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Abstract 

Organisms from all kingdoms of life are permanently exposed to substances that are foreign 

and oftentimes even harmful for their bodies. These compounds are called xenobiotics and 

are inhaled through the air, ingested with food or water or deliberately administered in the 

form of therapeutic drugs. But also the accumulation of toxic byproducts of their own 

metabolism, so-called endobiotics, may be dangerous. Both, exo- and endobiotics have to 

undergo metabolic processes in order to be eliminated from the organism, which is achieved 

by enzymatically converting them into more hydrophilic substances. This process is called 

biotransformation, which is dependent on a viable homeostasis sustained by a variety of 

enzymes. Therefore, it is of significant importance to increase our knowledge about enzymes 

involved in biotransformation processes and related detoxification pathways. This especially 

includes knowledge about these enzymes’ three-dimensional structures.  

This cumulative thesis focuses on the crystallization and structure determination of two 

opposing representatives of biotransformation enzymes, the flavin-dependent 

monooxygenase from the grasshopper Zonocerus variegatus (ZvFMO) and the human 

mitochondrial amidoxime reducing component (mARC). FMOs are able to oxygenate 

heteroatom-containing substances and thereby produce hydroxylated compounds in most 

cases, whereas mARC is part of a three-component enzymatic system that is very effectively 

reducing a broad range of heteroatom-hydroxylated endo- and xenobiotics. Both enzymes 

belong to the class of oxidoreductases but represent counteracting enzyme families. 

Different high-resolution ZvFMO crystal structures provided detailed insight into the 

coordination of the bound cofactors and related conformational rearrangements of the 

enzyme. Furthermore, a hitherto unknown dimeric arrangement of subunits was observed for 

the FMO isoforms found in Zonocerus variegatus. To further investigate significant 

differences in the catalytic activity of ZvFMOs, a variety of ZvFMOa variants with amino acid 

exchanges near the active site were generated. Thereby, significant impacts on enzyme 

activity were observed even for single exchanges within the substrate entry site.  
In order to crystallize human mARC, a special fusion protein strategy was successfully 

applied. The elucidated mARC crystal structure was the first MOSC protein that clearly 

showed the coordination of its molybdenum cofactor and exhibited a topology, which 

contradicts in silico predictions of structural domains currently used for online databases. The 

large substrate spectrum could be correlated to a surface-exposed active site, which is 

restricted by only a few amino acid residues. Paralogue-specific amino acid residues were 

identified, which allow for the secure discrimination between mARC1 and mARC2 enzymes. 

Moreover, structural features indicate that mARC enzymes represent an evolutionary link 

between the two molybdoenzyme superfamilies of sulfite oxidases and xanthine oxidases.  
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Kurzzusammenfassung 

Organismen aller Lebensreiche sind ständig verschiedensten körperfremden und oft auch 

schädlichen Substanzen ausgesetzt. Diese Verbindungen werden Xenobiotika genannt und 

werden über die Atemluft inhaliert, über Nahrung oder Wasser aufgenommen oder willentlich 

in der Form von Medikamenten eingenommen. Doch auch die Anreicherung von toxischen 

Nebenprodukten des eigenen Metabolismus, sogenannten Endobiotika, kann gefährlich sein. 

Sowohl Xeno- als auch Endobiotika müssen metabolische Prozesse durchlaufen, um vom 

Organismus ausgeschieden werden zu können. Erreicht wird dies durch enzymatische 

Umwandlung in hydrophilere Substanzen. Dieser Prozess wird als Biotransformation 

bezeichnet, welcher auf einem metabolischen Gleichgewicht beruht, das von verschiedenen 

Enzymen aufrechterhalten wird. Es ist daher wichtig, unser Wissen über Biotransformations-

enzyme und damit verbundene Detoxifizierungsmöglichkeiten zu vertiefen. Dies gilt 

insbesondere auch für Kenntnisse derer dreidimensionalen Strukturen. 

Diese kumulative Dissertation fokussiert sich auf die Kristallisation und Strukturaufklärung 

zweier gegensätzlicher Vertreter von Biotransformationsenzymen, der flavinabhängigen 

Monooxygenase aus der Heuschrecke Zonocerus variegatus (ZvFMO) und der 

menschlichen mitochondrialen Amidoxim-reduzierenden Komponente (mARC). FMOs 

katalysieren meist die Hydroxylierung von Heteroatom-haltigen Verbindungen, während 

mARC-Enzyme eine große Effizienz bei der Reduktion eines breiten Spektrums an 

Heteroatom-hydroxylierten Xeno- und Endobiotika aufweist. Beide Enzyme gehören zu den 

Oxidoreduktasen, repräsentieren aber kontrahierende Enzymfamilien. 

Verschiedene hochaufgelöste ZvFMO-Strukturen lieferten Erkenntnisse in die Koordination 

gebundener Kofaktoren und damit einhergehende Konformationsänderungen. Weiterhin 

konnte eine bisher unbekannte Dimerformation dieses Enzyms beobachtet werden. Um 

tiefere Einblicke in die katalytische Aktivität von ZvFMOs zu erhalten, wurden verschiedene 

Enzymvarianten untersucht. Dabei wurde festgestellt, dass vor allem im Substrat-

eingangsbereich schon Einzelaustausche von Aminosäuren einen signifikanten Einfluss auf 

die Enzymaktivität haben. 

Die mittels einer speziellen Fusionsprotein-Strategie gelöste mARC-Kristallstruktur war die 

erste MOSC-Proteinstruktur, die Einsicht in die Koordination des Molybdän-Kofaktors gab 

und eine Topologie aufwies, die bisherigen in silico -Vorhersagen widersprach. Das breite 

Substratspektrum dieses Enzyms konnte dem oberflächenexponierten aktiven Zentrum 

zugeschrieben werden, welches nur durch wenige Aminosäuren begrenzt wird. Weiterhin 

wurden Paralog-spezifische Seitenketten identifiziert, die eine sichere Unterscheidung 

zwischen mARC1 und mARC2-Proteinen erlauben. Zudem weisen einige strukturelle 

Merkmale darauf hin, dass mARC-Enzyme ein evolutionäres Bindeglied zwischen zwei 

Molybdo-Enzymfamilien darstellen, den Sulfitoxidasen und den Xanthinoxidasen. 
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1 Introduction 

1.1 Structure determination by X-ray crystallography 

The three-dimensional structure of proteins dictates their properties. Therefore, structure 

determination is a crucial step towards fully understanding the physiological functions, 

dynamics and interactions of any protein of interest. For example, crystal structures of 

proteins in complex with their specific ligands or substrates can provide knowledge about an 

enzyme’s active site, substrate-binding site, cofactor coordination and, ultimately, its reaction 

cycle. In addition to a better understanding of a protein’s general properties, protein 

structures give insight into certain diseases, which are correlated to single nucleotide 

polymorphisms (SNPs). Furthermore, rational drug design, which aims for generating 

highly-specific inhibitors only targeting one enzyme, is strictly dependent on the exact 

knowledge of the active site and substrate-binding site geometry. 

Structure determination of proteins can be achieved by different methods, which have been 

established and significantly improved over the past decades. In the case of small proteins of 

interest (with an average molecular weight of 20 to 35 kDa), nuclear magnetic resonance 

spectroscopy (NMR) is the most promising method1. Structure determination of large 

biomacromolecules and protein complexes may be achieved by electron microscopy (EM)2. 

Most three-dimensional protein structures deposited in the protein data bank (PDB) were 

determined by the so far most powerful method, X-ray crystallography, which can provide 

details at atomic resolution. However, this approach includes a non-trivial and often 

longsome process composed of various crucial steps from protein expression to final model 

refinement. The most important and likewise most demanding step is crystallizing the target 

protein. Crystals increase the amount of X-rays being diffracted upon interaction with 

electrons surrounding the nuclei of each atom within the protein. Thereby, diffraction patterns 

can be obtained, which are reciprocal to the periodic electron density distribution within the 

crystal and can be used to determine the three-dimensional structure of the crystallized 

protein molecules or complexes at high resolution. 
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1.1.1 Protein crystallization 

With the exception of the emerging technology of X-ray free electron lasers (XFEL),3 the 

proportion of X-ray beams diffracted by a single protein molecule is too insignificant in order 

to detect them. Within a protein crystal, however, molecules are periodically arranged in all 

three dimensions of space, which amplifies the diffraction power and highly increases the 

chances for X-ray scattering so that specific diffraction patterns can be obtained. Therefore, 

protein crystallization is a keystone in X-ray crystallography.4  

However, macromolecular crystallization is non-predictable and depends on various trial-

and-error approaches as well as different crystallization methods in order to find suitable 

conditions for individual proteins to crystallize. This process may be troublesome because of 

the high flexibility and large size of protein molecules as well as the complex nature of 

intermolecular interactions. Furthermore, the target protein solution has to be exceptionally 

pure and must endure high concentrations. The supersaturation of a protein in solution will 

lead to the formation of amorphous precipitate in most cases. But if suitable crystallization 

conditions are found, nucleation may occur within a thermodynamically metastable state by 

periodic self-assembly of protein molecules. Once these small crystallites are formed, they 

will grow into larger crystals until an equilibrium between soluble protein within the 

crystallization solution and solid protein in the form of crystals is reached.  

Protein crystallization is dependent on temperature, pH, chaotropic or cosmotropic salts, 

precipitating agents that compete for water molecules and, among others, additives in the 

form of cofactors, substrates, inhibitors or just small organic compounds that reduce the 

protein’s flexibility or facilitate crystal contact formation. Usually, initial crystallization 

conditions have to be optimized, altering the individual variables and concentrations of 

precipitants in order to obtain crystals of better quality.5 This is achieved by successive 

crystallization trials using grid screens, which means that one or two parameters are slightly 

altered simultaneously. The condition that yields crystals of higher quality is then refined in 

further iterative steps, which makes the whole process quite time-consuming, depending on 

the crystals’ growth rate.4,6 However, once diffraction-quality single crystals are obtained, 

they can be used for structure determination. 
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1.1.2 Data collection, phase calculation and model building 

Nowadays, diffraction data are usually collected at synchrotron facilities. These are cyclic 

electron accelerators able to produce highly-brilliant X-rays of tunable wavelength 

(0.6 - 2.7 Å). This enables efficient and rapid data acquisition, because the X-ray beam only 

targets a very small area of the protein crystal while exposing it to a very high number of 

photons per second. Furthermore, the availability of highly sensitive detectors at synchrotron 

facilities allows for an immediate read-out of collected data so that complete datasets can be 

obtained within seconds. This is achieved by exposing the crystals from different angles and 

collecting the resulting diffraction patterns. 

These diffraction patterns of a protein are a reciprocal representation of its electron density 

distribution. With every atom of the protein molecule contributing to the intensity of each 

reflection within the diffraction pattern, the resulting electron density distribution is being 

accounted for by every detected reflection. The position of individual atoms within the target 

protein can be modelled into these three-dimensional electron density maps, which are 

calculated by applying an inverse Fourier transformation to the collected diffraction data. The 

following equation describes the reciprocal correlation between electron density and 

diffraction data:7 

𝜌𝑥𝑦𝑧 =
1

𝑉
∑ |𝐹ℎ𝑘𝑙| ∙ 𝑒𝑥𝑝−2𝜋𝑖(ℎ𝑥+𝑘𝑦+𝑙𝑧)

ℎ𝑘𝑙

∙ 𝑒𝑥𝑝𝑖𝛼(ℎ𝑘𝑙) 

This equation represents the electron density 𝜌𝑥𝑦𝑧 as a Fourier sum containing the structure 

factor amplitudes |𝐹ℎ𝑘𝑙|, the Miller indices ℎ, 𝑘 and 𝑙 as well as the unknown phases 𝛼ℎ𝑘𝑙 of a 

series of three-dimensional waves. 𝑉 is the volume of the unit cell and |𝐹ℎ𝑘𝑙| can be 

calculated from the measured intensities belonging to the respective reflection ℎ𝑘𝑙 through 

the following equation: 

|𝐹ℎ𝑘𝑙| ~ √𝐼 

Since the phase angles 𝛼ℎ𝑘𝑙 of each reflection, which are crucial for structure determination, 

cannot directly be obtained from the collected data, these have to be determined using 

additional approaches. This ‘phase problem’ can be solved by experimental phasing 

methods using isomorphous replacement or anomalous dispersion. Furthermore, phases can 

be calculated from known crystal structures that are homologous to the target protein and 

share the same overall fold. This technique is called molecular replacement and is the 

simplest among them, but it is prone to model bias and has to be applied with caution. 

However, all of these methods only provide initial estimates of the real phases, which have to 
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be improved iteratively in order to obtain well-interpretable electron density maps.8 This can 

also be achieved by combining different phasing methods. 

Once initial phases are obtained, electron density maps can be calculated from diffraction 

data by an inverse Fourier transformation of the experimental structure factor amplitudes 

|Fobs| and their phases, which results in a basic electron density map (𝐹𝑜𝑏𝑠 ,  α𝑐𝑎𝑙𝑐). This 

electron density distribution, which gives a first approximation of the true structure, may then 

be interpreted with atomic coordinates of the target protein. An additional electron density 

map, the difference map (𝐹𝑜𝑏𝑠 − 𝐹𝑐𝑎𝑙𝑐 ,  α𝑐𝑎𝑙𝑐) that is obtained using differences between 

observed and calculated structure factor amplitudes, displays divergences between true and 

currently modelled structures. It exhibits positive map contours for parts existing in the 

structure, but not included in the model, and negative map contours for parts wrongly 

introduced into the model. Usually, (2𝐹𝑜𝑏𝑠 − 𝐹𝑐𝑎𝑙𝑐 ,  α𝑐𝑎𝑙𝑐) electron density maps are used as a 

superposition of both maps described above in order to combine their features. In an iterative 

approach, the model is refined based on the calculated electron-density maps. Improved 

phases are calculated from the better-quality model and used to calculate more precise 

electron density maps, which can be interpreted more easily and help to refine the model 

again.9 After consecutive steps of optimization, the final protein structure is evaluated by 

various quality criteria and can finally be interpreted based on the features it displays. 
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1.2 Biotransformation 

Every living organism is permanently exposed to a multitude of xenobiotics, compounds that 

are foreign and in many cases harmful to their body. These may be ingested with food or 

water, inhaled through the air or purposely administered in the form of therapeutic drugs. 

Likewise, every species has to deal with toxic byproducts of their own metabolism, so-called 

endobiotics, which are often lipophilic and tend to accumulate within the tissue. Both, 

exo- and endobiotics have to undergo metabolic processes in order to be eliminated from the 

organism, which is achieved by enzymatically converting them into more hydrophilic 

substances that can easily be excreted. These processes are termed biotransformation and 

are mainly located within the liver, but also occur in kidneys, intestine, spleen, lungs, brain, 

muscles, skin or blood.10  

There are different phases of biotransformation. Phase I reactions include oxidative, 

reductive and hydrolytic reactions and are termed functionalization reactions. Thus, they are 

used to introduce or unmask a polar functional group (-OH, -COOH or –NH2), so that the 

target molecule’s hydrophilicity is increased and excretion is favored. Phase I 

biotransformation enzymes catalyzing oxidation reactions include the large family of 

microsomal cytochrome P450 monooxygenases (CYP), flavin-dependent monooxygenases 

(FMO), alcohol dehydrogenases and aldehyde dehydrogenases. Reduction reactions are 

mediated by reductive dehalogenases, nitro-reductases, azo-reductases and the recently 

discovered mitochondrial amidoxime-reducing component (mARC) enzyme system. Epoxide 

hydrolases, esterases and amidases catalyze hydrolysis of xeno- and endobiotics. Products 

of phase I reactions are suitable substrates for conjugation reactions with hydrophilic 

endogenous compounds that further increase water-solubility. These reactions are catalyzed 

by phase II biotransformation enzymes, which comprise glucuronyl-, glutathione-, acetyl- and 

sulfotransferases.11 In some cases, a third phase of biotransformation is reported, describing 

the active transport of readily-transformed conjugates out of the single cell by multidrug 

resistance-related proteins or ATP-binding cassette transporters.  

Biotransformation enzymes catalyzing phase I reactions usually display a low substrate 

specificity, which greatly enhances the substrate spectrum of these enzymes. Thus, it is 

easier for the organism to quickly adapt to new encountered xenobiotics and to excrete them 

as early as possible. However, although biotransformation reactions are generally 

considered a detoxification process, they may also lead to bioactivation or biotoxification, 

thereby generating metabolites that are reactive and more dangerous than the parent 

compound. 
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1.2.1 Implications for drug metabolism and development 

Biotransformation in the context of drug metabolism is often found as ‘drug-metabolizing 

enzymatic system’ in the literature and plays a crucial role in drug discovery and 

development. Pharmaceutic drugs are required to cure diseases but at the same time are 

foreign compounds to humans or animals. Therefore, the organism treats them like any other 

xenobiotic and tries to get them eliminated from the body as fast as possible. While this 

negatively affects the bioavailability of drugs and thereby decreases the therapeutic effect, it 

is also desirable to excrete these substances from the body before they can cause any 

unintended side effects.12 For many compounds, it is hardly predictable, if biotransformation 

reactions result in detoxification or bioactivation and ultimately toxification for the organism. 

For example, the CYP-mediated N-oxygenation of amines can produce hydrophilic 

compounds that can easily be secreted and thus promote detoxification. But equally, 

N-oxygenation may yield cytotoxic and mutagenic products.13  

The prodrug concept takes advantage of bioactivation processes. Prodrugs are inactive 

pharmaceuticals that are converted into the active drug by biotransformation enzymes. The 

development and administration of prodrugs is often used to improve pharmacokinetic or 

pharmacodynamic properties of the active metabolite, such as resorption, effect duration, 

water-solubility, bioavailability or targeting.14 

The elucidation of metabolic processes involved in the turnover of new drug candidates with 

regard to bioavailability, systemic clearance and toxicology is nowadays mandatory in 

pre-clinical research and drug development.15 Biotransformation studies comprise in vivo as 

well as in vitro research. In vivo studies performed in animals and humans are inevitable in 

the areas of absorption, distribution, metabolism and excretion (ADME) and give insight into 

complex processes in the organism, such as systemic influences, chronicle effects and 

tissue-specific aspects. However, in order to keep the number of in vivo studies at a 

minimum for ethical reasons and because of better analytical possibilities, in vitro research is 

equally important. Various in vitro systems of different complexity have been established 

over the past decades. They include isolated enzymes and subcellular fractions16, cell 

culture17 with different permanent cell lines or primary cells, tissue sections18 and perfused 

organs.19  The possibility to selectively alter individual parameters, easier assessment and 

validation of experiments, lower variance of results and easier handling are great advantages 

of in vitro studies. Thus, the metabolism of potential drug candidates by a number of different 

biotransformation enzymes can be thoroughly investigated.  
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1.3 Cytochrome P450 monooxygenases 

The major enzyme family associated with biotransformation and drug metabolism is the 

superfamily of cytochrome P450 enzymes. To date, more than 300 different CYP enzymes 

have been identified throughout all phyla20 and have been grouped into several families and 

subfamilies based on the amino acid sequence. They own their name to a characteristic, 

large UV absorbance at 450 nm upon treatment with carbon monoxide, which binds to CYPs 

with high affinity. CYPs are also found in the literature as microsomal mixed function 

oxidases (MFOs). These membrane-bound monooxygenases are mainly localized in the 

smooth endoplasmatic reticulum of liver and other tissues and contain heme as a prosthetic 

cofactor, which comprises an iron-porphyrin unit as the oxidizing site.12,21 In contrast to other 

cellular hemeproteins, CYPs exhibit a thiol-group of a highly conserved cysteine residue 

serving as a ligand for the heme-iron. This results in an alteration of the porphyrin ring’s 

electron density, providing an electronic center for the activation of molecular oxygen.22  

The CYP protein superfamily is responsible for the oxidation of a broad range of hydrophobic 

organic compounds, turning them into more polar metabolites for subsequent excretion. A 

single CYP can metabolize many chemicals with different structure, showing different 

degrees of affinity towards them. In principle, these enzymes catalyze the transfer of one 

atom of molecular oxygen to a substrate, thereby producing the oxidized compound along 

with a water molecule.23 However, at least 40 different types of reactions have been 

described.24 The detailed catalytic mechanisms of different metabolic reactions vary due to 

the presence of different functional groups within the substrates. Other CYP-mediated 

reactions include epoxidations, deaminations, aliphatic and aromatic hydroxylations as well 

as O-, N- and S-dealkylations. Furthermore, there are CYPs involved in the biosynthesis of 

physiologically active compounds, such as steroid hormones, prostaglandins, bile acids or 

vitamins. Hence, they play a crucial role in development and maintenance of homeostasis.25 

Moreover, CYPs can be induced by xenobiotics and other chemicals, including CYP 

substrates. This means, CYP enzymatic activities can be increased by de novo transcription, 

mRNA stabilization or protein stabilization.11 

The reaction cycle of CYPs requires the presence of a second enzyme delivering electrons 

needed for reduction of the P450-substrate complex prior to oxygen activation. Those 

accessory proteins are flavoproteins (such as NADPH-P450 reductase) which are using 

NADPH + H+ to reduce their FAD and/or FMN cofactor. Subsequently, they further transfer 

the electrons through other mediators (e.g. cytochrome b5) to the P450 hemeprotein where 

the substrate may then be oxygenized.22 
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1.4 Flavin-dependent monooxygenases 

Flavin-dependent monooxygenases (FMOs) comprise a second, prominent family of 

eukaryotic monooxygenases,26 which are expressed by organisms throughout all phyla.27 

However, the number of FMO-coding genes and expressed isoforms varies from only one 

(as found in yeast) over five active enzymes in vertebrates up to a large number of different 

FMOs that are expressed in plants (e.g. there are 29 genes in Arabidopsis thaliana). Unlike 

CYPs, FMOs are usually not induced or down-regulated by the presence of xenobiotics.28 

Hence, their expression levels and relative activity are more dependent on genetic factors 

than on environmental influence.29 The general function of FMOs is considered to be 

detoxification catalysts for xenobiotics. They catalyze the oxygenation of a wide range of 

heteroatom-containing compounds, including amine- sulfide-, phosphorous- and other 

nucleophilic substances, thereby converting them into polar, readily excretable 

metabolites.30,31 Although in most cases FMOs seem to sacrifice considerable enzyme 

velocity in exchange for a broader substrate spectrum and a less specific substrate binding 

domain,32 the function of individual FMOs can be quite selective. For example, human FMO3 

is catalyzing the detoxification and deoderation of trimethylamine with high specificity.33 

In contrast to CYPs, FMOs are stand-alone enzymes and therefore independent from 

electron-delivering accessory proteins. They are provided with reducing equivalents directly 

from their cosubstrate NADPH.34 This enzyme class is subdivided into external flavoprotein 

monooxygenases (EC 1.14.13.#) and internal monooxygenases (EC 1.13.12.#). In contrast 

to their external counterparts, the flavin cofactor of internal FMOs is reduced by the substrate 

itself instead of using reducing equivalents from NADH or NADPH prior to substrate 

oxygenation.  

A further classification of external FMOs into six subclasses (A-F) is discriminated by 

sequence similarity and the presence of specific protein sequence motifs. FMOs of classes A 

and B are encoded by a single gene, whereas enzymes of classes C-F comprise at least two 

components – a monooxygenase and a reductase. While there is only one dinucleotide 

binding domain (Rossmann fold) present in FMOs of class A and these enzymes release 

NADP+ immediately after reduction of their FAD cofactor, members of class B FMOs are 

composed of two dinucleotide binding domains (used for binding FAD as a prosthetic group 

and recruiting NADPH)35 and keep the oxidized cosubstrate bound during catalysis. 

Subclasses C-F contain a different set of flavin cofactors (FAD or FMN) and further differ in 

their sequence identity and motives.36 
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In this work, only the “two dinucleotide binding domain” containing FMOs of class  are 

further discussed. Their reaction cycle comprises at least five consecutive steps that are 

depicted in Figure 1.  

 

Figure 1: FMO catalytic cycle. Adapted from Alfieri et al., 2008.
37

 

In principle, these enzymes bind NADH or NADPH in order to reduce their prosthetic FAD 

cofactor and subsequently oxygenate a substrate. The sequence of cofactor and substrate 

recruitment remained elusive for a long time and different mechanisms have been discussed 

in the past decades. However, with an increasing number of FMO structures crystallized in 

different stages during catalysis, the following reaction cycle, which was already postulated 

on the basis of kinetic studies,31 is now widely accepted and distributed in the literature. 

In a first step, NAD(P)H is bound and used to reduce the FAD cofactor (I). Upon reaction of 

reduced FAD (II) with molecular oxygen, a C4a-hydroperoxy-FAD intermediate is formed (III). 

This intermediate is capable of inserting one oxygen atom into a substrate compound and 

ends up as C4a-hydroxy-FAD (IV), which may then release the second oxygen atom as part 

of a water molecule, restoring the oxidized FAD cofactor (V).31 During the whole catalytic 

cycle, the oxidized NAD(P)+ remains bound to the enzyme and is most likely involved in the 

binding of substrates and the stabilization of reaction intermediates, e.g. the activated 

C4a-hydroperoxy-FAD.38-40 Only after product release, the NAD(P)+ cosubstrate is 

exchanged for its reduced equivalent.41 
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1.4.1 Pyrrolizidine alkaloid N-oxygenases 

Plants and herbivores are engaged in a permanent co-evolutionary arms race against each 

other. While plants develop and improve defense mechanisms to protect themselves from 

harmful threats such as pathogenic microbes or herbivorous insects, the latter counteract 

with ever-developing strategies to circumvent their food plants’ defense.42 As part of their 

chemical defense, certain angiosperm plant species have developed pyrrolizidine 

alkaloids (PAs).43 PAs are products of the plants’ secondary metabolism and encompass 

several hundred different structures. Usually, they are produced in their non-toxic N-oxide 

form. However, upon ingestion by a vertebrate or insect herbivore, they are converted into 

the protoxic free base in the reducing gut milieu. PAs in their free base form are lipophilic 

compounds that can easily permeate membranes and serve as xenobiotic substrates that 

are recognized by biotransformation enzymes like cytochrome P450 monooxygenases. 

CYP-mediated bioactivation leads to the formation of pyrrolic compounds, which are capable 

of reacting with proteins or nucleic acids and are therefore cell-toxic.44,45 

Hence, herbivores utilizing PA-producing plants as a food source need to have detoxification 

strategies, which are in most cases based on specialized enzymatic systems. PAs may be 

hydrolyzed into the non-toxic necine base by carboxylesterases,46 conjugated with 

glutathione in order to form a non-toxic excretable compound47 or N-oxygenated  by FMOs 

(Figure 2).48,49 The latter strategy is utilized by insects like the African locust Zonocerus 

variegatus or the cinnabar moth Tyria jacobaeae. They developed specialized FMOs, 

so-called pyrrolizidine alkaloid N-oxygenases (PNOs) that can convert the pro-toxic free base 

form of PAs (a tertiary amine) into the non-toxic N-oxide, which can then be safely retained 

within these insects.26,43,50 Moreover, these N-oxygenated metabolites serve these insects’ 

own chemical defense against their predators.51,52 

To date, only a few PNOs are biochemically characterized, whereas there is no structural 

information available yet. 

 

Figure 2: PNO-mediated N-oxygenation of PAs. Adapted from Langel & Ober, 2011.
53
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1.5 Molybdenum-dependent enzymes 

The trace element molybdenum is assimilated in the form of molybdate ions (MoO4
2-) via 

specific transporters and is incorporated into enzymes in the form of the molybdenum 

cofactor (Moco). This pyranopterin-molybdenum complex and the iron-molybdenum cofactor, 

which is exclusively found in the bacterial nitrogenase, are the only biologically active 

molybdenum-dependent cofactors.54 Due to these cofactors’ redox-capabilities, molybdo-

enzymes catalyze various redox-reactions and are essential for carbon, nitrogen and sulfur 

metabolism.55 Thus, more highly developed organisms cannot cope with molybdenum 

depletion.56 During Moco-catalyzed reactions, two electrons are being transferred together 

with an oxygen atom derived from either a water molecule or a substrate, depending on 

whether an oxidation or reduction is catalyzed. Throughout the catalytic cycle the 

molybdenum’s oxidation state varies from +IV to +VI.57 

Most of the >50 discovered molybdoenzymes are found in bacteria, whereas only seven 

were identified in eukaryotes (and only four in mammals).57 The eukaryotic enzymes 

comprise pyridoxal oxidase (only found in Drosophila melanogaster58), nicotinate hydroxylase 

(only found in Aspergillus nidulans59), nitrate reductase, sulfite oxidase, xanthine 

oxidoreductase, aldehyde oxidase and the recently discovered mARC.57 With the exception 

of pyridoxal oxidase and nicotinate hydroxylase, which are no further discussed in this thesis, 

the eukaryotic Moco-dependent enzymes are shortly introduced in the following chapters. 

 

Figure 3: Domain arrangement of eukaryotic Moco-dependent enzymes. Moco: Moco-binding domain; 

Dim.: dimerization domain; Heme: heme-binding domain; FAD: FAD-binding domain; NADPH: NADPH-binding 

domain; Fe-S: Fe-S cluster binding domain. Sulfite oxidase as depicted represents the animal form; the plant 

enzyme lacks the heme-binding site. Adapted from Mendel and Kruse, 2012.
56
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1.5.1 Nitrate reductase (NR) 

The eukaryotic NRs display the same domain architecture and comprise three individual 

domains, connected by two solvent-exposed linker regions called hinge I and hinge II. The 

N-terminal domain binds the Moco as a prosthetic group and additionally contains a 

dimerization motif. It is followed by a heme-binding cytochrome b5 domain and a C-terminal 

domain comprising binding sites for the FAD prosthetic group as well as the NAD(P)H 

cofactor (Figure 3).56 The reaction cycle starts with a reductive half-reaction (reduction of 

FAD by NADPH), followed by an oxidative half-reaction, where electrons are transferred from 

FAD to the Moco active site via cytochrome b5. There, nitrate is reduced to nitrite in a final 

reaction step.60 This enzyme is exclusively found in autotrophic species, such as fungi, algae 

and plants. In addition to nitrate reduction, NR also shows a low intrinsic capability of 

reducing nitrite to nitric oxide (NO) and therefore might play a subordinate role in NO 

signaling and related physiological functions.61,62 

 

1.5.2 Sulfite oxidase (SO) 

There are different forms of SO among eukaryotes: the plant SO solely comprises a 

Moco-binding domain63, whereas the counterpart found in animals displays an additional 

N-terminal heme-binding cytochrome b5 domain (Figure 3).57 This dimeric enzyme catalyzes 

the oxidation of sulfite to sulfate ions and therefore contributes to sulfite detoxification. 

Although the reaction mechanism is the same for animal and plant SO and comprises a two 

electron transfer from the sulfite to the Moco active site, the utilized electron acceptors as 

well as the localization of these enzymes differ. Plant SO is a peroxisomal protein64 that uses 

molecular oxygen as electron acceptor and produces hydrogen peroxide during sulfite 

oxidation.65 In contrast, human SO is localized in the intermembrane space of mitochondria 

and utilizes cytochrome c as electron acceptor. In addition to sulfite detoxification, human SO 

is the key enzyme that catalyzes the final step in the degradation of sulfur-containing amino 

acids.56 The most essential physiological role of plant SO, however, is the maintenance of 

the sulfate-sulfite cycle, which is crucial for a viable sulfur distribution in the cell.66 
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1.5.3 Xanthine oxidoreductase (XOR) 

In a two-step reaction, dimeric XOR catalyzes the oxidation of hypoxanthine to xanthine and, 

subsequently, to uric acid. Therefore, it plays an essential role in purine metabolism. This 

cytosolic enzyme consists of two [2Fe-2S] clusters, a FAD binding domain and a C-terminal 

domain that binds the Moco and contains the dimerization motif (Figure 3). As part of the 

reaction cycle electrons are abstracted from the substrate upon conversion at the Moco 

active site, relayed to the FAD cofactor via the intramolecular chain of [2Fe-2S] clusters and 

finally transferred to either NAD+ (xanthine dehydrogenase; XDH) or molecular oxygen 

(xanthine oxidase; XO).56,67 In addition to hypoxanthine and xanthine, XOR accepts a broad 

substrate spectrum, including a large number of aldehydes and aromatic heterocycles, which 

are hydroxylated upon conversion. While the plant XDH solely accepts NAD+ as a 

cosubstrate, there are two animal XOR forms (XDH and XO), which can be converted into 

each other. There are several physiological functions proposed for plant XDH, such as 

involvement in ROS metabolism68, drought stress67 and natural senescence.69,70 

Furthermore, human and animal XOR have been shown to play a role in inflammatory 

response to ischemia-reperfusion71 as well as in the formation of milk fat droplets.72 

 

1.5.4 Aldehyde oxidase (AO) 

The domain architecture of AO resembles that of XOR, with whom it also shares a high 

degree of sequence similarity (Figure 3). This is because during evolution AOs have derived 

from XORs upon a gene duplication event.73 Nonetheless, these are distinct enzymes that 

display differences in the substrate binding site and their physiological cofactors.55 

Furthermore, the substrate spectrum of AOs is even broader than that of XORs. It covers 

purines, pteridines, aldehydes and aromatic as well as aliphatic heterocycles. AOs are 

dimeric, cytosolic enzymes that exclusively accept molecular oxygen as cosubstrate during 

catalysis. While mammalian AOs may produce superoxide anions as well as hydrogen 

peroxide as byproducts, plant AOs solely yield hydrogen peroxide. To date, despite their 

potential role in detoxification processes, the physiological role of mammal AOs remains 

uncertain, whereas different functions of plant AOs are described.56  In Arabidopsis thaliana, 

the isoform AOδ catalyzes the oxidation of abscisic aldehyde to abscisic acid,74 a 

phytohormone that is essential for various stress responses and in plant development.75 

Furthermore, AOs are implicated in the biosynthesis of another fundamental phytohormone, 

auxin.  
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1.5.5 Mitochondrial amidoxime-reducing component (mARC) 

As mentioned before, drugs are a subset of xenobiotics and numerous of them contain 

nitrogen in different functional groups, especially amidine moieties. They include trypsin-like 

serine protease inhibitors like factor Xa inhibitors,76 thrombin inhibitors, factor VIIa inhibitors77 

and urokinase-type plasminogen activators.78 Furthermore, they are used as anti-parasitic,79 

antibacterial80 and anti-malarial agents81 as well as antiplatelet GPIIb/IIIa-receptor 

antagonists.82 While the strongly basic amidine group is essential for the interaction with the 

target proteins, it suffers from poor oral bioavailability. Thus, lowering its high basicity by 

N-hydroxylation (thereby generating an amidoxime group) became a prodrug strategy to 

temporarily mask the charged moiety and improve intestinal absorption.  

In the course of prodrug development an N-reductive enzymatic system comprising 

cytochrome b5, cytochrome b5 reductase and a third, so far unknown, enzyme was held 

responsible for the conversion and activation of amidoxime-containing compounds. In 2006, 

this enzyme was isolated from pig liver mitochondria and named after its localization and first 

obvious function, mitochondrial amidoxime-reducing component (mARC).83 It was identified 

as a molybdenum-dependent enzyme (the fourth found in humans) and was found to be 

expressed as two different paralogues, which share strong similarities on nucleotide and 

amino acid level, in all annotated mammals.84 Predictions on structural features suggest that 

mammalian mARC proteins not only harbor a molybdenum-binding Moco sulfurase 

C-terminal (MOSC) domain (Figure 3), but also an N-terminal β-barrel subdomain that has 

been discussed to be involved in substrate interaction.85 Moreover, mammalian mARC 

proteins carry another extension on their extreme N-terminal end that is likely to be required 

for mitochondrial targeting.86 mARC proteins represent the simplest eukaryotic molybdenum 

enzymes in that they have the lowest molecular weight (around 35 kDa) and bind Moco as 

the only prosthetic group. The present knowledge on these enzymes suggests that they are 

not active as stand-alone proteins, but rather act in concert with other redox-active proteins 

such as cytochrome b5 and NADH cytochrome b5 reductase.84 Yet, the existence of other 

physiological redox partners and the performance of alternative physiological reactions 

should be considered, in particular since the localization of mARC on the outer mitochondrial 

membrane principally allows contact with putative redox proteins of the cytosol. 

While its physiological function is as yet largely unknown, mARC has been demonstrated to 

represent the central part of the aforementioned three-component system that catalyzes the 

reduction of various N-hydroxylated substrates. Electrons (derived from NADH) are delivered 

from the FAD of cytochrome b5 reductase through the heme of cytochrome b5 to the Moco of 

mARC, which is likely to provide the substrate binding site. Interestingly, this electron 
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transport chain resembles that of eukaryotic nitrate reductase, despite the fact that it consists 

of separate proteins while nitrate reductase combines all cofactors in a single polypeptide 

chain. The proposed mARC reaction cycle is depicted in Figure 4. 

 

Figure 4: Hypothetical reaction cycle of amidoxime reduction by mARC. The scheme was adapted from 

Havemeyer et al., 2014.
87

 

Over the course of the past decade, mARC was found to be an extremely effective 

N-reductive generalist. In addition to amidoximes, it accepts a broad range of N-hydroxylated 

and N-oxygenated compounds. These include hydroxylamines, hydroxyguanidines, oximes, 

sulfohydroxamic acids and even N-oxides.84,88-90 Moreover, mARC could be directly linked to 

detoxification processes. It was shown to effectively reduce toxic and mutagenic 

N-hydroxylated nucleobase analogues and thereby protects cells from apoptotic effects.91,92 

Furthermore, mARC was identified as a direct counterpart to the CYP-mediated 

hydroxylation and toxification of the antibiotic sulfamethoxazole, which is converted into the 

hypersensitivity-inducing hydroxylamine upon phase I biotransformation reactions and needs 

to be reduced back to the active antibiotic.93,94 Other physiological functions that have been 

addressed to mARC enzymes are the reduction of Nω-hydroxy-L-arginine that is an 

intermediate in NO synthesis and a regulator in the NO signal pathway,95,96 and an 

involvement in energy metabolism. Although the direct link is yet to be discovered, a 

correlation between mARC expression levels and the glucose metabolism was identified. 

Especially mARC2 was found to be connected to type 1 diabetes mellitus.97 Moreover, there 

are striking indications for an involvement of this enzyme in lipogenesis.89,98,99  
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1.6 Molybdoenzyme superfamilies 

The eukaryotic Moco-dependent enzymes are subdivided into two separate molybdoenzyme 

superfamilies, depending on the coordination sphere of the central molybdenum ion. 

Enzymes of the sulfite oxidase (SO) family contain a form of Moco, where the molybdenum is 

coordinated by the dithiolene sulfurs of the molybdopterin (MPT) ring system, two oxygen 

ligands and a proteinogenic cysteine-sulfur (Figure 5, left). Among eukaryotic molybdo-

enzymes, this superfamily comprises SO itself and plant NR. However, the SO-Moco may be 

converted by the enzyme Moco sulfurase, which exchanges the proteinogenic cysteine-sulfur 

for a terminal sulfur ligand (Figure 5, right). The resulting Moco form is exclusively 

incorporated into members of the xanthine oxidase (XO) superfamily.56,57  

 

Figure 5: Molybdenum cofactors of eukaryotic molybdenum-dependent enzymes. Left: Moco as it is present 

in members of the SO family. Right: Moco bound by members of the XO family. 

In contrast to the molybdenum center of XO family enzymes, the central molybdenum ion of 

mARC proteins is not coordinated by a terminal sulfur. This has been demonstrated on the 

one hand by cyanide treatment, which neither released sulfur in the form of thiocyanate nor 

significantly affected the activities of recombinant human mARC proteins.100 On the other 

hand, partially reduced human mARC proteins developed EPR signals characteristic of the 

Mo(V) (d1) state,101 closely resembling the so-called “low pH” EPR signal seen with SO family 

enzymes, which do not have a terminal sulfur ligand but a cysteine-sulfur derived from the 

protein. It was thus concluded that mARC proteins indeed provide a cysteine-sulfur to the 

molybdenum center, thereby leading to classify mARC enzymes as new members of the SO 

family. 

In addition to the molybdenum coordination sphere, Rothery et al. investigated correlations 

between the MPT conformations found in crystal structures of various molybdoenzymes and 

their belonging to either the SO or XO superfamily. Interestingly, they provided evidence that 

certain dihedral angles within the MPT are specific markers, which allow discrimination 

between both enzyme superfamilies based on the cofactors’ conformation. Their results 

clearly correlated with previous annotations based on the ligand sphere of the molybdenum 

center.102



Chapter 2  Scope 

17 
 

2 Scope 

The current thesis is devoted to the structure determination of different biotransformation 

enzymes by X-ray crystallography. It is subdivided into two topics: (i) the discussion of crystal 

structures of flavin-dependent monooxygenases from the African locust Zonocerus 

variegatus (ZvFMO) and (ii) biochemical and structural characterization of the human 

mitochondrial amidoxime reducing component (mARC). 

Our current structural knowledge about enzymes belonging to the large family of “two 

dinucleotide binding domain” containing flavin-dependent monooxygenases is so far limited 

to crystal structures of bacterial, fungal or yeast enzymes. The main objective of the structure 

determination of different ZvFMOs was to gain insight into a representative protein from a 

more highly developed organism. It was supposed that these enzymes, which are closer 

related to the pharmaceutically relevant human FMOs, might exhibit different structural 

features or oligomeric arrangements compared to currently known FMOs from lower 

developed organisms. Therefore, hitherto unknown aspects of this enzyme family could be 

uncovered that shed light on the complex balance between their broad substrate spectrum 

on the one hand and sufficient specificity on the other hand.  

The FMOs from Zonocerus variegatus were chosen as promising candidates for this 

fundamental research because they provide a number of advantages. Most importantly, in 

contrast to many other eukaryotic FMOs, they are expressed as soluble proteins and as such 

were supposed to be crystallized with less effort compared to membrane or membrane-

associated proteins. Secondly, they derive from an organism that is more highly developed 

than prokaryotes or basic eukaryotes like yeast or fungi, but is still less complex in 

comparison to humans and therefore allows for an investigation of the evolutionary 

development of this enzyme family. Furthermore, there are three isoforms of ZvFMOs with 

different specific enzyme activities towards their designated substrates, pyrrolizidine 

alkaloids. Based on the comparison of the three-dimensional structures of these wildtype 

enzymes, rational design and characterization of ZvFMO variants were conducted in order to 

identify amino acids of the active or substrate binding site that specifically modify enzyme 

activity and substrate affinity. Moreover, crystal structures of ZvFMOs in complex with 

different substrates and/or trapped in different states of the catalytic cycle might ultimately 

complete our understanding of the underlying reaction mechanism and associated 

conformational changes within FMOs. 

Therefore, it was the objective to identify individual crystallization conditions for the ZvFMO 

isoforms, perform X-ray diffraction experiments and data collection at synchrotron facilities, 
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determine the three-dimensional structures and compare as well as interpret them with 

regard to the aforementioned aspects. 

The second focus of this work is the crystallization strategy, biochemical/biophysical 

characterization as well as structure determination and discussion of human mARC. This 

molybdenum-dependent biotransformation enzyme plays a major role in N-reductive 

metabolism and is of high pharmaceutical relevance since it is involved in detoxification 

processes, prodrug activation but also drug inactivation and needs to be monitored during 

pre-clinical research when evaluating the metabolic stability of novel drug candidates. 

In order to have sufficient amounts of active protein for all subsequent analyses, including 

activity assays, substrate screenings and crystallization, the expression and purification 

protocols for new soluble mARC constructs had to be established and optimized. Especially, 

the hitherto poor saturation of human mARC with its molybdenum cofactor was to be 

improved. Higher yields of both mARC paralogues enabled high-throughput screenings for 

crystallization conditions as well as the utilization of diverse crystallization strategies, e.g. a 

fusion-protein approach. Furthermore, the recombinant enzymes were to be used to 

establish cyclic voltammetry-based electrochemical screening methods for potential 

substrates or inhibitors. 

The ultimate goal was the elucidation of the three-dimensional crystal structure of human 

mARC, which is the only human molybdoenzyme that is not structurally characterized yet. 

Moreover it belongs to a subfamily of MOSC proteins that are proposed to comprise an 

N-terminal β-barrel domain and a C-terminal domain resembling that of Moco sulfurases. 

However, these potential structural motifs are solely based on in silico predictions. Evidence 

based on crystal structures is still missing, since no protein containing both of these domains 

has been crystallized so far. Furthermore, to be elucidated three-dimensional structures of 

mARC enzymes should give insight into differences between the two paralogues and might 

explain their slightly different substrate preferences. Detailed knowledge about the substrate 

binding site as well as the active site of these enzymes might even allow predictions on the 

turnover efficiency of different substrates. Finally, structural observations were to be 

correlated to previous biochemical and biophysical characterizations of mARC enzymes and 

used to explain these findings in more detail. 

In order to fulfil this main objective, soluble mARC paralogues were to be heterologously 

expressed, purified and crystallized, X-ray diffraction data were to be collected, suitable 

phasing strategies were to be applied, model building was to be performed and the crystal 

structure was to be analyzed, interpreted and correlated to our current knowledge of these 

molybdenum-dependent biotransformation enzymes. 
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3 Results and Discussion 

This work is a cumulative dissertation. The thesis comprises three peer-reviewed scientific 

papers and two currently submitted manuscripts. All of these were prepared during my PhD 

work. Each publication is shortly introduced and then reproduced as published in scientific 

journals or as they were submitted for peer-review, respectively. Supplementary material is 

included for papers and manuscripts. 

The first publication deals with the structure determination of insect flavin-dependent 

monooxygenases and their comparison to formerly characterized members of this enzyme 

family as well as implications for the ‘arms race’ between the host organism and its food 

plants. The last four papers address the human mitochondrial amidoxime-reducing 

component (mARC). They include a newly-developed voltammetric assay which was 

designed to enable fast identification of so far unknown substrates and inhibitors of this 

enzyme, the identification of hydroxamic acid compounds as a new class of mARC 

substrates, the crystallization strategy of a mARC-T4 lysozyme fusion protein and the 

discussion of the three-dimensional structure of human mARC, which was determined by 

X-ray crystallography during my PhD work.  
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3.1 Crystal structure of pyrrolizidine alkaloid N-oxygenase 

from the grasshopper Zonocerus variegatus 

Christian Kubitza, Annette Faust, Miriam Gutt, Luzia Gäth, Dietrich Ober and Axel J. 

Scheidig 

Acta Crystallographica Section D 2018, 74, 422-433. 

DOI: 10.1107/S2059798318003510 

 

Flavin-dependent monooxygenases contribute to an efficient biotransformation and 

detoxification system. Multiple isoforms of these enzymes are expressed throughout all 

kingdoms of life. However, our structural knowledge of this enzyme family was so far limited 

to crystal structures of FMOs found in bacteria, yeast or fungi. 

In the following paper,103 the first crystal structure of a more highly-developed organism, the 

African locust Zonocerus variegatus, is described. Three different soluble FMO isoforms 

could be identified in this organism and were heterologously expressed in E. coli. Two 

isoforms, ZvPNO and ZvFMOa, could be successfully crystallized and their 

three-dimensional structure was determined by X-ray diffraction. Different high-resolution 

datasets of ZvPNO provided detailed insight into the coordination of the two dinucleotide 

cofactors and related conformational rearrangements of the enzyme. Despite a high 

conservation of the overall fold among all structurally characterized FMOs, a hitherto 

unknown dimeric arrangement of subunits was observed for the FMO isoforms found in 

Zonocerus variegatus. This feature was not only observed for the ZvPNO, but also for the 

ZvFMOa structure, which was determined at a lower resolution. To further investigate 

significant differences in the catalytic activity of ZvFMOs, a variety of ZvFMOa variants with 

amino acid exchanges near the active site were generated. Thereby, significant impacts on 

the catalytic activity were observed even for single exchanges within the substrate entry site. 

The atomic coordinates and structure factors were deposited in the Protein Data Bank 

(http://ww.pdb.org/) under accession numbers 5NMW and 5NMX. 

Together with Luzia Gäth, whom I supervised for her master thesis, I purified heterologously 

expressed ZvFMO variants. I performed crystallization, data collection, data processing, 

phase calculation, structure refinement and analysis of the isoforms ZvPNO as well as 

ZvFMOa. Furthermore, I wrote the manuscript together with Prof. Dr. Ober and Prof. Dr. 

Scheidig. 
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3.2 Human mitochondrial amidoxime reducing component 

(mARC): An electrochemical method for identifying 

new substrates and inhibitors 

Palraj Kalimuthu, Antje Havemeyer, Bernd Clement, Christian Kubitza, Axel J. Scheidig and 

Paul V. Bernhardt 

Electrochemistry Communications 2017, 84, 90-93. 

DOI: 10.1016/j.elecom.2017.10.003 

 

Despite their function as drug metabolizing enzymes, modulation of the NO pathway by 

reduction of N(ω)-hydroxy-L-arginine, detoxification of N-hydroxylated compounds and 

involvement in lipid metabolism, the physiological role of mARC enzymes remains largely 

elusive. High-throughput screenings are limited by the availability of low-yield recombinant 

soluble mARC proteins and their electron-delivering redox partner proteins cytochrome b5 

(Cyb5) and cytochrome b5 reductase (Cyb5R). This three-component enzyme system needs 

to be heterologously expressed and purified separately prior to in vitro reconstitution and 

subsequent screening assays aiming for the identification of new mARC substrates or 

inhibitors. Furthermore, putative hits obtained by such assays need to be cross-validated in 

order to ensure they are indeed related to mARC activity rather than interaction with Cyb5 or 

Cyb5R.  

In the following paper,104 a novel electrochemical approach is described, which enables 

screening for new mARC substrates and inhibitors with less effort and lower amounts of 

recombinant protein. In this assay electrons are delivered directly to Cyb5, which is coupled 

to a gold electrode, and subsequently transferred to mARC. Since there is no need for 

recombinant Cyb5R using this approach, the effort spent in protein production and 

purification as well as cross-validation can be minimized. Substrates or inhibitors can be 

identified electrochemically by a voltammetric shift of a symmetric reversible Cyb5 response 

to a sigmoidal catalytic curve, which is due to an electrocatalytical cycle being established. 

This method was established for the model substrate benzamidoxime but can in principal be 

applied to any given potential mARC substrate or inhibitor. 

I performed the expression and purification of soluble human mARC and Cyb5 proteins, 

which were subsequently used for the voltammetric assays performed by Dr. Palraj 

Kalimuthu.  
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3.3 The Involvement of the Mitochondrial Amidoxime 

Reducing Component (mARC) in the Reductive 

Metabolism of Hydroxamic Acids 

Carsten Ginsel, Birte Plitzko, Danilo Froriep, Diana A. Stolfa, Manfred Jung, Christian 

Kubitza, Axel Scheidig, Antje Havemeyer, Bernd Clement 

Manuscript submitted to Drug Metabolism and Disposition: May 18h, 2018 

 

Hydroxamic acids are compounds with a broad range of pharmacological applications. They 

were shown to exhibit anti-inflammatory105 as well as antibiotic activities.106,107 Owing to their 

strong cation-chelating capabilities, they also have inhibitory effects on metalloproteinases 

and histone deacetylases.108,109 Therefore, drug candidates, such as antineoplastics, often 

contain hydroxamic acid functional groups.110,111 However, in order to effectively exert their 

pharmacological activities, these compounds require some degree of metabolic stability, so 

that they are not immediately inactivated by biotransformation enzymes. 

The metabolism of orally administered hydroxamic acid compounds leads to the formation of 

glucuronides, the corresponding carboxylic acids or the amides as the main metabolites.112 

Since hydroxamic acids belong to the diverse group of N-hydroxylated compounds, they 

were considered potential substrates of the mARC enzymatic system, which was supposed 

to be responsible for the reduction to the corresponding amides. In the following manuscript, 

hydroxamic acids are confirmed to be mARC substrates by HPLC-based activity assays 

using benzhydroxamic acid as a model substrate. Furthermore, the mARC-dependent 

reduction of three different drugs containing hydroxamic acid moieties is investigated as well 

as the in-/ability of this enzyme system to convert the toxic metabolite N-hydroxyphenacetin 

to the pharmacologically active compound. 

I performed the expression and purification of soluble human mARC, cytochrome b5 and 

NADH cytochrome b5 reductase. This three-component recombinant enzymatic system was 

subsequently used for the activity assays performed by Carsten Ginsel (group of Prof. Dr. 

Clement) to investigate the mARC-dependent conversion of hydroxamic acid compounds. 
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3.4 T4 Lysozyme-facilitated crystallization of the human 
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The crystallization of a target protein marks the bottleneck of structure determination by 

X-ray crystallography. Trying to find the ideal conditions for a protein to crystallize is in most 

cases only achievable by a time-consuming, unpredictable trial-and-error approach with 

uncertain outcome. However, within the past decades some promising methods have been 

established in order to facilitate the crystallization of formerly non-crystallizable proteins. One 

of them is fusing the target protein to another protein that is easily crystallizable on its own 

and might drive the crystallization of the whole fusion protein by providing additional crystal 

contacts that cannot be formed by the target protein alone. 

The following paper113 describes the crystallization strategy of the human mARC1 enzyme, 

which was not crystallizable by using conservative approaches. Therefore, the fusion protein 

strategy was applied by tethering hmARC1 to the phage enzyme T4 lysozyme (T4L), which 

is often used to crystallize proteins belonging to the family of G protein-coupled receptors. 

Based on in silico predictions of mARC secondary and tertiary structure elements, four fusion 

protein constructs were designed. Two of them had the T4L moiety fused to hmARC1 either 

N- or C-terminally. For the third and fourth construct, T4L was integrated into either a 

potential three-stranded antiparallel β-sheet or between two α-helices predicted for the 

hmARC1 moiety. The fusion proteins were expressed in E. coli, purified by affinity 

chromatography, assayed for catalytic activity and subjected to crystallization trials. Protein 

crystals were obtained for one of the fusion constructs and could be used for X-ray diffraction 

experiments with synchrotron radiation. Thereby, high-quality datasets were obtained, which 

formed the foundation of later structure determination. 

I performed in silico predictions of hmARC secondary and tertiary structure elements, 

designed the fusion constructs, generated them using molecular biology techniques, 

performed the expression, purification, crystallization, diffraction experiments and data 

analysis. Furthermore, I wrote the manuscript together with Prof. Dr. Scheidig.  
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Correction of the Proofs 

The previous paper represents an ‘early view article’ based on the manuscript proofs. 

Figure 1 is falsely depicted in this article and needs to be replaced for the following figure: 

 

Figure 1: Spherulite formation in hmARC1 crystallization setups. A, Spherulites obtained in an initial 

crystallization trial. B, Spherulites obtained by streak seeding. 

 

A request for the exchange of this figure has already been sent to the journal’s editor, but no 

updated version of the paper was available at the time this dissertation was submitted. 
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3.5 First crystal structure of human mARC1 reveals its 

exceptional position among eukaryotic molybdenum 

enzymes 

Christian Kubitza, Florian Bittner, Antje Havemeyer, Bernd Clement and Axel J. Scheidig 

Manuscript submitted to PNAS: May 18h, 2018 

The molybdoenzyme mARC was identified in 2006 as a formerly unknown biotransformation 

enzyme in the context of xenobiotic conversion. It was discovered to be an extremely 

effective reductase with a broad substrate spectrum comprising a wide range of 

N-hydroxylated compounds. This makes it a potent counterpart of CYP- or FMO-mediated 

oxygenation reactions and ensures a viable homeostasis within the metabolic cycle. mARC 

belongs to a subfamily of MOSC proteins, which were not structurally characterized before. 

In the following manuscript, which is currently under consideration in PNAS, the 

high-resolution crystal structure of human mARC1 is discussed in detail. It is the first 

structure of a MOSC protein that clearly shows the coordination of its molybdenum cofactor 

and exhibits a topology, which contradicts in silico predictions of structural domains currently 

made by online databases. Amino acid residues, which are highly conserved among mARC 

proteins from various species, were shown to play a crucial role for the integrity of the 

three-dimensional fold of this enzyme. The large substrate spectrum could be correlated to a 

surface-exposed active site, which is restricted by only a few residues. While some of them, 

such as D209, are highly conserved among all mARC homologues and are crucial for the 

catalytic cycle, others were found to be paralogue-specific and might serve to discriminate 

between mARC1 and mARC2 in future annotations of these enzymes. Furthermore, the 

pyranopterin backbone of the molybdenum cofactor within the mARC1 crystal structure was 

observed in an unexpected conformation. Based on these findings, the hypothesis was made 

that mARC enzymes represent an evolutionary link between molybdoenzymes belonging 

either to the SO- or the XO-superfamily. 

The atomic coordinates and structure factors were deposited in the Protein Data Bank 

(http://ww.pdb.org/) under accession number 6FW2. 

I performed the phase calculation, structure determination as well as refinement of previously 

obtained datasets and I analyzed the final three-dimensional model in the context of previous 

biochemical and biophysical characterizations of mARC proteins. Furthermore, I wrote the 

manuscript with the help of Dr. Bittner, Dr. Havemyer, Prof. Dr. Clement and Prof. Dr. 

Scheidig. 
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4 Summary 

4.1 Structural characterization of ZvFMOs 

One focus of this thesis was the structure determination of flavin-dependent 

monooxygenases from the African locust Zonocerus variegatus and subsequent 

structure-based analysis of the catalytic mechanism. Furthermore, structural differences in 

the composition of the active site and substrate entry path should be investigated in relation 

to quite diverse specific enzyme activities observed for the three ZvFMO paralogues. 

All paralogues could be heterologously expressed in E. coli, were purified by affinity and size 

exclusion chromatography and exhibited enzymatic activity towards PA substrates. However, 

the isoform ZvFMOc appeared to be less stable than the others, which coincides with the 

crystallization success of these enzymes: suitable individual crystallization conditions could 

be established for ZvFMOa and ZvFMOd (named ZvPNO), whereas various crystallization 

attempts remained unsuccessful for isoform ZvFMOc. The obtained protein crystals could be 

used for X-ray diffraction experiments conducted at beamlines of the PETRA III synchrotron 

facility (DESY, Hamburg) and yielded datasets suitable for structure determination.  

High-resolution structures of the ZvPNO-FAD and ZvPNO-FAD-NADP+ complexes were 

determined using molecular replacement and were refined to 1.9 and 1.6 Å, respectively. 

With the exception of a flexible loop region and the first twelve C-terminal amino acid 

residues of the expression construct, which could not be modelled due to the absence of 

appropriate electron density, the determined ZvPNO structures gave detailed insight into the 

three-dimensional arrangements of secondary structure elements as well as the position of 

individual side chains. Comparison of ZvPNO crystal structures with and without bound 

NADP+ cosubstrate revealed conformational changes within the enzyme that occur during 

the reaction cycle, such as the elongation of helix α4, which facilities NADPH/NADP+ 

coordination, and a bending of helix α8, which might either contribute to an induced fit upon 

substrate binding or contribute to a mechanical product release mechanism.  

Datasets obtained for ZvFMOa crystals were of lower quality and thus, no high-resolution 

model of this isoform could be generated. However, the data were sufficient for molecular 

replacement and determining a low-resolution structure of this enzyme. At least, the peptide 

backbone could be traced and modelled with confidence and even the position of some side 

chains within the substrate binding area and active site were observable. Therefore, the 

crystal structures of two different ZvFMO isoforms with differences in their specific enzymatic 
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activities could be directly compared to each other and to formerly solved crystal structures 

of FMOs from other species. While the overall fold of FMOs appears to be highly conserved 

throughout evolution from prokaryotes over simple eukaryotes up to more highly developed 

eukaryotes like Zonocerus variegatus, this solely applies to FMO subunits, whereas FMOs 

from different species exist in a multitude of different oligomeric arrangements. Moreover, the 

interaction sites of subunits within these oligomers can be quite diverse. ZvFMOs were 

identified to be homodimers by calibrated size exclusion chromatography as well as 

multi-angle laser light scattering (MALS). Their dimeric arrangement, which was observed in 

the crystal structures of both, ZvPNO and ZvFMOa, is so far unique and has not been 

described before. 

Differences in the amino acid composition of the substrate binding area of ZvFMO isoforms 

were supposed to be responsible for their diverging specific enzyme activities. By comparing 

the crystal structures it was observed that the substrate entry path of isoform ZvFMOa is 

narrower than in ZvPNO, which is owed to the presence of sterically more demanding 

residues like phenylalanine and tyrosine. Therefore, different ZvFMOa variants were 

generated and analyzed in relation to their specific enzyme activity towards the substrate 

monocrotaline. Among these, loss-of-function as well as gain-of-function variants were 

identified, which led to the observation that modifications of the substrate entry path have a 

large impact on specific enzyme activity. Even single amino acid exchanges were shown to 

have significant effects.  

In summary, two out of three ZvFMO isoforms could be successfully crystallized and 

structurally characterized. The determined crystal structures gave detailed insight into the 

coordination of the FAD prosthetic group as well as the NADPH/NADP+ cosubstrate. 

Moreover, conformational changes of the enzyme were observed that contribute a deeper 

understanding of the FMO catalytic cycle and underlying molecular mechanisms. The novel 

dimeric arrangement observed for ZvFMOs helps to complete our knowledge about possible 

interaction sites and oligomeric quaternary structures of this enzyme class. Furthermore, 

rationally designed ZvFMOa variants shed light on substrate specificity and indicate that 

even single mutation events during evolution may affect enzymatic activity and therefore help 

the host organism to quickly adapt to new xenobiotic substrates. The crystal structures of 

ZvFMOs presented in this thesis are the first available FMO structures to originate from more 

highly developed eukaryotes. Owing to their closer evolutionary relationship, they may serve 

as suitable templates for homology models of human FMOs. 
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4.2 Crystallization and structural characterization of mARC 

The second focus of this dissertation was devoted to further investigations on human mARC 

enzymes. In order to identify new substrates, especially by applying novel methods that aim 

for high-throughput screenings, expression constructs and conditions were to be optimized 

for better protein yields. The main objective, however, was the elucidation of the 

three-dimensional mARC structure by X-ray crystallography. Therefore, suitable 

crystallization conditions were to be found and diffraction experiments had to be optimized in 

order to obtain complete datasets of sufficient quality for subsequent structure determination 

and interpretation. 

Both human mARC paralogues (hmARC1 and hmARC2) could be heterologously expressed 

in the E. coli TP1000 strain. The overall yield of soluble protein could be improved by 

creating a new expression construct that was N-terminally truncated by the first 52 

amino acid residues of wildtype mARC and carried a C-terminal hexahistidine tag. 

Purification by affinity chromatography and subsequent anion exchange chromatography 

yielded enzyme fractions of high purity and with slightly improved cofactor-saturation. These 

constructs were used for all biochemical and biophysical characterizations that are part of 

this thesis, except for structure determination. 

In cooperation with the group of Prof. Dr. Paul V. Bernhardt (University of Queensland, 

Brisbane, Australia) an electrochemical assay for substrate and inhibitor screening, which is 

based on cyclic voltammetry, was successfully established. The principal utility and 

effectiveness of this method, which detects current changes at a working electrode (coupled 

to cytochrome b5 and mARC) upon contact with a substrate dissolved in the surrounding 

analyte solution, was demonstrated using benzamidoxime as a model substrate. 

In the group of Prof. Dr. Clement, hydroxamic acids could be identified as an additional class 

of N-hydroxylated mARC substrates by HPLC-based activity assays performed with 

recombinant enzymes and benzhydroxamic acid as a model substrate. It was shown that 

mARC is capable of reducing and thereby inactivating drugs containing hydroxamic acid 

functional groups. These findings highlight the need to monitor the N-reductive metabolism of 

new hydroxamic acid based drug candidates. However, it was found that the toxic metabolite 

N-hydroxyphenacetin was not reduced by the mARC enzyme systems, probably due to its 

additional substituent at the nitrogen atom, which might sterically interfere with the mARC 

active site and prevent its conversion. Future research will show, if N-substitution of 

hydroxamic acid drug candidates might enhance their metabolic stability while still retaining 

pharmacological activity. 
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First crystallization attempts with soluble mARC protein, as it was used for biochemical 

assays, were not successful. At best, spherulites could be obtained using hanging- or sitting-

drop vapour diffusion crystallization methods. These spherulite-producing conditions could 

not be improved in order to yield crystals that were appropriate for diffraction experiments. 

Therefore, a fusion-protein assisted crystallization strategy was utilized that became famous 

with the first crystal structures of G protein-coupled receptors: introducing an internal 

T4 lysozyme-fusion into the native target protein sequence. Based on secondary and tertiary 

structure predictions for human mARC1, suitable insertion sites for T4L were chosen und 

fusion constructs were generated. One of these retained mARC-specific activity after 

expression and purification and was successfully crystallized. In addition to obtaining 

diffraction-quality crystals of mARC1, it was shown that this approach is not only useful for 

membrane proteins but can also be utilized for the crystallization of soluble proteins. 

Phasing of datasets obtained for the mARC1-T4L fusion protein was achieved by iterative 

approaches using molecular replacement. Using the T4L crystal structure as a search model 

generated initial electron density maps that were easily interpretable with this fusion partner 

and already indicated the position of mARC. Keeping the T4L moiety fixed and taking into 

account additional search models for molecular replacement, which represented tertiary 

structure elements predicted for mARC by homology modelling, resulted in significantly 

improved calculated phases. These were sufficient to generate electron density maps 

suitable for model building and allowed determination and refinement of the high-resolution 

crystal structure of human mARC1. 

The mARC1 crystal structure presented in this thesis was the first structure of a 

MOSC-family protein to be comprised of the MOSC domain (that all members have in 

common) as well as the MOSC_N domain, which had not been structurally characterized so 

far. Contrary to in silico predictions made by Anantharaman and Aravind85 as well as 

structure motifs currently predicted by online databases, the N-terminal mARC domain does 

not exhibit a β-barrel fold. Instead, it comprises several β-sheets as well as helix α1 and only 

contributes a single β-strand to a seven-stranded barrel that is mainly formed by strands of 

the MOSC domain. Furthermore, the mARC1 crystal structure is the first of the MOSC family 

to contain the molybdenum cofactor, which is tightly bound as a prosthetic group in between 

MOSC_N and MOSC domain and only exposes the active molybdenum site to the surface of 

the enzyme. This is opposed to evolutionary related molybdoenzymes only containing the 

MOSC domain, such as the recently structurally characterized YiiM, which supposedly has 

the Moco bound to the surface of the protein, only coordinated by a few residues.114  
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The mARC1 active site and also the substrate binding area were found to be completely 

surface-exposed and to be easily accessible. There are only a few spacial limitations in direct 

proximity to the reactive molybdenum center, which is most likely the reason for the broad 

substrate spectrum of this enzyme and its low specificity towards a quite diverse range of 

N-hydroxylated compounds. Two amino acid residues that are located in the potential 

substrate binding area were identified to be key residues that can be used to discriminate 

between mARC paralogues and might also be responsible for their in-/ability to reduce 

N-oxides. The binding site of mARC1 is slightly more polar and might therefore be able to 

bind and reduce N-oxides, whereas the more hydrophobic pocket of the mARC2 paralogue 

does not exhibit enzymatic activity towards these substances. 

Previously performed extensive variant studies with the mARC homologue from 

Chlamydomonas reinhardtii aimed to elucidate the role of amino acid residues that are highly 

conserved among all mARC enzymes.115 While some of them were supposed to be involved 

in the catalytic cycle or the coordination of the cofactor, others had a clear impact on enzyme 

activity but could not clearly be addressed to underlying functions or mechanisms. The 

crystal structure of human mARC1 ultimately revealed the importance of these 

highly-conserved residues. Some are indeed responsible for catalytic activity or cofactor 

binding, but in most cases these residues were found to be located in the middle of 

hydrophobic cores or are part of hydrogen bond networks, depending on their hydrophobic or 

hydrophilic nature. They were identified to be crucial for the structural integrity of individual 

domains and the overall three-dimensional fold.   

The molybdopterin backbone of the prosthetic Moco was found to exhibit an unexpected 

conformation. According to the findings of Rothery et al.,102 the observed dihedral angles 

would suggest an assignment of human mARC to the XO-family of molybdenum-dependent 

enzymes. However, based on previous biochemical investigations and biophysical 

characterizations, mARC was clearly assigned to the SO-family owing to the identified 

cysteine ligand and the absence of a terminal sulfur ligand. These oppositing observations 

led to the hypothesis that mARC enzymes could be an evolutionary link between both 

molybdoenzyme families and might therefore represent the ancestors of the XO-family, 

which will need to be addressed in future research with respect to the evolution of 

molybdoenzymes. 
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5 Concluding Remarks and Prospects 

This dissertation reports the crystallization strategies and three-dimensional structures of 

human mARC1 as well as FMOs from Zonocerus variegatus together with further 

biochemical characterizations of these enzymes. Thereby, it provides novel fundamental 

knowledge about different representatives of biotransformation enzymes. Still, the results 

discussed in this thesis can and should be understood as a starting point for further 

investigations and experiments that can now be rationally designed based on the elucidated 

crystal structures. 

Additional ZvFMO variants could be generated in order to identify even more amino acid 

residues that have a significant impact on enzyme activity. Furthermore, activity assays 

should be performed with a number of different PAs in order to investigate PA specificity. 

Comparison of ZvFMOs to PNOs from other insects such as Tyria jacobaeae might explain 

why these enzymes are still quite specific towards PA substrates, despite their largely 

exposed active site that is theoretically accessible by many other compounds. To further 

elucidate the detailed underlying enzyme mechanism, the crystal structure of a ZvFMO in 

complex with one of its substrates or a specific inhibitor would be of great advantage. 

However, all previous co-crystallization and soaking experiments conducted so far were not 

successful and will need some careful improvement or require a different strategy.  

To complete our knowledge about human mARC enzymes, the crystallization of the mARC2 

paralogue should be attempted using the same fusion-protein strategy that has proven 

successful for mARC1. Comparison of both enzymes, especially of their substrate binding 

area and active sites, could help to identify features that are responsible for their in-/ability to 

catalyze the reduction of N-oxides. These different substrate preferences might be attributed 

to the two key residues identified in this work that can be used to discriminate between both 

paralogues. In order to check this hypothesis, potential gain-of-function variants of the 

mARC2 paralogue should be generated that have exchanged either F151 for a histidine or 

P270 for a serine or contain both exchanges.   

Furthermore, the mARC catalytic cycle should be thoroughly investigated. Thus, crystal 

structures of this enzyme trapped in different states during catalysis should be a main 

objective of future research. Owing to the very few limitations of substrate binding on the 

surface of the enzyme, crystals of mARC in complex with a substrate will be hard to obtain. 

However, Patrick Indorf (AG Prof. Dr. Clement) recently identified N-hydroxyurethane as a 

potential mARC1-specific inhibitor, which would be ideal for co-crystallization or soaking 

experiments. This compound might bind to S271 via a carbamylation reaction, orient its 
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N-hydroxylated moiety towards the active site and therefore give insight into the binding 

mode of substrates and inhibitors. 

Another aspect to be considered in the future is the evolutionary development of different 

molybdoenzyme families. The mARC crystal structure provides first indications for an 

evolutionary link between the SO and the later-emerging XO family. To further investigate 

this hypothesis the enzyme Moco sulfurase should be structurally characterized. This 

enzyme is the direct biochemical link between the both aforementioned families of 

molybdenum-dependent enzymes, because it accepts the SO Moco as a substrate and 

catalyzes its sulfuration to give the form of Moco that is coordinated within enzymes 

belonging to the XO family.116 Moco sulfurases comprise two functional domains, an 

N-terminal cysteine desulfurase domain and a C-terminal (MOSC) domain, where the Moco 

is bound and converted. Since the C-terminus of these enzymes shares a high sequence 

identity with mARC proteins, it was proposed that Moco sulfurases evolved from mARC-like 

proteins through domain fusion with a cysteine desulfurase-like domain.85 Thus, Moco 

sulfurases might not only be a direct biochemical but also evolutionary link between the SO 

and XO family. Elucidating the three-dimensional structure of these enzymes might give 

further insight into the development of Moco-dependent proteins. 

The crystal structures reported in this PhD thesis belong to two opposing families of 

biotransformation enzymes: monooxygenases and reductases. FMOs and mARC, among 

other crucial biotransformation enzymes, contribute to xenobiotic metabolism by maintaining 

a viable redox equilibrium. Recently, Patrick Indorf and Jennifer Schneider from the group of 

Prof. Dr. Clement identified pyrrolizidine alkaloid N-oxides and trimethylamine N-oxide as 

substrates of human mARC1. These substances have so far been known as typical products 

generated by FMOs: the human FMO3 is well known for its specific conversion of 

trimethylamine into the non-odorous N-oxide, and ZvFMOs oxygenize PAs as part of a 

detoxification process. Therefore, both enzymes discussed in this dissertation are 

representatives of direct physiological counterparts, even though they don’t originate from 

the same organism. However, this emphasizes the need for a better understanding of the 

many facets of xenobiotic conversion. Toxification or detoxification of xeno- and endobiotics 

is oftentimes just a matter of tissue localization and expression levels of different 

biotransformation enzymes. Thus, it is not only important to study these enzymes on a 

molecular level and determine their specific activities in vitro but to take the whole organism 

into perspective, when investigating the metabolism of xenobiotics, especially novel drug 

candidates. 
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7 Appendix 

7.1 List of Abbreviations 

ADME absorption, distribution, metabolism, excretion 

AO aldehyde oxidase 

ATP adenosine triphosphphate 

Cyb5 cytochrome b5 

Cyb5R NADH cytochrome b5 reductase 

CYP cytochrome P450 monooxygenase 

EM electron microscopy 

EPR electron paramagnetic resonance spectroscopy 

FAD flavin adenine dinucleotide 

FMN flavin mononucleotide 

FMO flavin-dependent monooxygenase 

MALS multi-angle laser light scattering 

mARC mitochondrial amidoxime reducing component 

MFO mixed function oxidase 

Moco molybdenum cofactor 

MOSC Moco sulfurase C-terminal domain 

MPT molybdopterin 

NAD+ / NADH nicotinamide adenine dinucleotide (oxidized / reduced) 

NADP+ / NADPH nicotinamide adenine dinucleotide phosphate (oxidized / reduced) 

NMR nuclear magnetic resonance spectroscopy 

NO nitric oxide 

NR nitrate reductase 

PA pyrrolizidine alkaloid 

PDB protein data bank 

PNO pyrrolizidine alkaloid N-oxygenase 

SNP single nucleotide polymorphism 

SO sulfite oxidase 

T4L T4 lysozyme (endolysin from enterobacteria phage T4) 

XDH xanthine dehydrogenase 

XFEL X-ray free electron laser 

XO xanthine oxidase 

XOR xanthine oxidoreductase 
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