q5) 180 

11) hold 4 - 

 

Tab. 5.2: Temperature gradient PCR. 

step temp. [°C] time [sec] 

1) hotstart 98 30 

2) melting 98 15 

3) annealing temp. gradient: 55 - 68 30 

4) elongation 68/72 (KOD/Q5) 30 per 500 bp 

5) repeat step 2 – 4 35 times 

6) finish 68/72 (KOD/Q5) 180 

7) hold 4 - 

 

Tab. 5.3: Colony PCR. 

step temp. [°C] time [sec] 

1) hotstart 95 30 

2) melting 95 15 

3) annealing 59 30 

4) elongation 72 30 per 500 bp 

5) repeat step 2 – 4 30 times 

6) finish 72 180 

7) hold 4 - 
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5.2.2.2.3 Agarose gel electrophoresis 

 PCR fragments and plasmids can be analyzed and purified using agarose gel 

electrophoresis. Agarose gel (1%): 500 mg of agarose were suspended in 50 mL TAE buffer 

and heated in a microwave until the agarose was completely dissolved. The solution was 

allowed to cool down to approximately 60 °C and poured into a fixed sled in a station. A 

comb with appropriate number of lanes was placed in the gel, which solidified upon further 

cooling. Samples were premixed with loading buffer and applied to the gel, which was run at 

115 V for 15-20 min. The gel was stained in a diluted ethidium bromide bath for 15 min 

before bands were visualized by UV-irradiation. DNA-bands of interest were cut and 

extracted using a E.Z.N.A. Gel Extraction Kit (Omega Biotek, Germany). 

5.2.2.2.4 Gateway Cloning  

5.2.2.2.4.1 BP cloning reaction 

To transfer the attB-PCR product into the destination vector pDONRTM207, containing 

an attP recombination site, a BP reaction with BP ClonaseTMII Enzyme Mix was performed. 

Therefor 1.0 µL of the vector (150 ng/µL) was added to 1.5 µL of the purified attB-PCR 

product (total amount of 150 ng) and 5.5 µL TE buffer at room temperature in a 1.5 mL 

Eppendorf cup and mixed. 2.0 µL of BP ClonaseTMII Enzyme Mix, thawed on ice, were added 

and the solution was incubated for 12 h at room temperature. 7 µL of the BP solution were 

then added to 200 µL of super competent E. coliXL1-Blue cells, which were thawed on ice 

and incubated for 30 min on ice. The transformation was initiated by heat shock at 42 °C in a 

water bath for 30 sec and the eppi was placed back on ice for 2 min. The cells were grown 

for 2 h in 500 µL preheated (37 °C) SOC medium (see table 13)at 37 °C, plated on 

gentamycin LB agar plates for clone selection (50 - 100 µL per plate) and incubated for 12-24 

h at 37 °C. Single clones were picked and grown in 10 mL LB mediumcontaining gentamycin 

(15 µg/mL) for 16 h at 37 °C. Cryostocks of the overnight culture were prepared according to 

chapter 2.2 and additionally 5mL of the cells were harvested (6000 rpm, 4 °C, 5 min) and the 

plasmid DNA was isolated using E.Z.N.A. Plasmid Mini Kit I(OMEGA Bio-Tek) according to 

the manufacturer’s protocol. The DNA concentration was measured using Infinite® M200 Pro 

NanoQuant multiplate reader (Tecan) and the validity of the expression vector was proved by 

DNA sequencing by GATC Biotech AG. 

5.2.2.2.4.2 LR cloning reaction 

The gene of interest was then cloned intotwo different expression vector systems 

(pDest007 and pET300) enabled by the LR reaction. Therefore, 150 ng of the entry clone 

and 150 ng of the corresponding destination vector were added to 8 µL of TE buffer at room 

temperature in a1.5 mL Eppendorf cup and mixed. LR ClonaseTMII Enzyme Mix was added 

and the reaction mixture was incubated overnight at room temperature. 10 µL of the resulting 
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attB-expression clone were transformed into 200 µL of chemically competent E. 

coliBL21(DE3) cells as described in the BP reaction and selected on ampicillin LB agar 

plates (100 µg/mL). The plasmid DNA was isolated using E.Z.N.A. Plasmid Mini Kit I 

(OMEGA Bio-Tek) according to the manufacturer’s protocol, the concentration was 

measured using Infinite® M200 Pro NanoQuant multiplate reader (Tecan) and the validity of 

the destination vector was proved via DNA sequencing by GATC Biotech AG. 

5.2.2.2.5 Transformation 

5.2.2.2.5.1 chemical  

One aliquot of chemical competent cells was thawed on ice and respective DNA was 

added (1 µL of previously assembled vector or 10 µL of ligation reaction). The combined 

solution was incubated at 4 °C for 20 min. before heat shocked at 42 °C for 45 sec. The 

reaction was cooled on ice for 2 min. and 900 µL of fresh media was added. Cells recovered 

for 1 h at 37 °C under continuous shaking and were split into ¼ and ¾ and plated on 2 plates 

with corresponding selection marker for the used vector. 

5.2.2.2.5.2 electroporation 

One aliquot of electrocompetent cells was thawed on ice and DNA of interest was 

added on ice. The mixture was transferred into an electroshock cuvette and electroporated at 

2500 volts with a resistance of 125 ohms. An excess of 10-fold fresh media is added to the 

solution and gently mixed my inversion. The mixture is transferred into a clean tube and 

incubated for 1 h at 37 °C under continuous shaking. After recovery cells are spun down for 

30 sec. at 6000 rpm, the supernatant was discarded and the remaining pellet was plated on 

solid medium with corresponding selection marker. 

5.2.2.2.5.3 recombination 

One aliquot of electrocompetent cells was thawed on ice and 100 – 300 µg of DNA of 

interest was added on ice. The mixture was transferred into an electroshock cuvette and 

electroporated at 2500 volts with a resistance of 1000 ohms. An excess of 10-fold fresh 

media is added to the solution and gently mixed my inversion. The mixture is transferred into 

a clean tube and incubated for 1 h at 37 °C under continuous shaking. After recovery cells 

are spun down for 30 sec. at 6000 rpm, the supernatant was discarded and the remaining 

pellet was plated on solid medium with corresponding selection marker. 
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5.2.3 Proteomics 

5.2.3.1 Material 

5.2.3.1.1 Buffers 

Name  Composition 

PBS 8 g/L NaCl 

0.2 g/L KCl 

1.44 g/L Na2HPO4 

0.24 g/L KH2PO4 

adjust to pH = 7.4 

SDS-stacking gel buffer (10x) 0.5 M Tris Base in H2O 

adjust to pH = 6.8 

SDS resolving buffer (10x) 3.0 M Tris Base in H2O 

adjust to pH = 8.8 

Tris/Glycine buffer 25 mM Tris Base 

192 mM Glycine 

adjust to pH = 8.3 

SDS-buffer  0.1 % w/v SDS in Tris/Glycine buffer 

Coomassie-stain 0.25 % (w/v) Coomassie Brilliant Blue 

10 % (v/v) AcOH 

50 % (v/v) MeOH 

Destain solution 7.5 % (v/v) AcOH 

5 % (v/v) MeOH 

TBS buffer 10 mM Tris HCl 

150 mM NaCl 

adjust to pH = 7.5 

WTB buffer 15 % (v/v) MeOH in Tris/Glycine buffer 

TTBS 200 µL/L Tween 20 in TBS buffer 

Rhodamine azide (RhN3) stock (300x) 9.9 mg RhN3 in 100 µL MeOH 

RhN3 working stock (1x) 1 µL RhN3-stock in 295 µL DMSO 

TBTA ligand-stock (50x) 8.85 mg in 200 µL DMSO 

TBTA ligand (1x) 20 µL 50x stock solution 

180 µL DMSo 

800 µL tert-BuOH 

CuSO4 (50 mM)  12.5 mg/mL in H2O 

DTT (10 mM) 1.54 mg/mL in H2O 

IAA (55 mM) 10.2 mg/mL in H2O 
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5.2.3.2 Methods 

5.2.3.2.1 Activity based protein profiling (ABPP) 

5.2.3.2.1.1 Gel-based protein profiling 

Analytical in-situ labeling and click reaction 

For analytical in situ labeling, 50 mL of the respective cultivation media were 

inoculated with 5 mL of an overnight culture of the desired bacterial strain (1:10 v/v) in a 250 

mL flask and incubated at 37 °C and 200 rpm in an Innova incubator shaker until. The cells 

were harvested by centrifugation (10 min, 4 °C, 6000 rpm), washed with 20 mL PBS and 

resuspended in PBS to a theoretical OD600 of 40. 200 µL of the bacterial suspension were 

then incubated with 2 µL of probe in DMSO in varying concentrations for 1 h at room 

temperature. For competitive experiments competitor was added for 30 min before probe 

was added for 1h. In case of UV-crosslinking cells were diluted 1:10 in PBS after incubation 

and transferred onto a 6-well plate, applying one condition to each well. Cells in suspension 

were irradiated for 10 min at 365 nm in case of diazirine containing compounds. After 

centrifugation (10 min, 4 °C, 6000 rpm), the bacterial cells were washed with 800 µL PBS 

and lysed by sonication (3 x 20 sec, 85% max. intensity, on ice). Soluble and insoluble 

fractions were separated by centrifugation (30 min, 13.000 rpm, 4 °C) and the insoluble 

fraction was washed additionally with 800 µL PBS. The click reaction was carried out with 50 

µL of obtained proteome by addition of 1 µL 1 x RhN3, 3 µL 1 x TBTA ligand and 1 µL TCEP 

solution were added to the cells. After gently vortexing the samples, the cycloaddition 

reaction was initiated by adding 1 µL CuSO4 solution. The reaction was incubated for 1 h at 

room temperature and stopped by addition of 50 µL 2 x SDS loading buffer. 

 
Fig. 5.1: Molecular structure of fluorescent dye Rhodamine-azide (RhN3) and CuAAC ligand tris[(1-

benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA). 

Preparative in-situ labeling and click reaction 

For preparative in situ labeling, 300 mL of the respective cultivation media were 

inoculated with 30 mL of an overnight culture of the desired bacterial strain (1:10 v/v) in a 

1000 mL flask and incubated at 37 °C and 200 rpm in an Innova incubator shaker until mid-

exponential phase was reached. The cells were harvested by centrifugation (10 min, 6000 

rpm, 4 °C), washed with 20 mL PBS and resuspended in PBS to a theoretical OD600 of 40. 

1000 µL of the bacterial suspension were then incubated with 10 µL of probe in DMSO in 
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varying concentrations (see probe stocks) for 1 h at room temperature. A DMSO control 

containing no probe was additionally added to each experiment to compare the results of the 

biotin-avidin enriched samples with the background of unspecific protein binding on avidin-

agarose beads. After centrifugation (10 min, 6000 rpm, 4 °C), the bacterial cells were 

washed twice with 1 mL PBS, resuspended in 500 µL PBS and lysed by sonication (5 x 20 

sec, 85% max. intensity, on ice). Membrane and cytosol fraction were separated by 

centrifugation (45 min, 13.000 rpm, 4 °C), the membrane fraction was additionally washed 

with 1 mL PBS and resuspended in 700 µL PBS. For the Click reaction 3 µL 1 x trifunctional 

linker, followed by 30 µL 1 x TBTA ligand and 10 µL TCEP solutionwere subsequently added 

to each sample. After gently vortexing the probes, the click-reaction was initiated by adding 

10 µL CuSO4 solution. The reaction was incubated for 1 h at room temperature after which 

the proteins were precipitated over night at -20 °C by adding 4 mL chilled acetone and 

pelletized by centrifugation (10 min, 8000 rpm, 4 °C). The supernatant was discarded and the 

pellet was washed two times with 500 µL chilled MeOH (resuspension by sonication, 1 x 10 

sec, 10% max. intensity). After centrifugation (10 min, 13000 rpm, 4 °C), the pellet was 

resuspended in 1 mL 0.4% SDS by sonication (4 x 10 sec, 10% max. intensity) and 

incubated under gentle mixing with 50 µL pre washed avidin-agarose beads (3 x 1 mL 0.4% 

SDS solution, centrifugation was performed at 2500 rpm for 5 min at RT) for 1 h at room 

temperature. The beads were washed three times with 1 mL 0.4% SDS, twice with 1 mL 6 M 

urea and again three times with 1 mL PBS. All supernatants were discarded carefully and 50 

µL 2 x SDS loading buffer was added to the beads. The proteins were released for 

preparative SDS-PAGE by incubation for 6 min at 96 °C and 350 rpm in an eppi shaker. After 

centrifugation (2 min, 13000 rpm, RT), the supernatant was isolated and applied on a 

preparative SDS gel, which was developed for 4 - 5h (300 V). Bands were then visualized by 

fluorescent scanning (see chapter 3.1.3). The enriched bands as well as the DMSO control 

were cut out, dismembered into small pieces using a razor blade and stored at -20 °C until 

further usage. 

 
Fig. 5.2: Molecular structure of the trifunctional linker containing a rhodamine fluorophore, a biotin and an alkyl 

azide moiety. 
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5.2.3.2.2 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

Gels for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

were produced in two steps. First, the respective resolving gel mixture was carefully added 

between two glass plates in a gel chamber until complete polymerization occurred. Second, 

the stacking gel solution was filled on top of the resolving gel, a gel comb was plunged into 

the solution and the mixture was allowed to solidify. Before the samples were applied the gel 

chamber was filled with 1 x SDS running buffer and the comb was removed. Protein 

standards for coomassie staining and fluorescence analysis were combined and applied to a 

single well. Samples were loaded in amounts of 30 – 95 µL per well and 2 x SDS loading 

buffer was filled into remaining pockets. Separation by gel electrophoresis occurred for 2 – 3 

h at 150 V for small gels and 4 – 5 h at 300 V for large gels in a EV261 or EC265 

Electrophoresis Power Supply (Consort BVAB) under continuous cooling with water. 

Fluorescence scans were performed with a Fujifilm Las-4000 luminescent image analyzer 

equipped with a Fujinon VRF43LMD3 lens or a Fujifilm Las-3000 fluorescence darkbox 

equipped with a Fujinon VRF43LMD3 lens, 605DF40 filter and 520 nm EPI excitation 

wavelengths. Printouts of fluorescence gels were used to localize and cut the bands in 

preparative labeling experiments. After the fluorescence scans the gels were washed with 

ddH2O and incubated in a Coomassie Brilliant Blue G-250 dye at room temperature 

overnight. After the stain was removed, the gels were washed with water and then covered 

with a Coomassie-destainer, which was changed several times until proteins became visible 

as blue bands. 

5.2.3.2.3 In-gel digest 

The gel pieces of the preparative labeling experiment stored at -20 °C were washed 

with ddH2O (100 µL, 15 min, 550 rpm, RT), MeCN/50 mM ABC (200 µL, 15 min, 550 rpm, 

RT) and MeCN (100 µL, 10 min, 550 rpm, RT). Then, 100 µL 50 mM ABC was added to the 

gel pieces followed after 5 min at 550 rpm by additional MeCN (100 µL, 15 min, 550 rpm, 

RT). The supernatant was removed; the gel pieces were again washed with MeCN (100 µL, 

15 min, 550 rpm, RT) and then dried under vacuum in a centrifugal evaporator (15 min, 1 

mbar, RT).The proteins were reduced by adding DTT solution (100 µL, 45 min, 550 rpm, 56 

°C) to the gel pieces, washed with MeCN (100 µL, 10 min, 550 rpm, RT) and then alkylated 

by the addition of IAA solution (100 µL, 30 min covered, 550 rpm, RT). After washing three 

times with MeCN/50 mM ABC (100 µL, 15 min, 550 rpm, RT) and MeCN (100 µL, 10 min, 

550 rpm, RT), the gel pieces were again dried under vacuum in a centrifugal evaporator (15 

min, 1 mbar, RT). Trypsin digest solution (100 µL, overnight, 300 rpm, 37 °C) was added and 

the next day the supernatant was transferred into a LoBind Eppendorf cup and 25 mM ABC 

solution (100 µL, 15 min, sonication, RT) was given to the gel pieces. MeCN (100 µL, 15 min, 

sonication, RT) was additionally added to the gel pieces and the supernatant was again 
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transferred into the LoBind Eppendorf cup. The gel pieces were discarded and the solvent of 

the digested proteins was removed under vacuum in a centrifugal evaporator (5 h, 1 mbar, 

RT). The remaining peptides were stored at -80 °C until further use. 

5.2.3.2.4 Gel free protein profiling 

For gel-free studies, cells were labeled in preparative scale as described above. For 

Click reaction the trifunctional linker was replaced by addition of 20 µL of a bifunctional 

Biotin-PEG-N3 linker, followed by 30 µL 1 x TBTA ligand and 10 µL TCEP solutionto the 

proteome samples. After gently vortexing the samples, the cycloaddition reaction was 

initiated by adding 10 µL CuSO4 solution. The reaction was incubated for 1 h at room 

temperature after which the proteins were precipitated over night at -20 °C by adding 4 mL 

chilled acetone and pelletized by centrifugation (10 min, 8000 rpm, 4 °C). The supernatant 

was discarded and the pellet was washed two times with 500 µL chilled MeOH (resuspension 

by sonication, 1 x 10 sec, 10% max. intensity). After centrifugation (10 min, 13000 rpm, 4 

°C), the pellet was resuspended in 1 mL 0.4% SDS by sonication (4 x 10 sec, 10% max. 

intensity) and incubated under gentle mixing with 50 µL pre washed avidin-agarose beads (3 

x 1 mL 0.4% SDS solution, centrifugation was performed at 2500 rpm and RT for 5 min) for 1 

h at room temperature. The beads were washed three times with 1 mL 0.4% SDS, twice with 

1 mL 6 M urea and again three times with 1 mL PBS. After the last washing step, the 

supernatant was completely removed, digestion buffer (200 µL) was added to the beads and 

the proteins were reduced by adding DTT solution (1 M, 0.2 µL, 45 min, 450 rpm, RT). After 

alkylation with IAA solution (550 mM, 2 µL, 30 min in the dark, 450 rpm, RT), the reaction 

was quenched with DTT solution (1 M, 0.8 µL, 30 min, 450 rpm, RT) and the proteins were 

digested by adding LysC (0.5 µg/µL, 1 µL, 2 h, 450 rpm, RT). The samples were diluted with 

TEAB solution (600 µL) and further digested with Trypsin (0.5 µg/µL, 1.5 µL, overnight, 450 

rpm, 37°C). To finally quench the reaction, FA (10 µL) was added to the samples which were 

further desalted using 50 mg Sep-Pak C18 Vac Cartridges (Waters). 

5.2.3.2.5 Column-based dimethyl labeling 

Column-based dimethyl labeling the cartridges had to be equilibrated with MeCN (1 x 

1 mL), elution buffer (1 x 1 mL) and 0.5% FA (in ddH2O, 3 x 1 mL). The samples (about 800 

µL) were loaded to the column via gravity flow and washed with 0.5% FA (in ddH2O, 5 x 1 

mL) and then labeled with 5 mL of the respective dimethyl labeling solution (light (L): 30 mM 

NaBH3CN, 0.2% CH2O, 10 mM NaH2PO4, 35 mM Na2HPO4, pH 7.5; medium (M): 30 mM 

NaBH3CN, 0.2% CD2O, 10 mM NaH2PO4, 35 mM Na2HPO4, pH 7.5; heavy (H): 30 mM 

NaBD3CN, 0.2% 13CD2O, 10 mM NaH2PO4, 35 mM Na2HPO4, pH 7.5). The labeled peptides 

were eluted in a LoBind Eppendorf tube with elution buffer (3 x 250 µL), mixed via label 

switch, dried under vacuum in a lyophilizer (16 h, 1 mbar, -80°C) and stored at -80°C 
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5.2.3.2.6 Sample preparation and statistical evaluation 

Lyophilized peptide samples were filtrated through centrifugal filters (VWR Centrifugal 

Filters, modified Nylon, 0.45 µm, low protein binding), which had to be pre-rinsed before 

usage: ddH2O (2 × 500 µL, 13000 rpm, 1 min, RT), aq. 0.05 M NaOH (2 × 500 µL, 13000 

rpm, 1 min, RT) and 1% FA (2 × 500 µL, 13000 rpm, 1 min, RT). The peptides were 

dissolved in 1% FA (40 µL, 15 min sonication, RT) and then added to the pre-equilibrated 

filters (13000 rpm, 4 min, RT). The filtrate was transferred into a PP screw top vial and stored 

at -20 °C until the measurements were performed. Nano flow LC-MS/MS analysis was 

performed with an UltiMate 3000 Nano HPLC system (Thermo Scientific) coupled to a LTQ 

Orbitrap XL (Thermo Scientific) or an Orbitrap Fusion (Thermo Scientific). Peptides were 

loaded on a trap column (Acclaim C18 PepMap100 75 µm ID x 2 cm) and washed for 10 min 

with 0.1% FA (5 µL/min flow rate), then transferred to an analytical column (Acclaim C18 

PepMap RSLC, 75 µM ID x 15 cm). Raw files were analyzed using MaxQuant software 

(version 1.5.1.2) with Andromeda as search engine. The search included 

carbamidomethylation of cysteines as a fixed modification and oxidation of methionines as 

variable modifications. Trypsin was specified as the proteolytic enzyme with N-terminal 

cleavage to proline and two missed cleavages allowed. Precursor mass tolerance was set to 

4.5 ppm (main search) and fragment mass tolerance to 0.5 Da. Searches were performed 

against the Uniprot database for the respective organism. The second peptide identification 

option was enabled. False discovery rate determination was carried out using a decoy 

database and thresholds were set to 1% both at peptide-spectrum match and at protein 

levels. “I = L”, “requantification” and “match between runs” (0.7 min match and 20 min 

alignment time windows) options were enabled. Label-free quantification was enabled with a 

minimum ratio count of 2. Quantification of dimethyl triplets was carried out based on unique 

peptides only using “DimethLys0,” and “DimethNter0” as “light”, “DimethLys4,” and 

“DimethNter4” as “medium” and “DimethLys8,” and “DimethNter8”  as “heavy” isotope 

identifiers requiring a minimum ratio count of 2. In case of gel-based target identification, 

analysis of the resulting proteingroups.txt-table was performed with Perseus 1.5.2.6. Putative 

contaminants, reverse hits and proteins, that were identified by site only, were removed. 

Ratios were calculated by dividing the LFQ intensity signal of the excised band by the LFQ 

intensity of corresponding gel area for the untreated sample. Rows were filtered to contain 

seven valid values. Ratios were transformed using log2(x) and normalized using z-score. P-

values were obtained using a two sided one sample t-test. (Benjamini Hochberg FDR of 

0.01). Statistical analysis of gel-free target identification was performed with Perseus 1.5.2.6. 

MaxQuant result table proteingroups.txt was used for further analysis. Putative contaminants, 

reverse hits and proteins, that were identified by site only, were removed. Dimethyl isotope 

ratios were log2(x)-transformed, filtered to have six valid values per row (from three 
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replicates in total), and z-score-normalized. -Log10 p-values were obtained by a two sided 

one sample t-test (Benjamini-Hochberg FDR of 0.01). 

5.2.3.2.7 Overexpression and purification of recombinant proteins  

The recombinant pDest007- and pET301-BL21 were grown in LB medium (1 L, 

inoculated1:100 with an overnight culture) containing ampicillin (100 µg/mL) at 37 °C until an 

OD600 = 0.6 was reached. Afterwards the target gene expression was induced with IPTG 

solution (concentration adjusted to expression behavior). The cultures were further incubated 

at 16 °C for 16 h and a not-induced control was added in case of test-overexpressions. The 

cells were harvested (6000 rpm, 4 °C, 10min), washed with PBS (25 mL) and resuspended in 

storage buffer. The bacterial pellets were lysed by sonication (20 min, 80% max. intensity, 

under ice cooling) and the soluble fractions were separated via centrifugation (40 min, 

18000 rpm, 4 °C). Purification was performed by an ÄKTA system (GE Healthcare) using a 

HisTrapTM HP 5 mL column (GE Healthcare). After washing with the binding buffers, the 

proteins were eluted with the respective elution buffers and suitable fractions were 

concentrated with an Amicon filter unit (MWCO 10 kDa, Millipore). Dialysis was performed to 

remove residual immidazol in storage buffer. Finally, the enzymes were purified via size 

exclusion with an ÄKTA system over a HiLoad 16/60 Superdex 200 prep grade column (GE 

Healthcare), concentrated again and stored at -80 °C in storage buffer. 

5.2.3.2.8 In-situ labeling 

For recombinant protein expression LB medium were inoculated with of overnight culture of E. 

coli BL21 (1:100) carrying the expression vector at 37 °C. Expression was induced at an OD600 of 0.6 

by addition of isopropyl-β-D-thiogalactopyranosid (IPTG; final concentration: 0.20 mM) and carried out 

20 h at 16°C. After centrifugation (5 min, 6200 xG, 4°C) and removal of the supernatant bacteria were 

resuspended in PBS to get an OD600 of 40. To 1 mL of this suspension in a microcentrifuge tube probe 

or DMSO as a control were added. After 30 min incubation at RT in the dark the microcentrifuge tube 

was again mixed by vortexing and incubated for another 30 min at RT in the dark. After centrifugation 

(6200 xG, 2 min, 4°C) the supernatant was removed and the pellets were stored at -80°C. Pellets 

were resuspended in 1 mL PBS (4°C) and transferred to a ’Precellys Glass/Ceramic Kit SK38 2.0 mL’ 

tube. Tubes were cooled on ice for about 5 min or longer and cells were lysed with the Precellys 

Homogeniser using two times lysis program 3 (5400 rpm, run number: 1, run time: 20 sec, pause: 5 

sec). After each lysis run the tubes were cooled on ice for 5 min. The ball mill tubes were centrifuged 

(16200 xG, 10 min, 4°C) and 86 µL of supernatant were transferred to new 1.5 mL microcentrifuge 

tubes and treated with 10 µL gel-based ABPP Mix (2 µL RhN3 (Tetramethylrhodamine (TAMRA) Azide 

(Tetramethylrhodamine 5-Carboxamido-(6-Azidohexanyl)), 5-isomer (life technologies, T10182); 5 mM 

in DMSO), 2 µL fresh TCEP (50 mM in ddH2O), 6 µL TBTA Ligand (1.667 mM in 80 % tBuOH and 20 

% DMSO)). The final concentrations were: 100 µM RhN3, 1.0 mM TCEP and 100 µM TBTA Ligand. 

The lysates were mixed by vortexing and 2 µL CuSO4 solution (50 mM in ddH2O) were added. The 

lysates were again mixed by vortexing and incubated for 1h at RT in the dark. Then 80 µL 2x Laemmli 
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Sample Buffer were added, samples were mixed in a thermomixer (300 rpm, 3 min, 96°C) and 

analyzed via SDS PAGE (10 % agarose gel (PEQLAB Biotechnologie GmbH, Erlangen, PerfectBlue 

Dual Gel System, the gel was prepared according to the manual), 3.5 h, 300 V, 8 µL fluorescent 

protein standard) and fluorescence imaging (GE Healthcare, ImageQuant LAS-4000). After 

fluorescence scanning the gel was coomassie stained. 

5.2.3.2.9 Western Blot 

 A culture of approximately 10 mL was grown to exponential growth phase and 

harvested by centrifugation at 6000x g and 4 °C for 10 min. The supernatant was discarded 

and the remaining pellet was resuspended in 300 µL of TBS buffer including protease 

inhibitor mix by Roche®. The cell suspension was transferred into a screw cap vial 

containing glass beats and lysed by beating four times for 30 sec. with ice cooling between 

runs. The turbid solution is transferred into a fresh vial and layers are separated by 

centrifugation at 15000x g and 4 °C for 30 min. The clear supernatant was transferred into a 

fresh vial and the protein concentration was determined and normalized for all samples. 

(Protein concentration should exceed 5 mg/mL) 3 µL of 6x Laemmli buffer were added to 15 

µL of protein solution and mixed. 15 µL of the previous mix are separated by SDS-PAGE. 

Two slices of thick blotting paper were wet in WTB and one was placed on the bottom of 

transfer apparatus. A piece of polyvinylidene fluoride membrane was washed with MeOH 

and WTB and added on top of the blotting paper. The run gel was added to the sandwich 

and topped by the wet second blotting paper. Proteins were blotted by electrophoresis for 40 

min. at 15 V. The membrane was blocked for 30 min. in TTBS with 5 % milk powder at r.t. 

The antibody was applied as a 1:1000 to 1:5000 dilution in TBS buffer for 1 h at r.t. and 

continuous shaking. The blot was washed three to five times with TTBS before the 

secondary antibody was applied for 1 h at r.t. After washing the gel several times with TTBS 

500 µL of each Super Signal West Femto Luminol Enhancer and Peroxid Buffer were added. 

The gel was developed for 30 sec to 10 min. 
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Chapter 6 Appendix 
 

 
Fig. 6.1: Schematic structure of Mtb MA. 

 

 
Fig. 6.2: Overview of synthesized ramariolide-molecules and -derivatives. 
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Fig. 6.3: Preparative gel-based labeling of Msmeg insoluble fraction using 50 µM EZ120P in biological 

triplicates. 

 

 
Fig. 6.4: Intact MS spectra of wt-Pks13TE domain with tenfold excess of A. D3 lactone and B. La-0. 

 

Table 6.1: Protein hits without essential function for mycobacterial growth identified using probe 2.23. Entries 1-4 

were found for UV-irradiated enrichment; 5-9 were found for enrichment without UV-irradiation. 

entry Gene name Uniprot accession number 

1 Msmeg_1028 A0QR89 

2 Msmeg_1305 A0QS07 

3 Msmeg_0309 A0QP86 

4 Msmeg_0067 A0QNJ7 

5 devR A0R2V2 

6 suhB A0QW04 

7 gspA A0QUZ5 

8 Msmeg_4686 A0R1A8 

9 Msmeg_4272 A0R061 
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